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Preface
As was written in the preface of the second edition of this book, in 2004, the science of food analysis has developed rapidly. The
number of articles and papers on the subject is increasing daily. New analysis systems are being developed and the existing techniques optimized. Analysis systems have been fully automated and miniaturized. An updated compilation of these recent developed
or adapted methods is needed by food chemists.
Analytical and quantitative testing of product composition is one part of the analysis of food compounds. Another aspect is the
guarantee of product quality and safety as productivity increases. In the food industry, there is a need for analysis of components and
contaminants in both raw and processed products. All sorts of analysis techniques are necessary in the development of food products
and in controlling food safety.
Knowledge of the chemical and biochemical composition of foods is required to determine the following: what structural changes
may occur during the processing and storage of foods; how nutrients may be affected; what may be the effects of the use of agrochemicals; and to detect additives and toxins. Food product labeling must include significant ingredient and nutrient information.
Food has to be analyzed or tested because the knowledge of chemical composition is important to the health, well-being, and safety
of consumers.
This third edition has been totally reinvented. This third edition is now two volumes with two editors and the 70 chapters are organized into five sections. Section I of Volume I, Physical and Sensory Properties, has seven chapters. Methods for measuring, e.g., optical characteristics, sensory qualities, and water activity are fully detailed. The authors of the six chapters of Section II of Volume I
discuss different additives, as well as food adulteration and traceability. Section III of Volume I, Nutritional and Quality Analysis, has
21 chapters. The reader can find information on moisture and ash, amino acids, peptides, proteins, enzymes, lipids, phospholipids,
carbohydrates, starch, alcohols, vitamins, organic acids, organic bases, phenolic compounds, inorganic nutrients, pigments, aroma
compounds, and dietary fiber. A new topic, proteomics, is included. Section IV of Volume II, Residues and Other Food Components,
discusses information on analysis and detection of residues in food and on miscellaneous food components across 20 chapters. In
addition, one new chapter on allergens is included.
As in the previous editions, chapters of Sections II and III of Volume I, and Section IV of Volume II have been compiled using the
same structure. The physical and chemical properties are enumerated first. What are the properties in food? Why must one detect
the different components? What are the regulations in the food industry? Next, sample preparation and/or derivatization techniques
are described. What extraction and clean-up methods are used? Detection methods are then fully detailed, and brief accounts of
historical methods are presented. More attention is given to classical methods and even more to recently developed and automated
methods. What are the future trends in the analysis of the different food components? What are the advantages and/or disadvantages
of the different methods? What are the detection limits, the accuracy, the duration of analyses, the costs, or the reliability? Data are
summarized in charts and tables. An abundance of such material, along with graphs and examples, makes this manual a substantial
reference guide.
Finally, in Section V, Methods, Techniques, and Instruments, readers can find in-depth information on the most frequently used
analysis techniques: classical and more recently developed ones. In this section, methods to analyze, quantify, and detect are discussed. This section also includes information on sample preparation, clean-up, and the statistical process of data.
This is a handbook of methods of analysis, and it offers readers detailed descriptions of step-by-step procedures as well as a large
number of references summarized in tables. These volumes may be used as primary textbooks for undergraduate students in the
techniques of food analysis. Furthermore, they are also intended for use by graduate students and scientists involved in the analysis
of food components.
The contributors from across the globe are strong leaders in fields of food analysis in both industry and academic institutions. We
congratulate them for their excellent efforts.
Leo M.L. Nollet
Fidel Toldrá
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Faculty of Technology
University of Novi Sad
Novi Sad, Serbia
SÍlvia Lacorte
Department of Environmental Chemistry
IDAEA-SCIC
Catalonia, Spain
M.J. Lagarda
Nutrition and Food Chemistry
Universitat de Valencia
Valencia, Spain

Free ebooks ==> www.ebook777.com
xxi

Contributors to Volume I
Xabier Lekube
Research Centre for Experimental Marine Biology and
Biotechnology
University of the Basque Country (UPV/EHU)
Bizkaia, Spain

John A. Monro
Food Industry Science Centre
The New Zealand Institute for Plant and Food Research
Limited
Palmerston North, New Zealand

Salvador Maestre
Department of Analytical Chemistry
Nutrition and Food Science
University of Alicante
Alicante, Spain

Cristina Montealegre
Department of Analytical Chemistry
University of Alcalá
Madrid, Spain

Marcello Manfredi
Dipartimento di Scienze e Innovazione Tecnologica
Università del Piemonte Orientale
Alessandria, Italy

Elena Bernalte Morgado
Departamento de Química Analítica
University of Extremadura
Badajoz, Spain

Emilio Marengo
Dipartimento di Scienze e Innovazione
Tecnologica
Università del Piemonte Orientale
Alessandria, Italy

Leo M.L. Nollet (retired)
University College Ghent
Gent, Belgium

M. Luisa Marina
Department of Analytical Chemistry
University of Alcalá
Madrid, Spain

Isabel Odriozola-Serrano
Department of Food Technology
TPV-XaRTA
University of Lleida
Lleida, Spain

Olga MartÍn-Belloso
Department of Food Technology
TPV-XaRTA
University of Lleida
Lleida, Spain
Iciar Martinez
Research Centre for Experimental Marine Biology and
Biotechnology
University of the Basque Country (UPV/EHU)
Bizkaia, Spain
and
IKERBASQUE
Basque Foundation for Science
Bilbao, Spain
and
Norwegian College of Fishery Science
University of Tromsø
Tromsø, Norway

W. Moreda
Instituto de la Grassa
Consejo Superior de Investigaciones Científicas
Sevilla, Spain

Gemma Oms-Oliu
Department of Food Technology
TPV-XaRTA
University of Lleida
Lleida, Spain
Severina Pacifico
Department of Environmental, Biological and Pharmaceutical
Sciences and Technologies
Second University of Naples
Caserta, Italy
José Angel Pérez-Alvarez
Departamento de Tecnologia Agroalimentaria
Escuela Politécnica Superior de Orihuela
Miguel Hernández University
Alicante, Spain

Eleonora Mazzucco
Dipartimento di Scienze e Innovazione
Tecnologica
Università del Piemonte Orientale
Alessandria, Italy

M.C. Pérez-Camino
Instituto de la Grassa
Consejo Superior de Investigaciones Científicas
Sevilla, Spain

Luigi Mondello
Dipartimento Farmaco-chimico
Università di Messina
Messina, Italy

Trinidad Perez-Palacios
Department of Animal Production and Food Science
University of Extremadura
Caceres, Spain

www.ebook777.com

Free ebooks ==> www.ebook777.com
xxii

Contributors to Volume I

Miguel Peris-Tortajada
Department of Chemistry
Polytechnic University of Valencia
Valencia, Spain

Antonio Silva
Animal Source Food Innovation Service
University of Extremadura
Caceres, Spain

Carmen Piñeiro
Institute for Marine Research (IIM)
Spanish Council for Scientific Research (CSIC)
Vigo, Spain

Charles Spence
Department of Experimental Psychology
University of Oxford
Oxford, United Kingdom

Betina Piqueras-Fiszman
Crossmodal Research Laboratory
Department of Experimental Psychology
University of Oxford
Oxford, United Kingdom

Zorica Stojanović
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Color Measurements of Muscle-Based and Dairy Foods
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1.1 Color on Muscle-Based Foods
1.1.1 General Aspects of Color
A wide variety of colors leap into our eyes when we just look
around. We are surrounded by an infinite variety of colors in
our daily lives. An average person can distinguish as many as
350,000 different colors, among which are 5000 distinguishable
white colors, but the number of basic color terms is confined to
not more than 11 basic expressions, regardless of cultures or languages [1]. However, unlike length or weight, there is no physical scale for measuring color, making it unlikely that everyone
will answer in the same way when asked what a certain color
is. For example, if we say “yellow butter” or “yellow cheddar”
to people, each individual will imagine different yellow colors,
because their color sensitivity and past experiences are bound to
be different. This is the problem with color [2].
Color is an important component of quality throughout the
agricultural and food industries. Because color is closely associated with factors such as freshness, ripeness, desirability, and
food safety, it is often a primary decision-making criterion for
consumers when purchasing food. For such reasons, color is an

important grading factor of most food products. Color is also
a criterion that could be monitored during production of milk
related to animal feeding, processing of dairy products, or monitoring of such products during the shelf life.
Consumers rely primarily upon their vision to evaluate the
color of a product. Because color perception differs from person to person, and depends upon lighting and numerous other
factors, many industries rely on human vision coupled with an
instrumental system of color measurement. These instruments
simulate the manner in which the average human eye sees the
color of an object, under specified illumination conditions, and
provide a quantitative measurement. The reflected spectral data
are transformed or filtered to provide reproducible color values
in accordance with the standards developed by the Commission
Internationale de l’Éclairage (CIE). In the agricultural and food
industries, the most popular numerical color-space system is the
L*a*b*, which is also referred to as the CIELAB system, originally defined by the CIE in 1976 [3] (L* indicates lightness and
a* and b* are the chromaticity coordinates).
Hue, lightness, saturation—the world of color is a mixture
of these attributes. Hue: butter is yellow, cheddar is orange,
Penicillium-veined cheese is partly blue-green—that is how
3
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we think of color in everyday language. Hue is the term used
in the world of color for the classifications of red, yellow, blue,
and others. The continuum of these hues results in a color wheel.
Lightness: colors can be separated into bright and dark colors
when their lightness (how bright they are) is compared. This
lightness can be measured independent of hue. Saturation: vivid
colors, dull colors—this attribute is completely separate from
those of both hue and lightness.

1.1.1.1 Color Attributes
All muscle-based foods possess a number of visually perceived
attributes, all of which contribute to their color and appearance
as well as to their overall quality. According to Lozano [4], the
appearance can be divided into three different categories: color,
cesia, and spatial properties or spatiality. Color is related to optical
power spectral properties of the stimulus detected by observers.
Cesia includes transparency, translucence, gloss, luster, haze, lightness, opacity, matte and is related to the properties of reflecting,
transmitting, or diffusing light by foods as evaluated by human
observation. Spatial properties are divided into two main groups:
(i) modes of appearance in which color is modified depending on
the angle of observation relative to the angle of light incidence,
such as metallic, pearlescent, or iridescent materials, and (ii)
modes of appearance related to optical properties of surfaces or
objects in which effects of ordered patterns (textures) or finishing
characteristics of food (roughness, polish, etc.) may be apparent.

1.1.1.1.1 Appearance
The overall appearance of an object consists of visual structure,
surface texture, and distribution of color, gloss, and translucency.
It comprises the visual images within the observer. These images
are controlled by viewer- and scene-dependent variables. The
first consists of the viewer’s individual visual characteristics,
upbringing and preferences, and the immediate environment.
The second consists of the physics of the constituent materials
and their temporal properties combined with the way these are
put together, as well as the scene illumination, that is, the light
and shade as they define the volume and texture of the scene.
The model considers the buildup of the appearance image [5]. As
regards the specific characteristics that contribute to the physical
appearance of meat, color is the quality that most influences consumer choice [6]. This is why the appearance (optical properties,
physical form, and presentation) of meat products at the sales
point is of tremendous importance for the meat industry [7].

1.1.1.1.2 Color as Quality Parameter
The relation between meat color and quality has been the subject
of study since the 1950s—since, indeed, Urbain [8] described
how consumers had learned through experience that the color
of fresh meat is bright red and any deviation from this color
(nonuniform or anomalous coloring) signals a warning sign [9].
The color of fresh meat and associated adipose tissue is, then,
of great importance for its commercial acceptability, especially
in the case of beef and lamb [10], and in certain countries such
as the United States and Canada, there have been many studies
attempting to identify the factors controlling its stability. Adams
and Huffman [11] affirmed that consumers relate a meat’s color
with its freshness. In poultry, the consumers of many countries
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also associate the meat color with the way in which the animal
was raised (intensive or extensive) and fed (cereals, animal feed,
etc.) [12,13].
The color of foods greatly influences consumers’ preferences
[14,15]. Color as a quality factor in meat can be appreciated in
different ways in different countries. For example, in Denmark,
pork meat color occupies the fifth place among consumers’ purchase decision criteria [16]. In the United States and Mexico,
chicken skin color plays a significant role in purchasing chicken
[17]. In the Balkans, visual impression when choosing young beef
in retail stores was most important for the average consumer. In
these countries, the survey found color to be the deciding factor
(red pink color was desirable) [18]. Sensorial quality, especially
color and appearance [19], of meat can be affected by internal
and external factors. For example, in poultry, if carbohydrate
supplements are used prior to slaughter, producers should notify
processing plant officials so that inspectors do not interpret light
livers as an abnormal physiological state [20].
Food technologists, especially those related to the meat industry, have a special interest in the color of food due to several
reasons: first, because of the need to maintain a uniform color
throughout processing; second, to prevent any external or internal agent from acting on the product during its processing, storage, and display; third, to improve or optimize a product’s color
and appearance; and, finally, to match the product’s color to the
consumer’s expectations [21].
In simple words, the color of meat is determined by the pigments present in the meat. These can be classified into four types:
biological (carotenes and hemopigments), which are accumulated
or synthesized in the organism antemortem [7]; pigments produced as a result of damage during manipulation or inadequate
processing conditions; pigments produced postmortem (through
enzymatic or nonenzymatic reactions) [22]; and, finally, those
resulting from the addition of natural or artificial colorants [23].
The color also provides information about raw materials
[24,25], processing technologies [26], storage conditions [27],
shelf life [28], and defects [29]. As a quality parameter, color
has been widely studied at slaughter [30], in fresh meat [31–33],
and in cooked products [34–36]. Dry-cured meat products have
received less attention [27,37,38] because in this specific type of
product, color formation takes place during the different processing stages [26,39]; recently, new heme pigment has been identified in this product [40–42].
From a practical point of view, color plays a fundamental role
in the animal production sector, especially in meat production
(primarily beef and poultry) [43–46]; thus, supplementation of
swine diets with 80 mg/kg of manganese may improve pork
color and retard discoloration during retail display [47]. Ponsano
et al. [46] found that Rhodocyclus gelatinosus supplementation
resulted in more yellow breast skin and increased darkening and
color purity of breast and thigh skins. Also, the consumer can
evaluate beef fat as undesirable if it has yellow or dark color, or
is excessive glossy or lustrous [46].
In many countries of the European Union (e.g., Spain and
Holland), paleness receives a wholesale premium. The poultry sector is also affected by color characteristics. According to
Zhang et al. [48], skin color is used as an indicator for chicken sex.
Color can also be used as an important tool by slaughter plant
food inspectors. Trampel et al. [20] determined that livers from
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full-fed birds were lighter in color than normal, and consequently
a significant number of chicken carcasses can be condemned for
human consumption because they are associated with higher
hepatic lipid concentrations.
There are some studies in which technological parameters and
color coordinates are related. Pale, soft, exudative (PSE) meat
is a growing concern in the poultry industry (characterized by
rapid postmortem pH decline). A low pH condition before the
body is chilled leads to protein denaturation, causing pale color
and reduced water-holding properties. The water loss and protein
damage from the PSE condition may impact the visible muscle
properties [49]. Thus, Fraqueza et al. [50] stated that PSE and
dark turkey meat quality can be defined by lightness (color coordinate: L*) and pH; thus, dark turkey meat showed L* ≤ 44 and
pH24 >5.8, while PSE turkey meat showed L* ≥ 50 and pH24 <5.8.
Fasone and Priolo [51] stated that in ostrich meat, meat lightness
(L*) was strongly affected by stress; in fact, the color of meat
from stressed ostriches was darker than meat from nonstressed
birds (34.30 vs. 38.10, respectively).

1.1.2 Color Measurement
The color of foods can be defined as the interaction of a light, an
object, an observer, and the surroundings of the food. Recently,
the International Commission on Illumination [52] described
how background can influence the appreciation of color.

1.1.2.1 Objective Methods
Optical methods have the advantage of being nondestructive,
fast, and inexpensive, and are considered suitable for online measurement. The color of foods can be studied in two main ways:
chemically, by analyzing the pigments present; and physically,
by measuring the interaction of light. Color necessarily requires
a light source that illuminates an object, which, in turn, modifies
the light and reflects (or transmits) it to an observer. The observer
senses the reflected light, and the combined factors provide the
stimulus that the brain converts into our perception of color, a
property that has three quantitatively definable dimensions: hue,
chroma, and lightness [53].
There are several methods for objectively measuring the color
of foods, some of which depend on the extraction of pigments
from food products followed by spectrophotometric determination of pigment concentration [54,55]. However, since such
pigment extraction methods are time-consuming and tedious,
some researchers have sought simpler methods of color measurement. For example, several methods measure the light reflected
from the surface of foods. There are also tabulated coefficients
of various objective values that are correlated with panel scores
[56]. These objective values consist of numerous combinations
of percentage reflectance values and tristimulus values such as
Hunter Lab [57], CIE XYZ, Munsell hue, chroma, and value or
CIELAB [22]. The use of this color space was adopted as an
internal standard. Thus, in many countries, the use of this color
space is related to quality control, using D65 as illuminant and
10° as standard observer [58]. L* is a measure of lightness in
which 0 equals black and 100 equals white. High, positive values
of a* indicate redness; large, negative values indicate greenness;
b* values indicate yellowness to blueness. In Table 1.1, CIELAB

Table 1.1
Color Coordinates (L* [Lightness], a* [Redness], and b*
[Yellowness]) of Different Raw Materials Used for the
Elaboration Process of Meat Products
Raw Material
Pork lard
Pork streaky bacon
Pork dewlap
Chicken breast
Chicken thigh
MDCM
Pork lean meat
Beef stifle
Pork heart
Pork lung

L*
65.04
62.18
63.12
62.11
59.95
43.42
42.67
32.42
37.27
48.25

a*

b*

2.91
3.65
3.88
0.99
1.11
18.79
8.76
15.59
13.09
22.99

5.28
4.68
3.60
3.55
3.98
13.68
3.96
5.11
7.37
14.17

Note: MDCM, mechanically deboned poultry meat.

color coordinates of different raw materials used for the elaboration process of meat products are shown.
The univariate correlation between a* and myoglobin concentration was 0.92. However, in a recent study, Lindahl et al. [59]
reported that a* values explained more than 90% of the variation in pigment content and form of pork muscles. Another study
demonstrated that L* value was the instrumental value most
highly correlated with subjectively assessed color when this was
based on the Japanese Color Standards [60].

1.1.2.1.1 Reflectance Measurements
Diffuse reflectance measures photons that have survived absorption, been scattered diffusely in meat, and eventually escaped
from the meat surface. Hence, the conventional absorbance is
the combined result of the absorbing and scattering effects and
is different from the derived absorption coefficient, which is
independent of scattering. Absorbance cannot provide an accurate absorption spectrum because the scattering effect is not
excluded. Similarly, the scattering coefficients are independent
of sample chemical compositions and are solely determined by
sample ultrastructure properties [61]. Color characteristics of
dry-cured meat products are measured by reflectance values,
which consist of indices and differences of reflectance at different wavelengths [62].
Myoglobin absorbs light in the ultraviolet region and
through practically the complete visible region of light [63].
Metmyoglobin (MMb), oxymyoglobin (OMb), nitrosomyoglobin
(NOMb), and deoxymyoglobin (DMb) have maximum absorbances (>400 nm) at about 410, 418, 419, and 434 nm, respectively [64]. The absorbance is typically much weaker at higher
wavelengths (500–600 nm). Above 500 nm, myoglobin (OMb
and NOMb) have absorption maxima at around 545 and 585 nm
[64]. The NOMb complex maintains myoglobin in the ferrous
state, but this is somewhat unstable and can be displaced and
oxidized if stored with excess oxygen and light [65].
Objective color measurements may refer to several properties
or various ratios or color difference indices [53]. By summarizing all the reflected colors (wavelengths) and expressing them
as one color [66], the color a consumer sees can generally be
described in one or two words, which indicate the main color and
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its shade. However, color measurements, whether descriptive or
specific, must be made as carefully as other measurements [53].
Correlations between visual assessment and instrumental color
measurement of muscle-based foods are not very high, generally
due to both the technique and measurement conditions [27].
Rapid screening techniques to determine quality characteristics of meat are of great interest for both industry and consumers. Reflectance measurements closely relate to what the eye
and brain see. This is a good method to examine the amount
and chemical state of myoglobin in meat in situ. This method is
also able to provide a procedure for estimating the percentages
of myoglobin forms on the surface of meat. With this method,
repeated measurements over time can be made on the same
sample. In addition, the procedure is rapid and relatively easy.
Reflectance measurements are affected by muscle structure, surface moisture, fat content, additives, and pigment concentrations
[67]. Also, tissue structures are associated with the light-scattering properties of meat. In beef, light scattering could potentially
be used as an indicator of beef tenderness [68].
Thus, the increase in reflectance values could be related to such
factors as water-holding capacity (WHC). Its diminution, caused
by falling pH, might cause the meat structure to close up, driving out the intracellular water, thus hindering light penetration
into the myofibrils and increasing light scattering. Feldhusen [69]
reported that this effect on reflectance values could be related to
the sarcoplasmic protein denaturation and precipitation on the
myofibrils, resulting in increased light scattering and less light
penetration [27,67].
Reflectance spectra were also used to evaluate growth rates
[70], detect poultry feces and ingesta [71] or fecal contamination
of chicken carcasses [72], determine the use of nitrite in cooked
meat products such as bologna type, and so on. Swatland [73]
reported that the use of nitrite was associated with lower reflectance at 400 and 410 nm, and with higher reflectance at 430 and
440 nm and from 600 to 700 nm.
Reflectance values of different myoglobin states (DMb,
MMb, and OMb) can be equal at several wavelengths (isobestic
points). Thus, myoglobin forms can be quantified by this method.

Swatland [73] also found isobestic points at 580 nm in samples
with and without use of nitrites. According to Snyder [74], several
isobestic points are found in beef at 474, 525, 572, and 610 nm.
All myoglobin states can be stated at 525 nm in beef. This
behavior was also identified in pork by Fernández-López et al.
[75] and Navarro [76]. These authors also found more isobestic
wavelengths for chicken meat and mechanically deboned poultry
recovered meat (430, 440, 450, 460, 510, 560, 570, 610, 690 nm)
than for beef and pork. In Figures 1.1 and 1.2, reflectance spectra
of the different myoglobin states of tuna fish dark muscle and
pork shoulder meat, respectively, can be observed. In tuna dark
muscle, there are no differences in several wavelengths between
OMb and DMb myoglobin states reflectance spectra.
Liu et al. [77] found that the intensities of two visible bands at
445 and 560 nm increase with the storage temperature, possibly
indicating a color change due to frozen storage. The reduction of
spectral intensities probably indicates water loss and compositional
alterations during the freeze–thaw process as well as the tenderization development in muscle storage. Chao et al. [78] determined
that reflectance spectra in the 400–867 nm range can be used for
veterinarians to select wholesome and unwholesome carcasses.
Irie [46] reported that the main factors affecting bovine fat
appearance are carotene and hemoglobin concentration, which
affect yellowness and redness, respectively. Also, the chemical
state of hemoglobin and the translucency of fat affected the color
and percentage reflectance or darkness of beef fat.

1.1.2.1.2 Near-Infrared Analysis
Near-infrared (NIR) technology by spectral analysis provides
complete information about the molecular bonds and chemical
constituents in a scanned sample. Optical devices linked to computers offer potentially very fast data acquisition that may permit
decision making on meat-eating quality, albeit from a selected
small surface area only [79].
When NIR spectroscopy is used, it can be useful for quality
control. This technique can predict the chemical composition of
poultry meat and possibly some dietary treatments applied to the
chickens [80]. Recent studies have, therefore, concentrated on

45
40

MMb

DMb

OMb

Reflectance (%)

35
30
25
20
15
10
5
0

0

74

0

72

0

70

0

68

0

66

0

64

0

62

0

60

0

58

0

56

0

54

0

52

0

50

0

48

0

46

0

44

0

42

0

40

38

36

0

0
Wavelength (nm)
Figure 1.1 Reflectance spectra (360–740 nm) of different myoglobin states (OMb, oxymyoglobin; DMb, deoxymyoglobin; MMb, metmyoglobin) of tuna
dark muscle (Thunnus thynnus).
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Figure 1.2
pork meat.

Reflectance spectra (400–700 nm) of different myoglobin states (OMb, oxymyoglobin; DMb, deoxymyoglobin; MMb, metmyoglobin) of

applications for this technique [81,82]. There is substantial interest in using NIR online to predict chemical parameters in the
meat industry and to augment existing video image scanning and
analysis (VISA) technology systems [83]. New VISA systems
[84,85] provide a noninvasive method of operating at normal
abattoir chain speeds and enable automatic acquisition of data on
carcasses using the side and back view. However, these systems
cannot classify on the basis of meat quality and, therefore, need
to be augmented with other suitable systems to measure traits
related to meat-eating quality. Post-rigor drip loss and WHC
during storage can be predicted adequately by NIRS, which can
determine WHC specifically, rather than through the occurrence
of PSE, using techniques such as NIR spectroscopy [86]. Also,
this technique can be used to predict beef tenderness [87–91].
The USDA Agricultural Research Service has developed a
method using a hyperspectral imaging system to detect feces (from
duodenum, ceca, and colon) and ingesta on poultry carcasses. The
method involves the use of multivariate data analysis of visible and
near-infrared (Vis/NIR) reflectance spectra of fecal and uncontaminated skin samples for classification of contaminants [71].
Myoglobin content varies among species and with fiber type
within a particular species. For example, a type I muscle such as
beef masseter contains more myoglobin, while a large type IIB pork
muscle, such as glutens medius, contains little myoglobin. Beef
latissimus dorsi is an intermediate muscle in myoglobin content.
However, some authors [92,93] have found evidence for the
possibility of estimating myoglobin in meat samples using the
visible region (400–800 nm) of the spectrum. This would be feasible due to the different forms of myoglobin in the meat samples (OMb, DMb, and MMb), thus giving rise to different colors
(bright red, purple, and brown, respectively).

1.2 Color of Dairy Foods
1.2.1 Description of the Techniques in Use in Dairy
Food Color Analysis
An object absorbs part of the light from the light source and
reflects the remaining light. This reflected light enters the human

eye, and the resulting stimulation of the retina is recognized as
the object’s “color” by the brain. Each object absorbs and reflects
light from different portions of the spectrum and in different
amounts; these differences in absorbance and reflectance are
what make the colors of different objects different.

1.2.1.1 Color Determination Using Traditional
Laboratory Visible Spectrophotometers
When a material is illuminated by light, specific wavelengths are
absorbed depending on the molecular structure present. This is
caused by electrons in the ground-state molecule absorbing light
energy and moving to an excited state. The absorption intensity
depends on the wavelength and the absorption spectrum (curve
measuring absorption intensity changes accompanying wavelength changes for monochromatic light illuminating a material)
is characteristic of a specific material.
Restricted to liquids, the color measurements are usually
made on a UV–Vis diode array spectrophotometer by using
quartz cuvettes (width of cuvettes is subject to variation to prevent the apparatus from saturating). The entire visible spectra
(380–770 nm) at 2 nm intervals are measured and recorded
after zeroing the apparatus. The selection of the blank reference, which is of paramount importance in achieving a meaningful color specification, should be made very carefully.
Absorbance values are then related to 10 nm bandwidths and
subsequently referred to into transmittance. In conformity with
the weighed-ordinate method, the transmittance of the samples along the spectrum is weighed considering the features
of the visual reference conditions chosen: Standard Illuminant
D65 (related to a color temperature of 6504 K) and CIE 1964
Standard Observer (vision angle of 10°) to obtain the tristimulus
values. Furthermore, the color parameters more related to the
psychophysical characteristics of color, which correspond to the
angular coordinates of L*a*b* (CIELAB) color space, that is,
lightness (L*), chroma (C*ab), and hue (hab), are also calculated
and taken into account. The calculations necessary to obtain all
the relevant color parameters could be performed by means of
softwares such as CromaLab© [94].
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1.2.1.2 Visible and Near-Infrared Reflectance
Spectrophotometry
NIR spectrophotometers are widely used throughout the food
and agricultural industries [95] in order to measure chemical
constituents, such as protein, oil, starch, fiber, and moisture.
NIR has been used to assess the chemical quality of food products for which color is important. Approximately 20 years ago,
NIR instruments became available with extended spectral range,
which included the visible region (visible and near-infrared
reflectance [VNIR] instruments). The visible region allowed for
the measurement of pigments, such as carotenoids, by measuring absorbances (reflectances) at specific wavelengths associated
with the pigments. Although these analyses quantified the pigments that contributed to the color of the product, they did not
provide the actual color of the product being examined. The feasibility of using a VNIR instrument to measure color, in accordance with the principles of the CIE, was then demonstrated,
in comparison to the color values obtained from a colorimeter
specifically designed to provide color-space values. The VNIR
instruments have excellent potential to provide color information to complement the biochemical information normally provided by the NIR region. To facilitate this in an efficient manner,
the calculations should be incorporated as part of a standard
software package, which would eliminate the tedious requirement to export the spectral data for each sample to a supplemental spreadsheet. The software should also provide a means
of calibrating the color data to a set of standards. This calibration process for color would be quite distinct from the calibration normally associated with NIR work. The color calibration
would primarily involve correcting the calculated L*a*b* values
for slight differences in optics and geometry among instruments,
and would only need to be done occasionally with a set of color
standards fitted to the appropriate sample cells. The software
should also include the ability to provide L*a*b* values based on
different illuminants, and facilitate conversions to other colorspace systems. Using VNIR instruments in this manner provides
an efficient means of simultaneously providing chemical and
color quality information about dairy products [96].

1.2.1.3 Tristimulus Colorimetry
Although the human eye cannot quantify colors accurately, it is
simple with a colorimeter. As observed previously, unlike the
subjective expressions commonly used by people to describe colors verbally, colorimeters express colors numerically according
to international standards. Thus, it makes it possible for anyone
to understand what color is being expressed. Further, a person’s
perception of a single color may change depending on the background or on the light source illuminating the color. Colorimeters
have sensitivities corresponding to those of the human eye, but
because they always take measurements using the same light
source and illumination method, the measurement conditions
will be the same, regardless of whether it is day or night, indoors
or outdoors. This makes accurate measurements simple [97]. The
colorimeter is mainly used in production and inspection applications for the color difference measurements. Minute color differences can be expressed numerically and easily understood. In the
L*a*b* color space, color difference can be expressed as a single
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numerical value, ΔE*ab, which indicates the size of the color difference but not in what way the colors are different.
A tristimulus colorimeter is a combination of a sensor and a
microcomputer. The “sensor” is a set of three filtered sensors
to have nearly the same color sensitivity as the human eye [98].
They receive light from the object and transmit information to
the microcomputer. The latter then determines numerical values
that are delivered to the user.
A related problem is if, for example, the colors of two objects
appeared to be the same under daylight but appeared to be different under indoor room lighting. Such a phenomenon, in which
two colors appear the same under one light source but different under another, is called metamerism. For metameric objects,
the spectral reflectance characteristics of the colors of the two
objects are different, but the resulting tristimulus values are the
same under one light source and different from each other under
another. Tristimulus colorimeters can generally take measurements under only Standard Illuminant C and Standard Illuminant
D65, both of which represent daylight and which have very similar spectral power distributions; because of this, tristimulus colorimeters cannot be used to measure metamerism.

1.2.1.4 Spectrophotometers Dedicated to
Color Analysis
In addition to displaying numerical color data, a spectrophotometer can also display a graph of the color’s spectral reflectance (colors are created by mixing various wavelengths of light
in appropriate proportions). A spectrophotometer measures the
light reflected from the object at each wavelength or in each
wavelength range (up to 40 sensors); these data can then be displayed on a graph to provide more detailed information about the
nature of the color. This device is used for high-precision analysis and accurate color management mainly in laboratories, and
research and development applications. The spectrophotometer,
however, is equipped with the spectral power distributions of a
wide range of illuminants and thus can determine metamerism.
Moreover, with the spectrophotometer’s capability to display
spectral reflectance graphs, you can see exactly how the spectral
reflectances of the two colors are different.

1.2.1.5 Color Chart or Color Fan
Color charts are well known in industries such as painting, home
design, and car building, and also in the food industry. The charts
could be used alone in proprietary systems or could also be translated into L*a*b* values. The charts on paper are then used to
individually score the food products without using an expensive
electronic device. The main drawbacks are the nonstandardized
light environment and the subjectivity of the human sensory
judgment.

1.2.1.6 Computer Vision, Digital Scanning, and
Image Analysis
Image analysis techniques using computer vision systems have
been increasingly adopted for variety classification and quality
evaluation of food materials and products. Wang and Sun [99]
developed a computer vision method to evaluate the melting
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property of cheese. Researchers also used computer vision methods to analyze the color of pork, beer, and potato chips. A computer vision system includes a lens, camera, frame grabber,
monitor, computer, and software. The computer vision method
provides noncontact measurement; therefore, there are no limitations on the temperature, size, and shape of samples. Compared
with conventional methods using colorimeters, the computer
vision method is efficient and provides more information on the
color change of cheese by making continuous measurement possible. It also has the advantage of handling surfaces with uneven
color distributions. Among the studies conducted is the influence
of baking temperature and time on the browning property of
cheese. Since Cheddar and Mozzarella cheeses are intensively
used as toppings, the monitoring of the browning property of
both cheeses is of high interest.

1.2.1.7 High-Performance Liquid
Chromatography of Pigments
All the methods presented previously mainly deal with direct
measurement of color and not with the identification of the compounds that are responsible for that color. To resolve mixtures of
colorants, the usual alternatives are chromatographic techniques,
such as liquid chromatography (LC) or thin-layer chromatography, and capillary electrophoresis. LC is often the preferred
choice as it provides unrivaled resolution and lends itself readily
to easy coupling with sensitive and selective detectors. LC using
UV–visible, fluorescence, mass spectrometry, or diode-array
detection (DAD) has been used to determine natural and synthetic colorants in dairy foods [100].

1.2.2 Practical Applications in Dairy Foods Analysis
1.2.2.1 Anteprocessing (i.e., Milk Production
Related to Cattle/Cow Feeding)
The white appearance of milk is a result of its physical structure (i.e., the dispersion of both casein micelle and fat globules
responsible for the diffusion of incident light and consequently
of the high L* value of milk). All the measurement conditions
such as temperature and composition parameters such as fat, protein, Ca, and P, as well as technological treatments that influence
the physical structure of milk also modify the L* component of
the milk color measurement. Milk color assessment is mainly
applied to identify technological parameters such as homogenization, thermal treatment (including Maillard reactions), fat concentration, photodegradation, storage conditions, or additives.
The “a*” and “b*” components of milk color are also influenced
by a number of factors linked to milk’s natural pigment concentration. The main pigments are riboflavin, a green compound
present in the aqueous phase, which is a strong photosensitizer;
β-carotene; and to a lesser extent lutein, which have maximal
absorbance at wavelengths 497–466 and 481–453 nm, respectively. Milk carotenoids are responsible for the yellow coloration
(higher “b*” value) of cattle milks in comparison to sheep and
goat milks, which are devoid of β-carotene [101].
The components of milk color are linked to milk’s natural
pigment concentration from carotenoids, protein, and riboflavin.
Several studies have examined the impact of feed on milk color

pigments. Some scientists found that cows fed grass silage produced milk with fat that was more yellow than that produced by
cows fed hay. Other scientists found that concentrations of riboflavin, tocopherols, β-carotene, lutein, and zeaxanthin in milk
were higher in cows fed grass silage than those fed maize silage.
In another study, milk from cows fed grass silage produced milk
with higher β-carotene than those fed hay and a switch from
grass silage to hay diet induced a rapid decrease in the concentration of β-carotene. The development of a reflectance method
considers all of the components that contribute to color in one
measurement and enables the measurement of milk as an opaque
food, addressing the limitations of other methods. However, limitations of measuring milk color to predict carotenoid content
with spectrocolorimetry were described [102].
Carotenoids are involved in the nutritional and sensory characteristics of dairy products, and are potential biomarkers for
traceability of cows’ feeding management. Nearly 10 carotenoids
(i.e., xanthophylls and carotene) have been quantified in forages,
and their concentrations vary highly according to the development stage and length of conservation. Sensitivity of β-carotene
to ruminal degradation varies among studies, depending on its
dietary source. Data suggest that carotenoid digestion would be
linked to dietary lipids for transit, and to specific transporters
of lipophilic molecules for absorption. Among ruminants, only
bovines accumulate high concentrations of carotenoids, mainly
β-carotene, possibly due to lower efficiency of vitamin A synthesis in enterocytes. Carotenoid flows in plasma and tissues
in dairy cows remain to be investigated, especially the ability
of adipose tissue to release β-carotene in depleted or underfed
animals. Carotenoids in cows’ milk mainly consist of all-transβ-carotene and, to a lesser extent, lutein. In milk, concentration
is more variable for β-carotene than for retinol, for which the
plasma concentration is well regulated. Milk concentration of
β-carotene depends on its dietary supply. Both animal and feeding factors that affect milk yield (i.e., breed, parity, physiological stage, level of intake) generally also control milk β-carotene
concentration by concentration/dilution mechanisms, and by
efficiency of extraction from plasma. The β-carotene concentration in cheese is highly linked to milk concentration, whereas
high losses of retinol occur during cheese making. Feeding management of dairy cows allows efficient control of carotenoid concentration and color in dairy products [101]. Among the strangest
supplementations of cow diet is the use of carrots [103] mixed
with rapeseed to increase total carotene content (added value
linked to color and biologically active compounds) together with
unsaturated fatty acids (added value linked to spreadability and
biologically active compounds). It was shown that the enrichment of carotene by feeding carrots counteracts the incorporation of unsaturated fatty acids.
Regarding the animal, the yellow coloration is higher in dairy
products from cows than from ewes or goats (milk of goats and
ewes, in contrast to that of cows, contains only retinol and xanthophylls and generally no β-carotene), and higher for cattle
when breeds such as Jersey cows are used instead of Holstein or
Montbéliarde.
The characteristics of the raw milk used play a major role,
particularly in the case of products in which the modifications
to the raw material during processing are restricted. The characteristics of raw milk used are dependent on factors linked to
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animal management (genetic, physiological, or dietary) that have
increasingly been the focus of consumers’ concern. These factors take special importance in the case of products with a protected designation of origin (PDO) or a protected geographical
indication (PGI), which claims to have close links with milk-
production conditions.

1.2.2.2 Processing
Research works are numerous in the field of dairy food processing and color. Normal processing of products such as butter,
cheese [104], or yogurt has an impact on the final product color.
Other factors investigated that could have action on color are the
following: (i) use of technologies such as high-pressure processing or ultrafiltration, (ii) modification of dairy food composition
(substitution of milk powder by whey powder or soy proteins,
use of fat replacers, addition of chitosan or orange’ fibers, etc.),
(iii) studies about the whiteness of mozzarella or browning of the
same cheese when used in pizza, and (iv) role of the microflora in
the development of color at the surface of soft cheeses.
As presented previously, carotenoids are important in dairy
food color; however, these are sensitive to different physicochemical factors, including air, oxidizing agents, and ultraviolet
light. Their degradation is accelerated by increasing temperature
and is catalyzed by mineral ions. Consequently, technological
treatments such as heating and acidification applied when processing milk to produce dairy products, as well as the immediate processing and storage environment (i.e., light, temperature)
are likely to degrade these micronutrients and influence the
color and the vitamin potency of the resulting dairy products.
Furthermore, processing of some milk products (e.g., cheese,
butter) involves selective transfer of constituents from milk to
milk products [101].
Milk carotenoids are transferred into butter and cheeses with
minimal losses and thus contribute to their yellow coloration.
Depending on the specific target market, the yellow color may
be perceived as a positive or negative attribute. For instance, it
is considered as negative for the color-sensitive markets of the
Middle East. The marked yellow color of New Zealand milk fat
resulting from the use of Jersey cows fed diets consisting predominantly of fresh grass raises problems for exportation. In
contrast, in Europe, the yellow color of dairy products is generally seen as a positive trait that contributes to consumers’ preference for dairy products produced in summer (e.g., derived from
fresh grass-based diets). The hedonic preference of consumers
for summer butter and cheese produced from pasture-fed cows is
more marked when the sensory assessment is made under daylight in comparison to red light which masks the natural color
differences.
The yellow coloration of dairy products is generally a more
important issue in high-fat dairy products such as butter and
full-fat cheeses. Because carotenoids are fat soluble, the yellow
coloration is a function of both fat color and concentration, and
fat color is a function of the carotenoid concentration in the fat.

1.2.2.2.1 Butter
Butter is a product that consists of roughly the same constituents
as milk [105], but their distribution is different. In butter making, the fat content of the milk is concentrated approximately
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20 times. The natural yellow color of butter is mainly due to
carotene dissolved in the fat. Therefore, the natural butter color
will vary with the carotene content in the feed of the dairy cattle
[106]. Since lucerne, clover, and grass are rich in carotene, and
beets, hay, and feed concentrates contain very little, the carotene content in butter will be highest in summer and autumn and
lowest toward the end of winter and in early spring. It further
depends on the ability of the cow to convert carotene into vitamin
A, which strongly varies among breeds and individuals [107].
A butter color tone was developed by Meiji Dairies Corp.,
Tokyo, Japan, and named as Japan Agriculture & Livestock
Industries Corp. (ALIC) butter color tone. In Japan, the best
quality dairy products, including milk, cream, butter, and
cheese, have an ALIC category 1 butter color tone (pale yellow).
Butter is melted, centrifuged, and 2 g of butter fat is accurately
weighed into a 10 mL volumetric flask and made to volume with
hexane. The sample is then filtered and the absorbance measured
at 455 nm converted per gram of fat [102].

1.2.2.2.2 Cheese-Making Process
During cheese manufacturing, between 800 and 950 g/kg of
the carotenoids in the original milk are recovered in the curd.
In many studies, little or no change in the concentration of
these components has been observed during ripening or storage
of cheese for up to a year. In a recent study [108], the rate of
transfer of β-carotene and xanthophylls from milk fat to cheese
fat, considering four cheese-making technologies and original
milks covering a large range of concentrations of these micronutrients in milk fat was examined. On an average, 950 g/kg of
β-carotene, but only 640 g/kg of xanthophylls originally present
in milk fat were recovered in cheese fat. In addition, despite the
varying heating temperatures, acidification levels, and ripening
times among the cheese-making technologies studied, the rate
of carotenoid loss did not vary with the cheese-making technology. These results suggest that β-carotene is very stable, whereas
xanthophylls are partially damaged and/or lost into whey during
cheese making.

1.2.2.2.3 Use of Technologies Such as High-Pressure
Processing or Ultrafiltration
Processing of food under high pressure rather than by traditional
heating technologies offers unique advantages to consumers
and the food industry. This technology can destroy microorganisms without causing significant changes to the sensory and
nutritional attributes of the processed foods. Accordingly, it can
produce some interesting effects and food products that are not
possible with other preservation technologies. High-pressure or
hyperbaric treatment of food is usually carried out in the range
300–1000 MPa at room temperature or a little higher; the pressure itself causes only a slight rise in the temperature of the food.
Process times are short, usually between 2 and 30 min [109].
Milk treated at pressures of up to 500 MPa for a few minutes
has been shown to have a shelf life equivalent to at least that
of HTST-pasteurized milk. When milk was subjected to highpressure (250, 450, and 600 MPa) treatments for 30 min at 4°C,
20°C, and 40°C, a decrease in lightness (L*) was observed for all,
except for those at 250 MPa.
High-pressure homogenization (HPH) is a combined pasteurization/homogenization of raw milk. This process was assessed

Free ebooks ==> www.ebook777.com
11

Color Measurements of Muscle-Based and Dairy Foods
for reducing the size of fat globules and inactivation of microorganisms. Raw and commercially pasteurized and homogenized (CPH) milk samples were analyzed as controls. Small
but significant differences in L* values were observed among
raw, CPH, and HPH milk samples. For example, CPH milk was
significantly whiter (P < 0.05) than raw milk, as expected; CPH
and HPH samples had similar L* values. Differences in a* and
b* values following treatments were very small. Overall, differences in instrumental color measurements between CPH and
HPH milks were not visually obvious [110].
In another study, high-pressure processing was applied to
fresh goats’ milk cheeses (500 MPa for 5, 15, and 30 min at 10°C
or 25°C). Color parameters hardly changed in the inner part of
cheeses. Modifications on the surface were more pronounced. In
500 MPa/10°C cheeses, all parameters changed. Total color difference (ΔE*) values of 500 MPa/10°C cheeses were higher than
ΔE* values of 500 MPa/25°C cheeses, mainly due to L* value
changes in samples treated at 10°C. The b* value was the index
that changed more with all treatments. It increased in pressuretreated cheeses, generally with increasing treatment times [111].
Protein, the most valuable component in milk, has increased
in value over the past 20 years. Using ultrafiltration, fluid milks
can be standardized to different protein percentages by separating skim milk into retentate and permeate fractions. These can
then be combined and fat is added to produce milks with a 0%,
1%, 2%, or 3.3% fat and a range of true protein contents (usually
lower protein contents compared to the starting milk). The target
is to recover milk protein that could be sold as a food ingredient.
Two studies [112,113] demonstrated that a modest protein standardization was feasible without noticeable color changes of the
milks (a decrease in the protein content of 2% and 3.3% fat milks
by ultrafiltration made them less white—lower L* value).

1.2.2.2.4 Modification of Dairy Food Composition
(Substitution of Milk Powder by Whey Powder
or Soy Proteins, Use of Fat Replacers, Addition
of Chitosan or Orange’ Fibers, Etc.)
Milk whey is an important source of lactose, calcium, milk proteins, and soluble vitamins, which makes this product a functional food and a source of valuable nutrients. Whey powder was
used to substitute partially the milk powder in yogurt fortification. Five different formulations were obtained and analyzed for
color (CIE L*a*b*) after 1, 15, and 28 storage days at 5°C. Color
was measured through surface reflectance of 55 mm high yogurt
samples by using a spectrocolorimeter. In samples at 1 storage
day, milk substitution implied a yellowing, with higher color
purity and significant differences in brightness. The observed
development was a decrease in color purity and an increase in
yellowness after 15 days. Changes in color coordinates in line
with milk substitution can be attributed to the different opacity
level of gels, which increases with the casein proportion and their
aggregation level. The greater the opacity, the higher the sample
brightness and the less pure the color [114].
A second example is the soy protein isolate (SPI) fortification
of a low-fat dairy-based ice cream for the purpose of meeting
any soy protein health claim labeling requirements. Low-fat ice
cream mixes with 0% (control), 2%, and 4% (wt/wt) added SPI
were made by substituting SPI for nonfat dried milk. Color differences among low-fat ice cream mixes with different levels of

SPI were observed by instrumental analysis. The 4% SPI mix
had a significantly lower L* value than the control mix, indicating that ice cream mix fortified with SPI was less white in
comparison to that of a typical low-fat ice cream. Values for a*,
which signify red (+) and green (−), were also significantly different among treatments. The a* values for the low-fat ice cream
mixes decreased with increasing SPI, demonstrating that the SPI
mixes had more green color compared to the control. The b*
value, an indicator of blue (−) and yellow (+), was also different among treatments. The b* value for the control increased
with increasing levels of SPI, which demonstrates that the mixes
increased from blue to yellow in color with increased SPI fortification [115]. Despite these data, low-fat dairy ice cream fortified
with SPI may be a means of positively presenting soy protein to
a broader market of consumers, among similar products, as they
might appeal to a more traditional dairy consumer who could
reject soy-based dairy analogs such as soymilk, soy yogurt, and
soy ice cream.
Among additional studies, some focused on the effect of fat
replacer on color of reduced fat mozzarella cheese [116] or ice
cream [117], properties of low-fat Cheddar cheese manufactured
with chitosan [118], or the impact of orange fiber addition on
yogurt color during fermentation and cold storage [119].

1.2.2.2.5 Studies about the Whiteness of Mozzarella or
Browning of the Same Cheese When Used in Pizza
The ever-increasing popularity of pizza has led to the tremendous growth of cheese products, especially Cheddar and
Mozzarella cheeses, which are the two major varieties of cheese
used as toppings for pizza and some other prepared consumer
foods. To achieve desirable quality of these consumer foods,
the cheese products used are required to have certain functional
properties such as melting, browning, oiling-off, shredability,
and stretchability. Browning is a property of cheese that results
in patches of darkened color on the cheese surface during baking before consumption. It is of high commercial interest to the
manufacturers of both pizza and cheese because about 50% of
pizza restaurants reported quality problems in cheese browning.
It is widely believed that the browning of cheese during baking is mainly caused by Maillard reaction, which involves an
interaction between reducing sugars and amino compounds. As
a heat-induced process, the browning of cheese starts to occur
during processing and slow cooking after processing. Attempts
have been made to analyze the browning of cheese during baking
to improve the quality of cheese used as toppings. Researchers
have investigated the influence of different starter cultures on the
residual sugar in cheese and thus on cheese browning. A strong
correlation was found between the darkness of cheese color and
galactose content for processed cheese and Mozzarella cheese.
Though browning is considered as a defect in cheese whey [120]
or processed cheese [121], for cheese used as toppings, browning
may be considered as a desirable property. For the evaluation of
cheese color, in addition to qualitative sensory evaluation, instrumental methods involving colorimeters/spectrophotometers, or
image analysis techniques/computer vision are employed [99].
Mozzarella cheese undergoes significant change in temperature
during baking on a pizza. A cheese temperature of 60–70°C is
usually observed at the end of baking. After baking, the cheese
begins to cool and is normally consumed at 40–50°C. Before

www.ebook777.com

Free ebooks ==> www.ebook777.com
12
measurements, the spectrophotometer is calibrated with a white
reference tile. The L value corresponds to whiteness, and higher
L values indicate whiter products (white = 100, black = 0). With
products showing heterogeneous surface aspects (e.g., dark or
brown patches), it is very important to increase the measurement
area (cm2). Manufacturers usually provide many measurement
areas with increasing diameters. In one of the studies assessing
this process [122], the L* value of Mozzarella increased dramatically during heating to 60°C and decreased during the subsequent
cooling. The formation of a gel during heating increases light scattering, which increases L* value. During cooling, the gel dissociates and no longer scatters light, which decreases L* value. Similar
results were obtained in Cheddar-like and Colby-like cheeses
made with caprine milk [123] or processed cream cheese [124].

1.2.2.2.6 Role of the Microflora in the Development
of Color at the Surface of Soft Cheeses
A good aspect of smeared cheeses, such as Maroilles, Munster,
Livarot, Epoisses, Limburger, Herve, Gubbeen, Taleggio, or
Tilsit, is mostly characterized by the occurrence of an orangebrown, sticky surface [125]. Since it is due to the development of
cheese-ripening flora and to the interactions within this microflora (especially bacteria from the Brevibacterium linens group,
Arthrobacter sp., Microbacterium sp., and coryneform bacteria),
these typical dark yellow, orange, pink, or red-brick colors related
to carotenoids such as isorenieratene and other pigments ensure
that the cheese has developed aromas and melted texture. As
knowledge of the representatives of the cheese-surface bacterial
flora is quite limited, industrial manufacturers may sometimes
encounter quality problems and the sole ripening pigmented
microflora is not sufficient to give a nice color. In this case, colorants such as annatto, paprika, or β-carotene are spread on the
surface of the cheese during processing, as a means to produce
standard and attractive products. Objective measurement of the
smear color can be provided using a spectrocolorimeter (L*a*b*
colorimetric system). The spectrocolorimetry can be used for the
description of (i) the rind’s color among various PDO cheeses
(Figure 1.3), (ii) the relative heterogeneity observed for “on shelf
cheeses” color in a specific PDO area, (iii) the assessment of
color development on the surface of cheese versus time (quality control), and (iv) a screening technique for pigmented strains
isolated from red-smear cheese rinds (biodiversity criteria)
[126]. Concerning the latter item, up to now very few pigmented
bacteria are available as commercial cultures for manufacturing of red-smear cheese. Traditionally, growth of the surface
microflora is initiated with the help of mature cheeses, which
release part of their microorganisms into the brine that is used
to wash the young curds. Only about 15 different strains of B.
linens group are present on the market with various orange hues
[127]. Intensive use of these strains may contribute to a decrease
in microbial diversity observed within the PDO cheeses, contributing to the loss of typicality for products proposed to the
European consumers. Bacteria belonging to species other than
B. linens group are also lacking in commercial offers made by
microbial culture companies and this should be corrected as
many authors emphasized their contribution in the ripening of
smear cheese rind, for example, Microbacterium gubbeenense,
Corynebacterium casei, Arthrobacter bergerei, and A. arilaitensis. To be able to supply new pigmented strains to cheese
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Figure 1.3 Color distribution among various PDO cheeses (10 measurements per cheese, letters A–D: cheese manufacturing plants, one distinct
letter series within one PDO). (From Dufossé, L. et al. Food Res Int 38: 919,
2005. With permission.)

producers, a screening experiment was conducted for 2 years
[128] and 364 strains were isolated from Munster cheese (219
coryneform bacteria, 32 Micrococcus, 30 Staphylococcus, and 83
B. linens). Color coordinates were determined for each of them
and the two dominant colors were orange and yellow (Figure 1.4
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cheeses in the CIE L*a*b* colorimetric system. (From Dufossé, L. et al.
Food Res Int 38: 919, 2005. With permission.)
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for a sample of 29 strains projected within the L*a*b* system).
All the orange strains were easily identified as strain members
of the B. linens group (positive reaction with KOH, high-performance liquid chromatography [HPLC] analysis of the pigments,
16S DNA sequencing). The technologically important group of
yellow pigmented coryneform flora of the smear cheese is quite
homogeneous in colony morphology and physiological characteristics. Besides orange and yellow, a lot of strains were light
colored (cream, beige) such as Corynebacterium mooreparkense
sp. nov., five were pink but a total of 29 hues were described.
Other studies in the same field evaluated the influence of the
yeast used for deacidification on the color of the bacterial biofilm [129–131]. For each bacterial biofilm, color was monitored
by L*C*h* (brightness, chroma, hue angle) spectrocolorimetry.
Color intensity (function of chroma only) was higher when
Debaryomyces hansenii was used, compared to deacidification
with Kluyveromyces marxianus.

1.2.3 Postprocessing
Dairy foods are exposed to light from both natural and artificial
sources throughout processing, packaging, and distribution, as
well as at the retail level. Light-induced degradation of lipids,
proteins, and vitamins in dairy foods causes both formation of
off-flavors and color changes, which rapidly impair product quality and marketability and eventually may lead to loss in nutritional value and formation of toxic products (e.g., cholesterol
oxides). Today, consumers make greater demands on packaging,
including transparent packaging, in order to better appraise the
product prior to purchase. Furthermore, environmental concerns
have led to a reduction in the use of aluminum and metallized
foils, which in turn have led to increased use of transparent packaging materials within the entire food sector. However, packaging of dairy products in transparent materials greatly increases
the risk of light-induced oxidation [132]. It is normally accepted
that light-induced oxidation in dairy products is the result of
the presence of riboflavin as a photosensitizer. The action of
riboflavin is not clearly photodynamic, since riboflavin itself is
photooxidized.
For purposes of convenience, many cheese varieties, including Cheddar or Parmigiano-Reggiano [133,134], are available in
preshredded form in translucent modified atmosphere packaging [135]. Transparent films transmitting more than 80% of the
incident light in the wavelength range 400–800 nm are generally
used [136]. High-intensity light has been reported to have negative effects on the color stability of natural yellow cheeses. In
addition, shredded Cheddar cheese stored under high-intensity
fluorescent light may be susceptible to light-induced oxidation
reactions. Color data for shredded Cheddar cheeses packaged
under N2 and CO2 and stored under light or dark conditions were
monitored [137]. Approximately 10 g of cheese shreds was compressed into a 50 × 50 × 10 mm optical cell. Reflectance values
were obtained using a 25 mm view area aperture. L* values were
significantly higher in cheeses packaged under CO2 and exposed
to fluorescent light, whereas a* and b* values were significantly
lower. The shredded cheeses packaged under CO2 and exposed
to fluorescent light experienced obvious color alterations during
storage, shifting from the traditional orange of colored Cheddar
cheese to a definite white hue. One possible explanation for the

color shift in the shredded Cheddar cheese packaged under CO2
and exposed to fluorescent light is related to annatto, the pigment commonly used in the production of natural yellow cheeses
such as Cheddar. Annatto extracts are obtained from the seeds of
Bixa orellana. The carotenoid that is mainly responsible for the
coloring properties of annatto is bixin, which contains numerous conjugated double bonds. Conjugated double bonds are the
target of free radical molecules, leading to oxidation reactions in
lipids and probably in the carotenoid, bixin. It is proposed that
the color loss was due to bixin oxidation, which resulted from
CO2-derived free radical species generated under light exposure.
In another study [138], salted sweet cream dairy spread was
found to have better oxidative stability compared to salted sour
cream dairy spread when evaluated by color changes that are
measured as tristimuli L*, a*, b* values. Results showed that the
storage temperature (−18°C, 5°C, or 20°C) was most important
as the product surface was found darker and more yellow and
greenish.
Regarding yogurt color modification during postprocessing, a
first study investigated the relationship between color parameters
and the syneresis and titrable acidity [139]. Regardless of storage time, yogurts with an initial pH of 4.35 had the lowest L*
values, while the yogurts with an initial pH of 4.45 had the highest. Storage time exerted a significant influence on the decrease
in the color lightness value. A second study dealt with the use
of bio-based material polylactate (PLA) for packaging of plain
yogurt [140]. Plain yogurt (3.5% fat) was stored for 5 weeks in
PLA or polystyrene (PS) cups under fluorescent light (3500 lux)
or in darkness. Quality changes were studied by the determination of color stability and degradation of β-carotene. For lightexposed yogurts, PLA was at least as effective in preventing color
changes as PS. Furthermore, losses of riboflavin and β-carotene
were less in light-exposed yogurt that was packed in PLA than
in PS. Thus, it was concluded that light exposure reduced the
quality of plain yogurt and that PLA provided a better protection
against photodegradation processes than PS.

1.2.4 Quality Control
The color is one of the criteria that the food industry controls to
make sure that the food product meets the demand of consumption and that the product is produced in a reproducible way. In
some cases, the industry use indices to monitor and to control the
color of the product.
For butter, the yellowness index (YI) is a dimensionless number obtained from the tristimulus primaries X, Y, and Z, data
available from many instrumental devices, together with the
appropriately derived L*, a*, and b* coordinates. YI is calculated
as follows:
YI = 100(CxX − CZZ)/Y
where X, Y, and Z are the CIE tristimulus values and the coefficients depend on the illuminant and observer. YI may only be calculated for illuminants D65 and C (illuminant D65 and observer
10°, then CX = 1.3013, CZ = 1.1498)—[ASTM Method E313].
As examples, the YI was 47.7 and 57.8 in case of Sommerbutter
(Austria) and Kerrygold (Ireland) butter, respectively [141].
Between the butter samples, the CIELAB color difference ΔE,
representing the pythagorean distance between the two data
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points in the L*, a*, b* system according to ΔE = [(ΔL*)2 + (Δa*)2 +
(Δb*)2]1/2, was found to be 5.9. This ΔE value is far above the
sensory threshold of ~0.7, which is relevant in the range of the
butter color coordinate. Quality control is important in butter
production as consumers link more yellowish butter with “easierto-spread” [142].
Determination of food authenticity and geographic origin is
a crucial issue in food quality control. Adulterations are known
for dairy products. The geographic origin of butter and milk,
the addition of cow’s milk to ewe’s or goat’s milk or other dairy
products, and the use of added whey solids or processed cheeses
in grated cheese have been reported. The originality of a cheese
depends on several factors such as milk and cheese-making
procedures (including microbiology and technology), which are
both dependent on the geographic origin. The determination of
origin is a key component of PDO products and, where industrial copies exist, of goods manufactured by a traditional method.
Emmenthal (Emmentaler) cheese, often called “Swiss cheese,”

is the example “par excellence” of a cheese variety that is widespread and very popular in many countries. Color measurement
was included in a study that aimed to evaluate the potential of
a large variety of analytical methods for determining the geographic origin of an Emmentaler cheese [143]. In Emmenthal
cheeses collected in five countries (Germany, Austria, Finland,
France, and Switzerland), the parameters a* and b* presented
considerable differences. The Finnish Emmentaler was significantly redder and yellower than the others. “French Savoie,” on
the other hand, was significantly less yellow than the others and
“French Bretagne” more blue. A possible explanation may be
found in the forage. “Finland” uses grass silage whereas “French
Bretagne” feeds maize silage. In the other regions, silages are
not permitted.
The control of the color of dairy products is particularly
attractive with several dessert product varieties. Owing to the
possibility to vary the concentration of fruit preparations as well
as natural and artificial dyes added, the color properties (hue,

Table 1.2
Application of the Screening and Discrimination LC–DAD Methods to Dairy Samples
Screening Responsea
Sample
Yogurt
Lemon
Peach
Strawberry
Nuts and oats
Pineapple
Apricot and mango

Ice Cream
Iced lemon fruit
Lemon
Pistachio
Vanilla
Fruits

Milk Shake
Vanilla 1
Vanilla 2
Strawberry
Dairy Dessert
Yogurt flavor

Colorants That Appear on Label

Natural

Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative

Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive

172 ± 9
205 ± 10
18.5 ± 0.7
22 ± 1
653 ± 40
44 ± 2
250 ± 12
42 ± 2

Positive
Positive
Positive
Positive
Positive
Negative
Negative
Negative
Negative
Negative

Negative
Negative
Negative
Negative
Negative
Positive
Positive
Positive
Positive
Positive

6.8 ± 0.3
1.6 ± 0.1
38 ± 2
28 ± 1
14.8 ± 0.9
51 ± 2
30 ± 2
50 ± 2
37 ± 2
26 ± 1

Positive
Positive
Positive
Positive
Positive

85 ± 4
24 ± 1
66 ± 3
23 ± 1
24 ± 1

Negative
Negative

5.3 ± 0.3
1.8 ± 0.1

Natural yellow
Natural yellow
Natural red
Natural red
Natural brown
Natural yellow
Natural yellow
Natural yellow

Curcumin
Curcumin
Carminic acid
Carminic acid
Caramel

Synthetic yellow
Synthetic green
Synthetic yellow
Synthetic yellow
Synthetic blue
Natural yellow
Natural yellow
Natural yellow
Natural yellow
Natural red

Tartrazine
Lissamine green B
Tartrazine
Tartrazine
Indigo carmine
Riboflavin

Natural yellow
Natural red
Natural yellow
Natural yellow
Natural red

Curcumin
Carminic acid
Riboflavin
trans-β carotene
Carminic acid

Negative
Negative
Negative
Negative
Negative

Synthetic yellow
Synthetic blue

Tartrazine
Indigo carmine

Positive
Positive

trans-β carotene
Curcumin
trans-β carotene

trans-β carotene
Riboflavin
trans-β carotene
Carminic acid

Concentration
Found by LC–DADa

Synthetic

Source: Adapted from Gonzalez, M., Gallego, M., and Valearcel, M. Anal Chem 75: 685, 2003. With permission.
Average values ± standard deviation (n = 6) in mg/kg food.

a
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saturation, brightness) can be chosen deliberately within certain
limits. As to yogurt-based desserts, color plays a dominant role in
influencing the purchasing behavior of consumers. For example,
a sharp drop of consumption was observed with fruit-flavored
yogurts when they were marketed without added colorants, proving the influence of color on identification and acceptance of the
product [14]. It is well documented that the color of fruit yogurts
and related products may be influenced by several technological
parameters such as fat content, heating and storage conditions,
and, basically, by the amount of fruits added. With regard to the
instrumental measurements of color, it can be reported that as the
concentration of colorant increased, the L* parameter decreased.
In the case of a lemon-flavored yogurt, a* decreased and b*
increased; in the yogurts with strawberry and fruit of the forest
flavors, a* increased and b* decreased; and in the orange-flavored yogurts, both a* and b* increased as the concentration of
colorant increased [144]. These results are as expected, since the
parameter that determines red is a* and the one that determines
yellow is b*. Colorant concentration may also have an influence
on the perception of the intensity of flavor and sweetness and this
is an additional reason to control this point.
In yogurts or other dairy foods, native natural and added natural or artificial colorants could be analyzed using HPLC with
photodiode array detection. Carotenoids and other pigments have
been extensively investigated, such as β-carotene (E160a(ii)),
β-apo-8′-carotenal (E160e) [145], bixin and bixin derivatives
[146], copper chlorophyll (E141(i)) and chlorophyllin (E141(ii))
[147], or synthetic colors [148]. Each pigment is then characterized by its retention time and absorption spectrum [128,149]. The
main drawback with dairy foods is that they are quite rich in fat,
so sample preparation is important and extraction of pigments
requires either saponification step or treatment with enzymes
such as lipase or phospholipase. Extraction and HPLC methods
should also be able to estimate if the levels of colorants are well
below the maximum levels specified in the European Council
Directive (94/36 EC), linked, in some cases, to acceptable daily
intakes.
A robust and automatic sample screening system that provides
a reliable response to natural or synthetic colorants in dairy samples with minimal pretreatment of samples was developed; the
binary response is related to the detection limit of the method
(6–15 or 25–10,000 ng/mL for synthetic or natural colorants,
respectively). If it gives a positive result, the sample is analyzed
with the discrimination method. This method discriminates
among mixtures of colorants of the same or different colors. In
addition, each colorant can be identified by its absorption spectrum using the LC–DAD method [10] (Table 1.2). Another study
focused on the use of HPLC for “carotenoid food additives”
analysis [150].
Some pigments not only have coloring properties but could
also have some beneficial impact on health. For example, lutein
has been identified as a dietary factor that can delay the onset of
age-related macular degeneration (AMD). Food fortification with
lutein extract has been identified as a low-budget approach to prevent the onset or progression of AMD. Lutein was then incorporated in various amounts in Cheddar cheese [151] or strawberry
yogurt [152], the color of the products monitored, and the stability of lutein during the process and maturation analyzed by
HPLC. The results indicate that lutein, a functional additive with

purported ability to prevent or reduce the onset of AMD, can
be incorporated into dairy foods adding value to these products.
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2.1

Introduction

Rheology is the study of the deformation and flow behavior of
matter. The term “rheology” and its definition were coined by
Eugene C. Bingham and Markus Reiner in the late 1920s, and
accepted when the American Society of Rheology was founded
in 1929. “Panta rei—Everything flows,” credited to the Greek
philosopher Heraklit of Ephesus (550–480 B.C.) or to one of his
scholars, fathered the name of the discipline. Basically, all materials have rheological properties. Purely viscous fluids and purely
elastic solids limit the spectrum of possible material responses to
applied stress or strain. The close correlation between rheological properties and microstructure of the materials makes the area
relevant for many fluids studied in polymer science, colloid and
bio-science, cosmetics, geology, and in our case, in food science.
The aim of rheological fluid characterization is to quantify the
functional relationships between a deformation and the resulting stresses acting in the rheometric flow either under steady or
unsteady flow conditions.
Rheological characterization of individual ingredients as well
as of composed food products found on supermarket shelves is
an integral part of food science. Rheological research in food science is therefore closely linked to the development of food products and could address the industrial production of food (stirring,
pumping, dosing, dispersing, spraying), home-based cooking, as
well as the consumption of food (oral perception, digestion). In
other words, rheology plays an important role (i) because flow
properties define food structure during manufacturing (factory)

or preparation (kitchen), and (ii) physiologically in mouth, stomach, and intestine where food structure is perceived and digested.
In the latter case, rheology directly impacts perception and digestion by influencing the flow characteristics during mastication
and digestion and also triggers other quality characteristics such
as flavor or nutrient release.
Characterizing and understanding the rheology of food materials is essential for numerous aspects of food science and technology, such as the standardized characterization of raw materials
and final food products, or for optimized conservation and industrial processing. Because a “food material” could be a slice of
meat, a strawberry suspended in yogurt, or a gelled biopolymer
mixture, the field is defined by its application rather than by a
straightforward physical classification of materials. Whereas for
polymer or colloidal materials, the sample can often be probed
on a specific length scale, food is a multiscale material composed of materials that have distinguished rheological signatures
themselves. Food as a composite material combines the rheological responses of its individual components with additional
effects originating from the interaction between all ingredients.
To elucidate structural aspects prior to rheological experiments,
literature on food materials is essential [1–8] but it is advisable
to check nonfood literature when dealing with the rheological
problems of food [9,10] and with colloidal aspects [11,12], always
keeping in mind that food is not a model system.
A straightforward introduction to food rheology is hampered
by the fact that some food products one encounters every day
may be simple liquids (some clear soft drinks are aqueous solutions of sugar and water-soluble flavors), or solids (sugar or salt
21
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crystals)—but the vast majority belong to the category of soft
condensed matter [2,8,13–16]. Food materials often involve
physicochemical phenomena occurring on a wide variety of
length and time scales. The length scales range from those associated with the molecular conformation of food proteins, to the
convective mixing length scales of the order of meters in industrial-scale food processing [17–22]. Time scales may be in the
submillisecond regime during the generation of foam bubbles
or emulsion drops in an industrial dispersing device, or up to
months or even years when associated with the long-term shelf
life of canned food products.

2.2

Flow Field and Measuring Devices

The aim of rheological characterization is to quantify the functional relationships between deformation, stresses, and the
resulting rheological properties such as viscosity, elasticity, or
viscoelasticity. A prerequisite for proper rheological data are
rheometric flow conditions, that is, a defined laminar flow field.
When considering strawberry yogurt or any other heterogeneously structured material, it becomes clear that for many food
products, classical rheological devices will fail due to nonhomogeneous sample structure and the resulting nonideal flow fields.
As a consequence, typical measuring devices for food characterization were developed in the past (Figure 2.1) simply because
the measurements are motivated by the need for quick and reliable evaluation during food processing or by the fact that, literally spoken, a whole apple does not fit into a Couette geometry
and even if it did, the resulting flow profile would most likely not
be rheometrical in the strictest sense.
For practical purposes, the latter problem can be avoided by
using mechanical analysis techniques adapted to food such as
the texture analyzer to tackle the hierarchical structure of food

systems such as fruits, cheese, dough, or meat. On the one hand,
rheological experiments on individual ingredients in aqueous
or lipid-based solvents neglect the complexity of the real food
matrix but on the other hand provide understanding of the selfassembly of food ingredients on the colloidal level. Considering
the mentioned approaches, it becomes clear that food rheology is
often linked to specific applications (e.g., stirring, pumping) and
not always to the physical characterization of the material.
Now, let us turn first to the proper rheological characterization
of fluid before discussing nonhomogeneous flow problems (see
Section 2.4). The flow behavior of fluids is determined by two
physical laws, mass conservation and momentum conservation,
plus the stress constitutive equation, a relationship that describes
how a fluid responds to stress or to deformation. In laminar or
so-called simple shear flow experiments, the material is sheared
in a gap between two parallel plates (Figure 2.2). One plate is
kept in position, while the other plate is moved by a shear force
F, which leads to the shear stress τ = F/A applied to the sample.
In the sheared fluid volume, a velocity profile vx(y) is generated.
The slope of vx(y) is defined as the shear rate
γ =

dv x (y)
dy

As mentioned, rheological behavior should be measured under
well-defined boundary conditions in rheometric flow fields.
Steady shear flow, oscillatory shear flow, and elongational flow
are the most commonly used rheometric flow fields. Elongational
flow stretches the sample as depicted in Figure 2.2 but due to
its complexity, it will not be considered further in this introduction. It is often difficult enough to choose the correct rheological
measuring technique and the best suitable experimental procedure because details of the sample composition and structure are
not known. In order to carry out rheological measurements, it

Figure 2.1 Typical measuring device to test texture, firmness, and flow properties of food samples. Although such devices deliver force and deformation
reading (e.g., penetration test performed for Greek yogurt) the nonhomogeneous deformation field hampers proper rheological material characterization,
which relies on a laminar flow field. Nevertheless, for semisolid samples (e.g., fruits, meat, and fish) as well as for rapid quality control, such devices are
sometimes the only applicable tools.
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Figure 2.2 Rheological material characterization relies on laminar flow fields applied to the sample, in particular on laminar shear flow or simple shear
flow. In laminar shear flow, a fluid volume (a) is sheared by moving one boundary (in this case, the upper plate) and by applying a shear stress τ and shear
rate γ to the sample (b). More advanced rheological characterization also implies elongational and squeeze flow to the sample (c). The lower row links the
applied flow field to the structural arrangement of the tested sample (Barilla Spaghetti No. 5 “solved” in olive oil [Lassithi Plateau, Crete, Greece]). Rheology
provides, or at least tries to provide, the link between the applied flow and the feedback of the sample’s structure under flow.

is therefore necessary to guarantee a simple flow situation. The
most important boundary conditions for any rheometric flow
are (i) fully developed, steady, isothermal, and laminar flow, (ii)
adhesion to the walls, that is, no wall slip, and (iii) a homogeneous material on the length scale of the rheometric flow cell.
In multiphase food materials, for example, strawberry in yogurt,
especially the first and the last boundary conditions can easily
be violated. Therefore, length scale control is of importance as
illustrated in Figure 2.3 where the length scale encountered in
rheological measurements are depicted. As a rule of thumb, the
length scale present in the sample (e.g., particle size in suspensions, droplet diameter in emulsions) should be much smaller
than the length scale of the flow geometry. In suspensions, for
example, the particle diameter should be at least 10 times smaller
than the gap between the two plates shearing the sample. Under
such conditions, nonhomogeneous sample composition present in a suspension does not interfere with the concept of the
required laminar flow field.
Microscopic

Molecular-dispersed

Molecules

Macroscopic

Mesoscopic

Coarse dispersions
(minor colloidal interactions)

Colloidal dispersions

Biopolymers,
proteins

Emulsions,
suspensions

Gels, micelles, microemulsions, ...

Atoms

10–10

Rheological testing devices, that is, rheometers, have a sample
holder such as a cup and a strain- or stress-controlled electrical
motor, which imposes the flow field onto the sample. In straincontrolled measurements, the shear rate is applied to the sample
and then the shear stress created by the flow resistance of the
sample is detected. Conversely, in stress-controlled rheometers,
a shear stress is applied to the sample and the shear rate is monitored. Because of the frequent use of rotational rheometers in
food science, the different flow geometries (also called flow cells)
are discussed in detail. Usual geometries for rotational rheometers are concentrical cylinder flow cells (Couette or Searle geometry), plate–plate (parallel plate), and cone–plate geometries as
depicted in Figure 2.4. Two different concentric cylinder systems
are used, the Searle where the inner cylinder (bob) rotates and
the Couette where the outer cylinder (cup) rotates. In both cases,
the measured shear stress is determined by the inner cylinder.
A cone–plate geometry consists of an upper truncated cone and
a lower plate, the gap between the cone and the plate is fixed by

10–9
1 nm

10–8

10–7

10–6
1 µm

10–5

Cows, cars,
factories, ... ⇒

10–4

Length scale of the sample, l

10–3
1 mm

Length scale of the
rheometer, L

Figure 2.3 The laminar flow field as one of the prerequisites for proper rheological material characterization requires a thorough length scales check of
both sample and rheometrical flow cell. As long as the sample is composed of structural entities on the mesophase level, the rheometer will “see” a homogeneous sample and, as a consequence, the flow will be laminar (l ≪ L). Once the structural entities (in most cases, these will be suspension particles or emulsion droplets) have similar length scales as the flow geometries, the flow field can be disrupted and the assumption of a laminar flow field is violated (l ≫ L).
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Figure 2.4 The three classical rheometrical flow cells or flow geometries, which guarantee a laminar shear flow field: (a) Couette or Searle geometry, (b)
cone–plate, and (c) plate–plate (parallel plate) geometries. For Couette, Searle, and cone–plate geometries, the shear gap, that is, the gap between the walls
of the flow cell are fixed by the manufacturer, whereas the gap of the plate–plate can be adjusted by the rheologist.

the cone angle and the truncation and normally is of the order of
50 µm. The plate–plate geometry consists of an upper and lower
plate with no predetermined gap size.
The basic experiment to obtain the viscosity of a sample is the
shear rate (strain-controlled rheometer) or shear stress (stresscontrolled rheometer) experiment. In shear rate tests, the sample
is usually measured at a series of defined shear rate steps with a
given duration and vice versa in shear stress experiments (shear
stress is applied and shear rate measured). Figure 2.5a shows the
applied shear rate steps. Since this multiple-step test is an addition of several single-step experiments, one has to make sure that
each single shear rate or shear stress lasts long enough to allow
the sample to equilibrate. An example for several shear rate steps
(a)

is depicted in Figure 2.5b. At low shear rates ( γ = 0.11/s), the
viscosity reaches equilibrium or steady state after about 4 s. For
higher shear rates, three phenomena can be observed: (i) stress
overshoots become more pronounced due to fluid inertia or viscoelastic properties of the sample, (ii) the steady-state value of
the viscosity is reached earlier in time, and (iii) the steady-state
viscosity values decreases with increasing shear rate, indicating
that one is dealing with a shear-thinning fluid (see Section 2.3
for discussion). Composing the steady-state values of each shear
rate step a flow curve similar to Figure 2.5c can be composed.
According to Newtonian’s law (see Equation 2.1), the shear viscosity is calculated from the measured values of shear stress and
shear rate.

(b) 1.2

.
γ (t)
τ (t)

1.0

.
γ = 0.1 rad/s (η = η0)
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Figure 2.5 The shear rate test to obtain the viscous properties of the sample is one of the basic experiments performed in rheology. To obtain the flow
curve η( γ ) of the sample, (a) several shear rate steps (strain-controlled measurements) or shear stress steps (stress-controlled measurements) are applied and
maintained over a certain period of time. (b) For each shear rate step or shear stress step, the viscosity as a function of time is then obtained. The viscosity
always has to reach a steady-state value before the next rate or stress step can be applied. (c) From the steady-state values of the viscosities obtained from
each step, the flow curve η( γ ) is composed.
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2.3 Rheological Models for
Material Characterization
Rheological properties vary from viscous fluids and elastic
solids, defining the spectrum of possible material responses to
applied shear stress τ, strain γ, or shear rate γ . The correlation of
shear stress, shear rate, and flow properties is depicted in Figure
2.6. Besides the linear flow response of the material (viscosity,
elasticity, viscoelasticity, viscoplasticity), nonlinear flow properties such as shear-thinning, shear-thickening, normal stresses,
thixotropy, or dilatancy also must be accounted for [10].
The flow properties of any material can be described in constitutive equations that build a correlation between stress and
deformation. For phenomenological or empirical description
of the macroscopically observed flow phenomenon, numerous
models have been developed in the past. Such mechanical models describe features such as shear-thinning or shear-thickening
and, in general, do not require a microscopic description of the
sample. In more advanced approaches, for example, molecular
theories, the observed flow properties are linked to the morphology, conformation, and flow orientation of the sheared
entities and their contribution to the stress tensor. Rheological
research therefore provides macroscopic properties (viscosity,
viscoelasticity) as well as information on microscopic structure
(flow-induced orientation) and is widely used in material characterization, structure engineering, and process optimization.
Food products may be simple liquids or solids but the vast
majority of food materials belong to the category of soft condensed matter composed of a range of hierarchical nanostructures
and microstructures. The rheology of such complex products is
governed by the main ingredients and their interactions on a
wide variety of length and time scales. For example, droplets and
particles in a typical food emulsion or food suspension, say in a
salad dressing or in chocolate, are primarily interacting on the
noncolloidal level, whereas proteins, surfactants, cell walls, lipids, and polysaccharides stabilizing the dispersed system interact
on the colloidal length scale. Moreover, in industrial-scale food
processing length scales of the order of meters are relevant (see
Figure 2.3). The corresponding time scales may be in the submillisecond regime during aggregation of the ingredients or up
to years during the long-term shelf life of canned food products.
Stress

Deformation

Flow properties

• Newtonian viscosity
• Linear viscoelasticity
• Non-Newtonian viscosity
• Nonlinear viscoelasticity
Figure 2.6 Any rheological experiments measures the force and deformation rate of the sample under flow. The correlation of the obtained shear
stress τ and shear rate γ is given by the flow properties of the sample (linear
and nonlinear responses). The description of the measured flow properties
of complex materials can be divided in phenomenological models and constitutive equations.

Therefore, a major challenge in food rheology is to identify the
main component, that is, to classify the material to be tested as
a suspension (e.g., chocolate [23–26]), emulsion [27–31], foams
(e.g., ice cream [32,33] or wet foams [34–36]), gels (e.g., dairy
[37–39] or biopolymer mixtures [7,40–44]), melts (e.g., dough
[45–50]) and in a second step to estimate or measure the concentration and size of the constituent elements (dispersed phase
volume fraction, effective polymer concentration, etc.) and their
relevant interactions leading to suspensions, gels, emulsions, or
phase-separated aggregates [19,20]. Besides that, each material
class has flow properties of its own, the rheological response
within one material class can significantly depend on the concentration. In Figure 2.7a, the rheological response for dispersed
systems such as emulsions, suspensions, and foams is depicted
for different concentrations. For example, the same aqueous
starch dispersion exhibits Newtonian flow behavior at low volume concentration but shows non-Newtonian properties and
even solid-like behavior at concentrations close to the maximum
volume fraction. For biopolymer solutions and melts, not only the
concentration but also the length of the biopolymer, expressed in
the molecular weight, determines the rheological properties as
depicted in Figure 2.7b. For example, a diluted guar gum solution will behave Newtonian, however, a concentrated solution
of the same material exhibits shear-thinning and normal stress
properties.

2.3.1 Phenomenological Modeling of Newtonian
and Non-Newtonian Flow Curves
In the most common rheological experiment, a shear rate or shear
stress is applied to the sample and a flow curve (viscosity as a
function of shear rate η( γ )) is recorded (see Figure 2.5). The flow
curve features the relationship between shear stress τ and shear
rate γ and can quantitatively be described by the Newtonian law
τ = ηγ

(2.1)

Here, the viscosity η is defined as the proportionality factor
between shear stress τ and shear rate γ . A Newtonian fluid is
a fluid with constant viscosity under changing shear rate and
shear stress. Figure 2.8a shows schematically the flow curve of
a Newtonian fluid and the dashpot as the mechanical equivalent
of the Newtonian fluid. In food, one can expect Newtonian flow
properties mainly for pure liquids (such as oils or aqueous solutions made from salts, sugars, etc.), for dilute biopolymer solutions or for diluted suspensions and emulsions. In many cases,
that is, for semidiluted or concentrated samples, the simple
Newtonian model does not hold. In this case, both the viscosity
η( γ ) and the shear stress τ (γ ) depend on the applied shear rate γ
and can be written as the generalized Newtonian law:
τ(γ ) = η(γ )γ

(2.2)

This equation implies that the shear viscosity η( γ ) of the fluid
is a nonlinear function of the shear rate γ . Nonlinear or nonNewtonian fluids are categorically subdivided into shear-thinning
(pseudoplastic), shear-thickening (dilatant), and Bingham fluids
(Bingham plastics). Most food materials exhibit non-Newtonian
flow behavior, in particular shear-thinning and shear-thickening
as schematically shown in Figure 2.8b. Characteristic flow

www.ebook777.com

Free ebooks ==> www.ebook777.com
26

Handbook of Food Analysis
(a)
Concentrated suspensions
and emulsions

Sample

Diluted suspensions
and emulsions
Uncaged

Packed

Compressed

Structure

Caged

Rheology

Newtonian behavior
(linear flow properties)

ϕglass

0

(linear and nonlinear
deformation properties,
yield stress)

ϕRCP

1

Volume fraction ϕ

(b)

Concentrated
solution

Semidiluted
solution
Molecular weight Mw (a.u.)

Elastic behavior

Viscoelasticity

(linear and nonlinear
flow properties)

Viscoelasticity

(linear and nonlinear
flow properties, e.g.,
shear thinning and
normal stresses)

Diluted
solution

Newtonian behavior
(linear flow properties)

Concentration (a.u.)

Figure 2.7 Food samples can be composed from a variety of different materials mixed together. The rheological fingerprint of the mixture depends
mainly on the properties of the individual structural elements as well as their concentration. (a) For suspension, emulsions, and foams, the structural elements
are suspended particles, droplets, or bubbles, respectively. Increase in concentration of the dispersed entities affect their bulk arrangements from diluted, to
uncaged, and to caged structures as well as to compressed structures for emulsion droplets and foam bubbles (glass packing fraction ϕglass, random closed
packing fraction ϕRCP). The rheological response in the diluted case is more or less similar (Newtonian and slightly shear-thinning for semidiluted samples)
but will become rather complex for concentrated samples (shear-thinning, shear-thickening, normal stresses, yield stresses). (b) For biopolymer solutions and
melts (both composed from polysaccharides or proteins), besides the concentration, the molecular weight of the biopolymer will influence the bulk arrangements and the rheological response. Diluted low-molecular-weight samples will have Newtonian flow behavior, diluted high-molecular-weight samples
might exhibit slight shear-thinning, while concentrated solutions will, regardless of their molecular weight, show shear-thinning and normal stresses.

curves of shear-thinning fluids show the zero shear viscosity η0
(also called lower Newtonian viscosity) at lower shear rates. If
the shear rate γ is increased, the viscosity falls progressively
with the shear rate. At very high shear rates, an additional upper
Newtonian viscosity regime η∞ can be reached. The logarithmic
representation of the shear stress and viscosity is often found to be
linear over many decades of the shear rate, with the magnitude of
the slope between unity and zero. As a result, an empirical equation known as the power law model is widely used to characterize
such fluids (see Equation 2.3). Shear-thinning behavior is found
for emulsions, suspensions, biopolymer solutions (polysaccharide

or protein solutions), and biopolymer melts (dough) at semidiluted
concentration. As a physical interpretation of this phenomenon,
the increasing shear rates align the structural entities (suspension
particles, emulsion droplets, biopolymer molecules) progressively
as already depicted in Figure 2.2 for spaghetti. Instead of a random orientation of the fluid at rest, the fluids’ structural element
are orientated parallel to the direction of flow and, thus, the viscosity decreases.
For shear-thickening fluids, the viscosity of the sample
increases with increasing shear rate. Shear-thickening flow
behavior is not as common as shear-thinning but can be observed
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Figure 2.8 (a) Flow curve η( γ ) of a Newtonian fluid. The viscosity is constant at all investigated shear rates γ and is equal to the zero shear viscosity η0.
The dashpot as a mechanical model for a sample with Newtonian flow behavior is depicted in the inlay. (b) Typical flow curves η( γ ) for shear-thinning and
shear-thickening fluids with and without yielding behavior. For nonyielding samples, the flow curves show the zero shear viscosity η0 at low shear rates followed by either an increase (shear-thickening) or decrease (shear-thinning) of the viscosity. For shear-thinning samples, a Newtonian-like viscosity plateau
η∞ at high shear rates can sometimes be observed. For yielding samples, the viscosity drops from infinite numbers at low shear rates either to a Newtonian,
shear-thinning, or shear-thickening behavior (dashed lines). Equations to quantify the flow curved will be discussed in Section 2.3.

in concentrated dispersions, colloidal and noncolloidal, in the
vicinity of the glass packing fraction ϕglass and the random closed
packing fraction ϕRCP (Figure 2.7a). Again, the power law model
is often used to model the flow curve of shear-thickening materials. A simple interpretation assumes that for a concentrated dispersion at rest, the voids between the particles are at a minimum
and the amount of the surrounding matrix fluid sufficiently fills
the voids and lubricates the sample. When the sample is sheared,
the dense packing of the particles is broken up, the sample
expands (volume dilatation), and the voids between the particles
become larger. As a consequence, there is now insufficient liquid
to lubricate the flow of the particles and more frequent particle
collision will occur increasing the friction forces. This causes
the viscosity to increase with increasing shear rate. Examples
of both shear-thinning and shear-thickening fluids are shown in
Figure 2.9. The obtained flow curve η( γ ) can be described by the
power law model:

(a)

Ellis η =

10–2
10–1

η0
1 + (τ /τ c )n

Cross: η = η∞ +

(2.4)

η0 − η∞
1 + (Kγ )1− n

(2.5)

101

100

100

10–1

(2.3)

where τ is the shear stress, γ the shear rate, K the flow coefficient, and n the flow index. The flow index n may vary from
n = 1 (leading to the Newtonian law) to n < 1 or n > 1 to describe
shear-thinning or shear-thickening flow behavior, respectively.
The power law model is often also called the Ostwald–de Waele
model. Numerous additions to the Newtonian or power law
model covering complex flow phenomena have been introduced
and some of them are presented in the following list [51]:

(b)

101

Viscosity η (Pas)

τ = K γ n

10–1
ϕ = 0.0
ϕ = 0.45
ϕ = 0.62
ϕ = 0.7
100

10–2

101
102
.
Shear rate γ (1/s)

103

104

10–3

c = 0.1 wt.%
c = 1 wt.%
c = 2 wt.%
c = 5 wt.%
10–1

100

101
102
.
Shear rate γ (1/s)

103

Figure 2.9 (a) Flow curves for shear-thickening fluids at different volume fraction (titan dioxide in polyethylene glycol, volume fraction ϕ = 0.05–0.7,
T = 20°C). Pure polyethylene glycol is a Newtonian fluid (η0 = 0.015 Pas) and moderate addition (up to ϕ ≤ 0.1) of titan dioxide particles increases the viscosity but does not alter the Newtonian character of the flow curve. For higher ϕ, a shear-thickening behavior can be observed first in the high shear rate
regime and with increasing ϕ in the medium shear rate regime. For ϕ > 0.5, a shear-thinning behavior at low shear rates is observed, as well as an indication
of the presence of a yield stress. (b) Flow curves for purely shear-thinning fluids exhibit a zero shear viscosity η0 for all investigated concentrations (aqueous
κ-carrageenan solution, concentration c = 0.5–6 wt%, T = 20°C). The increase of concentration leads to an increase in viscosity and a shift of the onset of
the shear-thinning behavior ηc (log-log plots are commonly used).

www.ebook777.com

Free ebooks ==> www.ebook777.com
28

Handbook of Food Analysis
(a)

(b)

101

101

Viscosity η (a.u.)

Meter, Cross, ...
100

Herschel–Bulkley, Casson

Ellis
η0

τc

100
Po

we

.
η(γ)

10–1

rl

aw

Sisko

.
η(γ)

10–1

η

η∞
Bingham
10–2

10–1

100

101
102
.
Shear rate γ (a.u.)

103

104

10–2

10–1

100

101
102
.
Shear rate γ (a.u.)

103

104

Figure 2.10 Illustration of various phenomenological models describing the flow curves of non-Newtonian fluid with and without yield stress. (a) The
simplest descriptions of non-Newtonian liquid behavior is the power law model, which can capture the constantly decreasing or increasing slope of the flow
curve of shear-thinning or shear-thickening samples, respectively. Addition of the zero shear viscosity η0, viscosity at infinite shear rates η∞, and the onset of
shear-thinning or shear-thickening τc extends both Newtonian law and power law to capture more detailed features of the flow curve (Ellis, Cross, Meter, or
Sisko model). (b) Phenomenological models capturing yield stress fluid are also based on the Newtonian law and power law. The Newtonian law in combination with the yield stress τ0 leads to the Bingham model, while the power law model in combination with the yield stress τ0 results in the Herschel–Bulkley
and Casson models (double logarithmic plots are commonly used).

Meter: η = η∞ +

η0 − η∞
(1 + (τ /τ c )n/2 )2

Sisko: η = Kγ n −1 + η∞

(2.6)
(2.7)

where η0 and η∞ are zero shear viscosity and viscosity at infinite shear rate while τc is the onset of shear-thinning or shearthickening. The range of applicability of the different models is
depicted in Figure 2.10a.

2.3.2 Phenomenological Modeling of
Yield Stress fluids
One inherent problem of concentrated and structured food
materials is the occurrence of “yielding”: an apparent solid-toliquid flow transition is observed, depending on the material
structure and the applied shear stress. Examples can be found
in food products such as ketchup, sauces, mayonnaise, yogurt,
margarine, chocolate, and in many other systems such as slurries, drilling muds, greases, oil paints, toothpaste, or cosmetic
lotions [15,52–54]. Yielding phenomena and yield stresses have
received considerable attention over the last decades and the discussion will not be repeated here in full detail. However, it is
safe to say that prior to yielding the sample shows a solid-like
behavior, that is, the sample’s nano- and microstructure resists
the applied stress and reversibly deforms. Structural breakdown
will lead to both a structure different to the original one and to
flow. The stress necessary to initiate a flow transition is called
yield stress and distinguishes elastic deformation and Newtonian
and non-Newtonian flow behavior. The yield value τ0 describes
a critical stress that has to be overcome to initiate the shear flow.
This means that the interactions among the fluid molecules and/
or disperse particles need to be overcome to initiate the motion
of the fluid. It is important to keep in mind that the material will
retain its chemical composition, but can be present in different
structures. For example, a classical semisolid yogurt exhibits

elastic response best tested with a vane geometry in its original
container, or using small-amplitude oscillatory shear deformation if adequate sample preparation is possible, whereas yogurt
under shear shows a viscous response and can be tested in more
traditional rheometrical geometries. The simplest equation that
describes a yield stress fluid is the Bingham model where the
yield stress τ0 is simply added to the Newtonian law. Shearthinning fluids in combination with a yield stress are generally
modeled with the Herschel–Bulkley or Casson equation:
Bingham model: τ = τ 0 + ηγ

(2.8)

Herschel–Bulkley model: τ = τ 0 + Kγ n

(2.9)

Casson: τ 0.5 = τ 00.5 + Kγ

0.5

(2.10)

The range of applicability of the different models is depicted
in Figure 2.10b.

2.3.3 Limits of Phenomenological Models
The choice of which model is to be used depends primarily on
the obtained feature of the measured flow curve. Parameters such
as zero shear viscosity, viscosity at high shear rates, transition
shear rate from Newtonian to non-Newtonian flow, yield stress,
slope of the shear-thinning or shear-thickening regime of the flow
curve determine suitable models. It does not make sense to use a
model, which includes, for example, η∞ when experimentally η∞
cannot be measured. Any fitting software will be confused by
additional fitting parameters that do not apply.
The flow curves obtained from diluted to semidiluted suspensions, emulsions, and biopolymer solutions will feature a
Newtonian flow regime followed by shear-thinning behavior.
Similarly, concentrated suspensions and emulsions may show
shear-thickening behavior at elevated shear rates. In other words,
shear-thinning and shear-thickening are not exclusive rheological
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Figure 2.11 The limited quality of fitting models to properly describe flow curves is mainly due to the fact that the models cannot reflect flow-induced
structural changes at either the noncolloidal or colloidal level. (a) Flow curves of chocolate melts containing 4% fat/emulsifier additive to modify the yield
value. (b) Fitting quality for the Windhab, Herschel–Bulkley, Casson, and Tscheuschner model represented by the relative error between the experimentally
obtained flow curve and the fitted flow curve.

features of one of the mentioned samples. Therefore, one has to
keep in mind that fitting models cannot unveil molecular features of the sample but only describe its overall macroscopic flow
response. Extensive physical modeling of the sample’s structure
from flow curves is therefore not very meaningful and should
be avoided whenever possible. Another problem that arises from
the purely descriptive character of the fitting models is shown in
Figure 2.11, which demonstrates that these models can often fail
to describe the flow properties of complex food systems properly.
In Figure 2.11a, the flow curve of chocolate melts with different
fat/emulsifier additions exhibiting yielding and shear-thinning
behavior is fitted to the Herschel–Bulkley, Windhab, Casson,
and Tscheuschner models [51]. All models claim to be suitable
to model chocolate melts but are not able to describe the entire
flow curve correctly as can be seen by the deviation of fitted to
measured value (Figure 2.11b). The reason is simply because the
models cannot reflect flow-induced changes of the structure at
either the noncolloidal and colloidal level. The figures also demonstrate that the applicability of the models varies from sample
to sample and even between different regimes of shear rates. In
conclusion, despite numerous statements in the literature, no one
model dominates a certain material better than another model.
But why are these phenomenological models used widely not
only in food rheology? There are three good reasons for it: (i)
Due to the complex composition of food and consequential nonideal rheometrical flow situation (e.g., yielding, heterogeneous
material composition), it is the most economical way to describe
the flow curve without considering complex hydrodynamical
solutions as well as colloidal and noncolloidal interactions. (ii)
Linked to this, most rheological investigations performed at this
level of sophistication are addressing quality control issues or
aim to provide viscosity information for food processing or formulation and product development [24,55]. Therefore, the models provide a possibility of predicting how a particular liquid will
behave in different or more complex flow situations. (iii) Finally,
computational fluid dynamics (CFD) simulations are commonly
used to design and scale processing equipment; most, if not all,
available commercial codes have restrictions in the rheological constitutive equation that is implemented in the equation of

motion (often reducing the model set to the Newtonian, power
law, or Herschel–Bulkley equation).

2.4 Determination of Yield Values and Wall Slip
Samples with a yield value will start to flow once a critical shear
stress τ0 bigger than the force keeping the sample’s structure in
place is overcome. As long as the shear stress is smaller than
the yield value, that is, τ < τ0 only minor deformations caused
by the elastic property of the sample will be observed. With
τ ≥ τ0, the sample starts to flow and the viscous properties of
the sample will dominate. To determine the yield stress, stresscontrolled shear rate experiments are performed as depicted in
Figure 2.12a. Different stress values are applied and the resulting
deformations and shear rates are monitored by the rheometer. As
shown in Figure 2.12b, the shear rate is close to zero as long as
the yield stress is not reached and a flow curve is obtained once
yielding sets in. The resulting flow curve then can be modeled by
the Bingham, Herschel–Bulkley, Casson, or any other model that
considers yield stress.
If a sample exhibits a yield value one also has to take into
account that the sample preparation influences or even destroys
the initial structure. After filling the material into the measuring geometry, it should rest for a certain time to reach its initial
structure before the measurement is started. Further, considering
rheometrical flow cells such as concentric cylinder or plate–plate
geometries, yielding can happen either inside the stressed sample
(in this case a shear localization is observed) or due to inhomogeneous sample material close to the flow cell’s wall (wall slip
phenomena). In Figure 2.13, the flow behavior of nonyielding and
yielding material sheared in a Couette geometry (inner cylinder
rotates) is depicted schematically. In case of the nonyielding
material, the entire sample is sheared and the shear rate profile
covers the entire shear gap. For yielding materials (e.g., concentrated suspension) only the sample that experiences a shear stress
higher than the yield stress will be sheared. For regions in the
gap with shear stresses below the yield value the material will be
at rest (shear rate will be zero).
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Figure 2.12 Yield stress values τ0 are commonly determined from shear stress step experiments. (a) A series of shear stress steps is applied to the sample
and the deformation and/or the shear rate is monitored. For stresses τ < τ0, the sample only plastically deforms (solid body deformation), that is, the shear
rate tends to zero (γ → 0). For stresses τ ≥ τ0, the sample’s initial structure is destroyed and flow occurs (γ > 0). (b) The obtained flow curve is either of
Newtonian character (Bingham fluid) or shear-thinning character (Herschel–Bulkley fluid).

Materials classified as yield stress fluids may additionally
exhibit wall slip [24,52,53,56–58]. Wall slip is due to the nonhomogeneous distribution of dispersed materials, for example,
solid particles in the suspending matrix fluid close to the wall
of the measuring device. Since the solid particles cannot penetrate into the wall of the measuring device, a so-called slip layer
close to the wall is depleted from the solid particles and mainly
consists of the matrix fluid as depicted in Figure 2.14. Since the
matrix fluid on its own has a lower viscosity than the entire suspension, applied shear will first be dissipated in the slip layer
before the entire sample is sheared.
To minimize the slip effect, several rheometrical geometries
such as viscosimeter tools, helical ribbon and pin mixers, ball
(a)

Fluid without yield stress

measuring systems, and vane geometries as depicted in Figure
2.15 are widely used [59–62]. All these geometries aim to
reduce the surface area where slippage occurs, but jeopardize
a well-defined flow field by doing so. Among all, the vane is
probably the one for which the most solid fluid mechanical
analysis is available, that is, the one that is closest to rheometric flow conditions [59,63–65]. It should be kept in mind that
these geometries do not provide shear rate and shear stress
data, but torque and rotational speed instead. To obtain rheological data, a mixer analysis using model fluids showing similar flow properties as the unknown sample (e.g., yielding, power
law behavior, thixotropy) must be performed to convert torque
and rotational speed data into shear stress and shear rate data
(b)
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Figure 2.13 Shear localization for yielding material in a Couette flow cell (inner wall rotates, outer wall stationary). (a) In case of nonyielding material,
the entire sample is sheared and the shear rate profile covers the entire shear gap, that is, a laminar shear flow profile is obtained. (b) For yielding materials
(e.g., concentrated suspension, emulsions, or foams) only the portion of the sample that experiences a shear stress higher than the yield stress will be sheared.
For regions in the gaps with shear stresses below the yield value, the material will be at rest (shear rate will be zero). Increasing the applied shear stress will
push the shear localization further and further toward the stationary outer wall of the Couette flow cell until eventually the entire sample is sheared.

Free ebooks ==> www.ebook777.com
31

Rheological Properties of Food
Top plate moving with velocity v
.
γSlip

Slip layer (mainly matrix fluid)

.
γDispersion
Dispersion
(particles suspended
in matrix fluid)
Shear rate profile
.
.
γSlip > γDispersion
.
γSlip

Slip layer
Forbidden particle positions

Bottom plate stationary

Figure 2.14 For concentrated dispersed samples such as suspensions, emulsions, and foams, the wall slip layer is characterized by a depletion of the
dispersed particles, droplets, or bubbles, respectively. As a consequence, the slip layer will be mainly composed from the matrix fluid, which has a lower
viscosity than the dispersion. Applying a shear stress to the plate–plate geometry depicted here will result in shear stress dissipation in the slip layer only as
long as the shear stress is below the yield stress τ < τ0. The measured viscosity is that of the matrix fluid and not that of the dispersion. Surpassing the yield
stress of the dispersion will destroy the yielded sample and move the shear localization from the slip layer into the dispersion until, as depicted in Figure
2.13b, the entire sample is sheared.

[62]. For heterogeneous materials such as strawberry yogurt,
the mentioned geometries might be the only chance to obtain
rheological data at all. Faced with “no data” or “relative data,”
the food rheologist opting for mixing geometry should always
keep in mind that absolute values of rheological properties
can rarely be obtained. Beside the mentioned flow geometries
adapted to rotational rheometers, in-line rheometry can be used
to obtain process-related rheological data. In recent years, noninvasive in-line methods such as resonator-based and ultrasonic
Doppler-based devices have been proposed and utilized for the
characterization of fat crystal suspensions, salad dressings,
chocolate, and cheese [66].

2.5 Elasticity and Viscoelasticity
When force is applied to a solid material and the resulting stress
versus deformation curve is linear, the material is obeying Hooke’s
law τ = Gγ, where G is the shear modulus and γ the deformation.
Hookean materials do not flow, are linearly elastic, and are represented by a spring. Stress remains constant until the strain is
removed and the material returns to its original shape. Hooke’s law
can be used to describe the behavior of solid bodies when subjected
to small strains. Large strains often produce nonlinear deformation behavior and fracture (topics not considered by rheologists).

Figure 2.15 Geometries used for rheological characterization of yield stress fluids showing a wall slip as well as samples with particle sizes far larger
than the gap size of the classical rheometrical flow cells: (a) Helical ribbon, (b) pin mixer, and (c) vane geometries. The flow field and, as a consequence,
the shear rate and shear stress profile depends on the location and time and, thus, violates the assumption of the laminar shear flow. Nevertheless, the
mixer geometries are sometimes the only tools to extract any rheological information from heterogeneous samples (yogurt with fruit chunks, coarse
suspensions, etc.).
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Many fluids behave as viscoelastic liquids, which means that
their structure is composed of substructures (macromolecules,
droplets) showing viscous and elastic properties. As a consequence, fluids with elastic properties will remember their deformation history similar to the Hookean body. This means that the
stresses generated by the flow do not only depend on the currently acting deformation but also on deformation from the past.
The longer the memory of the fluid, the more these past deformations have to be taken into account. The memory is defined as
the relaxation time λ of the viscoelastic fluid. If the deformation
event took place in the past and the fluid is completely relaxed
(t ≪ λ), the fluid will have forgotten this event. The relaxation
time λ depends on temperature, molecular weight, molecular
conformation (hydrodynamic volume), and the interacting forces
of the structure components. The Maxwell model is the simplest
model, which describes viscoelasticity and relaxation times. It
consists of a dashpot and a spring connected in series. The spring
is characterized by the spring constant G0 and simulates elastic
behavior, while the dashpot represents the Newtonian viscosity η0 (see inlay in Figure 2.16). If the spring–dashpot system
is deformed very slowly, the dashpot will move and the deformation of the spring remains infinitively small. The shear stress
for such slow flow is given by the Newtonian law τ = ηγ . If
the deformation is fast, the elastic spring deforms immediately,
while the dashpot does not have sufficient time to deform. Thus,
the shear stress for the fast deformation is given by the Hookean
law τ = Gγ. The Maxwell model reacts like a viscous fluid for
slow deformations and like an elastic body for fast deformations.
If the deformation process takes place within the characteristic
relaxation time λ = η0 /G 0 , the Maxwell model exhibits a transient stress relaxation behavior typical for viscoelastic fluids. The
general case of the Maxwell model is given by
τ+

η0 ∂τ
= ηγ
G 0 ∂t

(2.11)

In oscillatory shear experiments, the storage modulus G′(ω),
loss modulus G″(ω), and the complex viscosity |η*(ω)| of the
Maxwell fluid can be obtained

G′(ω ) = G 0

ω 2λ 2
1 + ω 2λ 2

(2.12)

G′′(ω ) = G 0

ωλ
1 + ω 2λ 2

(2.13)

|G* (ω )|
iω

(2.14)

|η* (ω )| =

Both moduli and the complex viscosity as a function of the
oscillation frequency are shown in Figure 2.16. It can be readily
shown that for high frequencies, the Maxwell fluid behaves like an
elastic solid body (G′(ω)|ω→∞ = G0), while for low frequencies, the
Maxwell fluid behaves like a Newtonian liquid (|η* |(ω)|ω→0 = η0).
In the intermediate regime (ω ∼ 1/λ ), the Maxwell model exhibits
a typical viscoelastic behavior. Since most samples do not behave
like single Maxwell fluids (i.e., having only one single relaxation
time), one normally adds up several Maxwell elements until the
dynamic properties such as storage modulus, loss modulus, and
complex viscosity are properly represented. As an example for
such multimode Maxwell fluids, Figure 2.17a shows the viscoelastic moduli for guar gum solution and the complex viscosity
for Kachkéis cheese (Figure 2.17b).
Because of the elastic properties of macromolecular solutions
and emulsions, viscoelastic fluid systems also generate normal
stresses, which are generated by the orientation of viscoelastic
material in shear flow. The first normal stress differences N1 and
the second normal stress difference N2 are derived from the normal stress components of the total stress tensor. The direction
and magnitude of the normal stress differences can be estimated
qualitatively from the stresses acting on a spherical fluid element
(macromolecule, droplet), which is deformed by simple shear
flow as shown in Figure 2.18. Here, τxx (positive pressure) contributes the most to N1 while τyy and τzz (negative pressure) have
minor contributions.
N1 (γ ) = τ xx (γ ) − τ yy (γ )

(2.15)
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Figure 2.16 Normalized rheological properties of an ideal single-mode Maxwell fluid: Storage modulus G′(ω), loss modulus G″(ω), and complex viscosity |η*(ω)| as a function of oscillation frequency ω. For low frequencies, the Maxwell fluid behaves like a Newtonian liquid (slopes of G′(ω) = 1, G″(ω) = 2,
|η*(ω)| = 0), while for high frequencies, elastic properties dominate (G′(ω) = G0, |η*(ω)| → 0). In the intermediate frequency regime, balanced contributions of
G′(ω) and G″(ω) are typical for viscoelastic samples. Inlay: The mechanical analog for viscoelastic fluids is given by the combination of dashpot and spring.
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Figure 2.17 (a) The storage G′(ω) and loss modulus G″(ω) for guar gum solution show a multimode frequency behavior characterized by the smoother
shape of the curves in comparison to the single-mode Maxwell fluid depicted in Figure 2.16. For example, the storage modulus does not achieve a plateau
value at high frequencies (T = 20°C, c = 1 g/L, Inlay: Guar gum powder). (b) Complex viscosity |η*|(ω) of Kachkéis cheese as a function of temperature
(Inlay: Original packaging of Kachkéis).
τyy

τxx

rotational speed, concentration, and stirring technique. Similar
phenomenology can be observed during extrusion, spinning, and
spraying viscoelastic samples from an orifice or die (die swell
effect).

2.6 Influence of Temperature and Concentration
on Rheological Properties
τzz
At rest

2.6.1 Effect of Temperature and Concentration

Under shear

Figure 2.18 Deformation of a spherical fluid volume containing viscoelastic materials such as biopolymer molecules or emulsion droplets will
create the normal stress components τxx, τzz, and τzz. The energetically
favored shape relaxation is based on the entropy elasticity of the macromolecule and the Laplace pressure of the droplet.

N 2 (γ ) = τ yy (γ ) − τ zz (γ )

(2.16)

N1 is a positive value and N2 is a small negative one. Both
normal stress coefficients Ψ1 and Ψ2 are derived from the normal stress differences using the definition of the viscosity in the
Newtonian law.
Ψ1 (γ ) =

N1 (γ )
γ 2

(2.17)

Ψ 2 (γ ) =

N 2 (γ )
γ 2

(2.18)

Shear stress and first normal stress differences are shown
in Figure 2.19a for different concentrations of a whey protein dispersion. In Figure 2.19b, the rod-climbing, also called
the Weissenberg effect, which originates from normal stresses
during the stirring of the viscoelastic whey protein dispersion,
is shown. The Weissenberg effect depends on temperature,

The viscosity of fluids decreases with increasing temperature.
Temperature increases the Brownian motion of the macromolecules or particles dissolved in the matrix fluid. As a consequence,
one observes reduced molecular interaction and reduced viscosity (values of other rheological properties are also reduced). For
Newtonian fluids, the flow curves are simply shifted vertically to
low values of the zero shear viscosity as shown in Figure 2.20a for
glycose solution. For shear-thinning fluids such as κ-carrageenan
(Figure 2.20b), an additional horizontal shift of the flow curve is
observed. This is due to the fact that higher flow forces are necessary to achieve the same orientation of shear-thinning molecules
in a low viscous environment (higher temperature). The same
shifting effect (for Newtonian and shear-thinning fluids) can be
achieved by decreasing the concentration of the suspended material (see Figure 2.9b).

2.6.2 Superposition Methods
Owing to limitations in the accessible oscillatory frequency or
shear rate regime of rotational rheometers, it is often not possible
to obtain detailed information on the behavior of viscous and viscoelastic materials. As a consequence, rheological properties such
as zero shear viscosity, the plateau modulus, the relaxation time
(obtained in oscillatory experiments) and the shear viscosity, and
the normal stress differences (obtained in simple shear experiments) cannot be detected if these properties are outside the oscillatory frequency or shear rate regime of the rheometer. However,
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Figure 2.19 (a) Shear stress and first normal stress differences as a function of the shear rate. At low concentrations, the shear stress values are always
higher than the normal stress values. However, with increasing concentration, normal stresses become increasingly dominant and eventually overcome the
shear stresses. (b) The rod-climbing (Weissenberg effect) is due to the high normal stress values close to the rotating rod, which pumps the fluid orthogonal,
that is, normal to the shear direction upwards. Large normal stress values and the rod-climbing effect can damage the mixing vessel (whey protein dispersion: 50%–70% water, 80% Na-caseinate, 20% native whey protein, T = 20°C).
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Figure 2.20 Flow curves for (a) glycose syrup as an example of a Newtonian fluid and (b) κ-carrageenan as an example of a shear-thinning fluid as a
function of temperature. While the viscosity for Newtonian fluids is shifted only vertically, the flow curves of shear-thinning fluids also see a shift in the
onset of the nonlinearity.

these data are essential to describe the rheological properties of
the sample. Besides using special rheometers to extend the accessible regime of oscillatory frequency or shear rate, one may also
use the time–temperature superposition method to obtain information in the missing shear rate or frequency regime. By changing
the temperature, the rheological properties are shifted to virtually lower or higher frequencies or shear rates. Superposition of
experiments conducted at different temperatures leads to a master
curve that covers a wide range of rheological properties. The temperature-induced shift of any rheological parameter such as the
zero shear viscosity η0 can be described by the Arrhenius equation. The change of temperature leads to a change in the motion
(kinetic energy) of the molecules as long as no temperatureinduced structural changes occur (e.g., denaturation of proteins).
 Ea  1 1  
  − 
T0  

a T = e  R  T

(2.19)

where aT is the shift factor, E0 the activation energy, R the universal gas constant, and T0 the reference temperature. The activation
energy describes the energy that is necessary to move individual
molecules in an environment of the surrounding matrix. The
activation energy describes the interactions between individual
aggregates. The ratio of the rheological parameter, for example,
the zero shear viscosity at T and T0 defines the temperature shift
factor aT
aT =

η0 (T)
η0 (T0 )

(2.20)

For Newtonian and non-Newtonian fluid, the shift at constant
shear stresses results in a horizontal and a vertical shift of the
flow curve by the factor aT as schematically shown in Figure 2.21.
Here, the onset of the shear-thinning behavior is shifted on a 45°
line (constant stress line according to the Newtonian law).
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Viscosity η (Pas)
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Figure 2.21 Schematic of the temperature shift procedure to obtain the master flow curves of a shear-thinning sample (aqueous solution of κ-carrageenan,
3 wt.%). Original data were measured at 5°C and 50°C (see Figure 2.20). Data measured at 50°C are shifted along a 45° line to overlap with data measured
at 5°C: The shear rate regime of the composite curve is expanded by one order of magnitude to the left. To extend the shear rate regime to the right, data
measured at 5°C are shifted along a 45° line until they overlap with data measured at 50°C: In this case, the shear rate regime is extended by one order or
almost two orders of magnitude to the left.

101

2.7 Gelation
η0 (a.u.), G0 (a.u.)

Gelation is the transformation of a liquid into a solid-like structure by chemical or physical network formation. Depending on
the composition of the sample, either biopolymer gels (based
on biopolymer molecules or proteins in solution) or particulated
gels (based on dispersed suspension particles) can be formed.
As a main cross-linking mechanism, chemical polymerization (e.g., reshuffling of disulfide bonds in protein samples) or
thermally induced physical bonds (e.g., cold set biopolymers)
can be considered. Chemical bonds are covalent attachments
between two molecules present in the liquid and are typically
permanent. Physical gelation occurs as a result of intermolecular association due to van der Waals forces, electrostatic
attractions, or hydrogen bonding and is generally reversible and
weaker in comparison to chemical networks. For food samples,
mainly three different categories of physical gelation based on
the mentioned interactions can be identified: (i) local helical
structure interlock (e.g., gelatin), (ii) formation of microcrystalline structures (proteins), and (iii) domains, where the biopolymer chains are chemically heterogeneous and associations only
occur at preferred sites along the chain (biopolymers). When
the biopolymer liquid or particle dispersion forms a gel, the
rheological properties change from liquid-like Newtonian to
viscoelastic properties. Plotted as a function of gelation time,
the viscosity of the liquid increases and diverges to infinity
at the gelation point. On the other hand, elastic properties,
expressed by the elastic modulus G 0, start to contribute at the
gel-point and increase with time until a plateau value, that is,
a complete cross-linking of all potential network points are
achieved. Figure 2.22 shows schematically the gelation process
as a function of time.
The transition from a liquid-like sample to viscoelastic or even
rubber-like materials can also be observed in oscillatory frequency experiments performed at different time steps during the
gelation process. At times shortly after the start of cross-linking,

Newtonian or
viscoelastic liquid

Gel-point

G0

100

10–1

10–2

Viscoelastic gel

η0
0

200

400
600
Time t (a.u.)

800

1000

Figure 2.22 During gelation, the rheological properties of the crosslinking sample will render from predominantly fluid-like behavior to elastic or rubber-like behavior. Until the gel-point, the sample can be properly
described by the viscosity, while after the gel-point, the elasticity best captures the mechanical properties.

the material behaves like a Newtonian fluid with G′ ≫ G but as
the reaction continues, the moduli slowly increase in magnitude
and achieve a lower slope (Figure 2.23a). At the gel-point, the
storage and loss modulus cross each other, marking the transition from liquid-like to solid-like behavior and show the same
power law behavior over the entire frequency range (Figure
2.23b). Thus, the intermediate state with a power law frequency
dependence over the entire frequency range is the transitional
state between liquid-like and solid-like behavior, and therefore it
defines the gel-point. After the gel-point, the storage modulus G
steadily increases and flattens out (slope close to zero), a behavior
characteristic for gel-like or rubber-like material. The loss modulus also flattens out but at a much lower magnitude compared to
the storage modulus (Figure 2.23c). The relaxation modulus of
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(b)
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(c)
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G′ = G′′ (slope 0.5)

Gel state (rubber-like material)

100

G′ (slope ≈ 0)

10–1
G′′ (slope 2)
10–2 –1
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G′′ (slope ≈ 0)
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100
101
Frequency ω (a.u.)

102 10–1
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Frequency ω (a.u.)

102 10–1

100
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Frequency ω (a.u.)
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Figure 2.23 Storage and loss moduli as function of frequency depicted at different time steps during the gelation process. (a) The sample behaves like a
Newtonian liquid and, as a consequence, the slope of G′ is 2 and the slope of G″ is 1(in double logarithmic representation). (b) At the gel-point, both moduli
have the same value and the same slope of 0.5. (c) After the cross-linking has finished, that is, the sample is gelled, both moduli have a slope close to zero,
that is, no frequency dependence is detected due to the presence of a permanent network point. In the gelled state, the storage modulus is significantly higher
than the loss modulus.

heating and cooling cycle. Below the transition temperatures, the
sample is a gel with dominant storage modulus and measurable
loss modulus, while above the transition temperature, only the
loss modulus can be detected: The sample is completely liquefied
and Newtonian.

G′(T), G′′(T) (Pa)

104

102

100

Gelling point
during cooling

2.8 Summary and Perspectives

G′ heating ramp (Pa)
G′′ heating ramp (Pa)
G′ cooling ramp (Pa)
G′′ cooling ramp (Pa)

10–2

10–4

Melting point
during heating

0
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20
30
Temperature T (ºC)

40
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Figure 2.24 Storage modulus of gelatin as a function of the temperature in heating and cooling circles. At a temperature of 10°C, the sample
is gelled (G′ ≫ G″). An increase in temperature will lead to a decrease of
both moduli until the melting point is reached (34°C). Here, loss modulus
dominates the storage modulus, which becomes undetectable at temperatures slightly above the melting point. Cooling down the sample from 50°C,
viscous behavior is observed until the gelling point at 22°C is reached. Here,
the storage modulus takes over and renders the sample from a liquid into a
gel. The hysteresis in the melting and gelling point is typical for many gelling biopolymers and is partially due to the heating/cooling ramp but also due
to the intrinsic gelling kinetics of the biopolymer.

the transitional state at the gel-point is therefore described by a
simple power law equation.
G(t) = St − n

(2.21)

where S is called the gel strength. The exponent n is 0.5 for the
gelation behavior presented in Figure 2.23b. The constants S and
n vary with the molecular weight of the biopolymer and with the
number of possible cross-linking points.
In Figure 2.24, the melting and gelling behavior of a so-called
cold-set biopolymer, in this case gelatin, is shown. Both storage
and loss modulus are plotted as a function of the temperature in a

Food products are made from natural materials, and therefore
the ingredients possess intrinsic structural and textural properties with tremendous impact on the flow behavior of the final
food, which is a multiscale material from the colloidal domain
to the millimeter, from colloidal interaction to pure hydrodynamics. Thorough rheological measurements coupled with phenomenological models can be successfully used to characterize
raw materials as well as optimize and understand food process
operations. It is important to keep in mind that food materials
are among the most challenging systems to study in experimental
rheology. The “simple” shear flow curves shown here in several
figures are only the tip of the iceberg. Besides the more obvious challenges (nonlinear flow, normal stresses, yield stresses,
wall slip), many properties of food materials often need to be
addressed using specialized measurement techniques, such as
squeeze flow [67], extensional rheometry [68], vane, or impeller
rheometry [59,62]. Finally, the colloidal interactions governing
the rheological response function and their theoretical description by colloidal and hydrodynamics models opens up the wide
research area of soft condensed matter clearly outside the scope
of this introduction.

References
1. J. Ahmed, H.S. Ramaswany, S. Kasapis, and J.I. Boye. Novel
Food Processing—Effects on Rheological and Functional
Properties. CRC Press, Boca Raton, FL, 2010.
2. E. Dickinson. An Introduction to Food Colloids. Oxford
University Press, Oxford, UK, 1992.

Free ebooks ==> www.ebook777.com
37

Rheological Properties of Food
3. S. Friberg. Food Emulsions. CRC Press, Boca Raton, FL, 4th
edition, 2003.
4. D.J. McClements. Food Emulsions: Principles, Practice, and
Techniques. CRC Press, Boca Raton, FL, 2nd edition, 2005.
5. J.F. Steffe. Rheological Methods in Food Process Engineering.
Freeman Press, East Lansing, 1996.
6. E. van der Linden, L. Sagis, and P. Venema. Rheo-optics and
food systems. Current Opinion in Colloid & Interface Science,
8(4–5):349–358, 2003.
7. P. Walkenström and A.-M. Hermansson. Microstructure in
relation to flow processing. Current Opinion in Colloid &
Interface Science, 7:413–418, 2002.
8. P. Walstra. Physical Chemistry of Foods. Marcel Dekker,
New York, 2003.
9. R.G. Larson. The Structure and Rheology of Complex Fluids.
Oxford University Press, New York, 1999.
10. F. Morrison. Understanding Rheology. Oxford University
Press, Oxford, 2001.
11. P.C. Hiemenz and R. Rajagopalan. Principles of Colloid and
Surface Chemistry. Marcel Dekker, New York, 1997.
12. I.D. Morrison and S. Ross. Colloidal Dispersions—Suspensions,
Emulsions, and Foams. Wiley-Interscience, New York, 2002.
13. A. Donald. Food for thought. Nature Materials, 3:579, 2004.
14. R. Mezzenga, P. Schurtenberger, A. Burbidge, and M. Michel.
Understanding foods as soft materials. Nature Materials,
4:729, 2005.
15. J.R. Stokes and W.J. Frith. Rheology of gelling and yielding
soft matter systems. Soft Matter, 4:1133–1140, 2008.
16. V. Trappe and P. Sandkuehler. Colloidal gels–low-density
disordered solid-like states. Current Opinion in Colloid &
Interface Science, 8:494–500, 2004.
17. J.M. Aguilera. Microstructure and food product engineering.
Food Technology, 54(11):56–65, 2005.
18. R.P. Chhabra. Bubbles, Drops, and Particles in Non-Newtonian
Fluids. Taylor & Francis, Boca Raton, FL, 2007.
19. E. Dickinson. Colloid science of mixed ingredients. Soft
Matter, 2(8):642–652, 2006.
20. D.B. Genovese, J.E. Lozano, and M.A. Rao. The rheology of
colloidal and non-colloidal food dispersions. Journal of Food
Science, 72(2):R11–R20, 2007.
21. R. Mezzenga and P. Fischer. The self-assembly, aggregation and
phase transitions of food protein systems in one, two and three
dimensions. Reports on Progress in Physics, 76:046601, 2013.
22. R.P. Singh and D.R. Heldman. Introduction to Food
Engineering. Academic Press, Amsterdam, 2009.
23. S.T. Beckett. The Science of Chocolate. RSC Publishing,
Cambridge, 2008.
24. C. Servais, H. Ranc, and I.D. Roberts. Determination of chocolate viscosity. Journal of Texture Studies, 34:467–497, 2003.
25. J.E. Taylor, I. Van Damme, and M.L. Johns. Effects of particle
size distribution and composition on rheological properties
of dark chocolate. European Food Research and Technology,
226(6):1259–1268, 2008.
26. J.E. Taylor, I. Van Damme, and M.L. Johns. Shear rheology of
molten crumb chocolate. Journal of Food Science, 74(2):
E55–E61, 2009.
27. E. Dickinson. Hydrocolloids at interfaces and the influence
on the properties of dispersed systems. Food Hydrocolloids,
17(1):25–39, 2003.
28. M. Faergemand and B.S. Murray. Interfacial dilatational
properties of milk proteins crosslinked by transglutaminase.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Journal of Agricultural and Food Chemistry, 46:884–890,
1998.
P. Fischer and P. Erni. Emulsion drops in external flow fields
the role of liquid interfaces. Current Opinion in Colloid &
Interface Science, 12:196–205, 2007.
E.A. Foegeding and M.A. Drake. Sensory and mechanical properties of cheese texture. Journal of Dairy Science,
90(4):1611–1624, 2007.
P. van Puyvelde, Y.A. Antonov, and P. Moldenaers. Morphology
evolution of aqueous biopolymer emulsions during a weak
shear flow. Food Hydrocolloids, 17(3):327–332, 2003.
C. Soukoulis, D. Lebesi, and C. Tzia. Enrichment of ice cream
with dietary fibre: Effects on rheological properties, ice crystallisation and glass transition phenomena. Food Chemistry,
115(2):665–671, 2009.
H. Wildmoser, J. Scheiwiller, and E.J. Windhab. Impact of
disperse microstructure on rheology and quality aspects of ice
cream. LWT-Lebensmittel-Wissenschaft und-Technologie, 37
(8):817–891, 2004.
B.E. Chavez-Montes, L. Choplin, and E. Schaer. Rheological
characterization of wet food foams. Journal of Texture Studies,
38(2):236–252, 2007.
E. Jakubczyk and K. Niranjan. Transient development of
whipped cream properties. Journal of Food Engineering,
77(1):79–83, 2006.
S.P.L. Marze, A. Saint-Jalmes, and D. Langevin. Protein and
surfactant foams: Linear rheology and dilatancy effect. Colloids
and surfaces A: Physicochem. Engineering Aspects, 263:
121–128, 2005.
E. Dickinson and Y. Yamamoto. Rheology of milk protein gels
and protein-stabilized emulsion gels cross-linked with transglutaminase. Journal of Agricultural and Food Chemistry,
44:1371–1377, 1996.
S.N.D. Lal, C.J. O’Connor, and L. Eyres. Application of emulsifiers/stabilizers in dairy products of high rheology. Advances
in Colloid and Interface Science, 123–126:433–437, 2006.
E.B. Muliawan and S.G. Hatzikiriakos. Rheology of mozzarella cheese: Extrusion and rolling. International Dairy
Journal, 18(6):615–623, 2008.
P. Erni, C. Cramer, I. Marti, E.J. Windhab, and P. Fischer.
Continuous flow structuring of anisotropic biopolymer particles. Advances in Colloid Interface Science, 150:16–26,
2009.
E.A. Foegeding. Rheology and sensory texture of biopolymer
gels. Current Opinion in Colloid & Interface Science, 12:242–
250, 2007.
B. Walther, P. Walkenström, A.-M. Hermansson, P. Fischer,
and E.J. Windhab. Flow processing and gel formation—A
promising combination for the design of the shape of gelatin
drops. Food Hydrocolloids, 16:633, 2002.
B. Wolf and W.J. Frith. String phase formation in biopolymer
aqueous solution blends. Journal of Rheology, 47(5): 1151–1170,
2003.
B. Wolf, W.J. Frith, S. Singleton, M. Tassieri, and I.T. Norton.
Shear behaviour of biopolymer suspensions with speroidal
and cylindrical particles. Rheologica Acta, 40:238–247,
2001.
Y.-R. Kim, P. Cornillon, O.H. Campanella, R.L. Stroshine,
S. Lee, and J.Y. Shim. Small and large deformation rheology
for hard wheat flour dough as influenced by mixing and resting. Journal of Food Science, 73(1):E1–E8, 2008.

www.ebook777.com

Free ebooks ==> www.ebook777.com
38
46. J. Lefebvre. Nonlinear, time-dependent shear flow behaviour,
and shear-induced effects in wheat flour dough rheology.
Journal of Cereal Science, 49(2):262–271, 2009.
47. A. Pruska-Kedzior, Z. Kedzior, M. Goracy, K. Pietrowska,
A. Przybylska, and K. Spychalska. Comparison of rheological,
fermentative and baking properties of gluten-free dough formulations. European Food Research and Technology, 227(5):
1523–1536, 2008.
48. R.I. Tanner, S.C. Dai, and F.Z. Qi. Bread dough rheology
in biaxial and step-shear deformations. Rheologica Acta,
47(7):739–749, 2008.
49. R.I. Tanner, F.Z. Qi, and S.C. Dai. Bread dough rheology
and recoil: I. Rheology. Journal of Non-Newtonian Fluid
Mechanics, 148(1–3):33–40, 2008.
50. T. van Vliet. Strain hardening as an indicator of bread-making
performance: A review with discussion. Journal of Cereal
Science, 48(1):1–9, 2008.
51. T. Mezger. The Rheology Handbook. Vincentz Network,
Hannover, 2011.
52. H.A. Barnes. The yield stress–a review or panta rei–everything
flows. Journal of Non-Newtonian Fluid Mechanics, 81(1–2):
133–178, 1999.
53. H.A. Barnes. The “yield stress myth?” paper -21 years on.
Applied Rheology, 17(4):43110, 2007.
54. P.C.F. Moller, J. Mewis, and D. Bonn. Yield stress and thixotropy: On the difficulty of measuring yield stresses in practice.
Soft Matter, 2(4):274–283, 2006.
55. C. Lareo, P.J. Fryer, and M. Barigou. The fluid mechanics
of two-phase solid-liquid food flows: A review. Food and
Bioproducts Processing, 75:73–105, 1997.
56. H.A. Barnes. A review of the slip (wall depletion) of polymer
solutions, emulsions and particle suspensions in viscometers:
Its cause, character and cure. Journal of Non-Newtonian Fluid
Mechanics, 56 (3):221–251, 1995.

Handbook of Food Analysis
57. D.M. Kalyon. Apparent slip and viscoplasticity of concentrated suspensions. Journal of Rheology, 49(3):621–640, 2005.
58. J.R. Stokes and J.H. Telford. Measuring the yield behaviour of
structured fluids. Journal of Non-Newtonian Fluid Mechanics,
124(1–3):137–146, 2004.
59. H.A. Barnes and Q.D. Nguyen. Rotating vane rheometry—
A review. Journal of Non-Newtonian Fluid Mechanics, 98:1–14,
2001.
60. T.A. Glenn III, K.M. Keener, and C.R. Daubert. A mixer viscometry approach to use vane tools as steady shear rheological
attachments. Applied Rheology, 10(2):80–89, 2000.
61. H. Roos, U. Bolmstedt, and A.A. Axelsson. Evaluation of new
methods and measuring systems for characterisation of flow
behaviour of complex foods. Applied Rheology, 16(1):19–25,
2006.
62. M. Schatzmann, G.R. Bezzola, H.-E. Minor, E.J. Windhab, and
P. Fischer. Rheometry for large-particulated fluids: Analysis
of the ball measuring system and comparison to debris flow
rheometry. Rheologica Acta, 48:715–733, 2009.
63. C. Baravian, A. Lalante, and A. Parker. Vane rheometry with a
large, finite gap. Applied Rheology, 12(2):81–87, 2002.
64. P.V. Lidell and D.V. Boger. Yield stress measurements with
the vane. Journal of Non-Newtonian Fluid Mechanics, 63
(2–3):235–261, 1996.
65. J.D. Sherwood and G.H. Meeten. The use of the vane to measure the shear modulus of linear elastic solids. Journal of NonNewtonian Fluid Mechanics, 41(1–2):101–118, 1991.
66. B.H. Birkhofer and P. Fischer. UVP-PD technique. Applied
Rheology, 22:157–158, 2012.
67. G.H. Meeten. Yield stress of structured fluids measured by
squeeze flow. Rheologica Acta, 39:399–408, 2000.
68. T.S.K. Ng and G.H. McKinley. Power law gels at finite strains:
The nonlinear rheology of gluten gels. Journal of Rheology,
52:417–449, 2008.

Free ebooks ==> www.ebook777.com

3
Thermal Properties Measurement of Foods
Mohammad Shafiur Rahman
Contents
3.1
3.2

Introduction...................................................................................................................................................................................39
Thermal Conductivity...................................................................................................................................................................39
3.2.1 Definition..........................................................................................................................................................................39
3.2.2 Measurement Methods.....................................................................................................................................................39
3.2.2.1 Overview of Different Methods........................................................................................................................39
3.2.2.2 Line Source Probe Method...............................................................................................................................40
3.3 Specific Heat and Enthalpy........................................................................................................................................................... 41
3.3.1 Specific Heat..................................................................................................................................................................... 41
3.3.2 Enthalpy............................................................................................................................................................................42
3.4 Freezing Point...............................................................................................................................................................................42
3.4.1 Cooling Curve Method.....................................................................................................................................................42
3.4.2 DSC Method.....................................................................................................................................................................43
3.5 Maximal-Freeze-Concentration Conditions.................................................................................................................................44
3.6 Solids-Melting Point.....................................................................................................................................................................44
References...............................................................................................................................................................................................44

3.1 Introduction
Thermal properties are related to heat transfer in food and thermodynamic properties are related to the characteristics that indicate phase or state changes in foods (Rahman and McCarthy,
1999). Examples of thermal properties are thermal conductivity,
specific heat, thermal diffusivity, and heat transfer coefficient.
Similarly, examples of the thermodynamic properties are freezing point, glass transition, maximal-freeze-concentration conditions, and solids melting. This chapter presents the measurement
techniques of selected properties from both classes since these
are interrelated. These properties are important for modeling and
optimization of the processes involving heating and cooling. In
addition, these are also being used to determine the structural
and state-phase behaviors of foods.

3.2 Thermal Conductivity
3.2.1 Definition
Thermal conductivity of a food is an important thermal property
that is commonly used in calculations involving rate of conductive heat transfer. The rate of heat flow through a material by
conduction can be predicted by Fourier’s law as
Q = −k A

dT
dx

(3.1)

where Q is the heat flow (J/s), A is the heat transfer area normal
to heat flow (m2), (dT/dx) is the temperature gradient along the
x-direction (°C/m), and k is the proportionality constant of thermal conductivity (W/m K), respectively. Thermal conductivity
of food depends on the composition, structure, phase or state of
foods, as well as temperature and pressure of the system. Typical
thermal conductivity values of ice, water, fat, and air are 2.10,
0.60, 0.09, and 0.02 W/m2 K, respectively.

3.2.2 Measurement Methods
3.2.2.1 Overview of Different Methods
Thermal conductivity measurement methods can be divided into
three major techniques (Murakami and Okos, 1989): (i) steadystate techniques, (ii) quasi-steady-state techniques, and (iii)
transient techniques. Details of these measurement methods are
reviewed by Ahmed and Rahman (2009). The steady-state methods are not well suited for biological or food materials although
these methods are simple and high degree of control are possible
on the experimental variables (i.e., high precision). The disadvantages of the steady-state methods are: (i) long equilibration
time (up to several hours), (ii) need for defined geometry of the
sample, (iii) moisture migration due to long equilibration time,
and (iv) presence of convection in the case of liquid or high-moisture foods (Ahmed and Rahman, 2009). The most commonly
used one for foods is the line source probe method. In this chapter, only line source probe method is discussed.
39
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3.2.2.2 Line Source Probe Method
The line heat source method is based on the transient (unsteady
state) heat transfer (i.e., temperature changes with location and
time). It is most widely used for foods due to its convenience,
fast measurement, accuracy, low cost, requirement of relatively
small sample size, and its independency of sample geometry. The
measurement is based on the mathematical solution of an ideal
system composed by an infinite linear heat source of zero mass,
immersed in an infinite solid medium. The line source is energized with a constant power and the temperature response of the
medium is recorded. The temperature response is dependent on
the thermal properties of the medium and can be expressed as
(Hooper and Lepper, 1950)
 q 
T = B+
 ln t
 4π k 

(3.2)

C
B
A
In (time)

Figure 3.1 Typical temperature rise in the probe as a function of ln
(time); region B is the linear portion.

Figure 3.2

Schematic diagram of a thermal conductivity probe.

Convection around the probe during heating can cause errors,
and therefore measurement for highly nonviscous liquid may not
be suitable for the probe method. Correction factor is also used
for the nonlinearity of temperature versus ln (time) relationship.
It is recommended that time correction factor is not necessary for
samples at temperatures above freezing because the heat capacity of the probe was about the same as that of the food sample. At
temperatures below freezing, the heat capacity of a food sample
drops, changing the heat capacity ratio between the probe and
the sample (Sweat and Haugh, 1974). The time correction factor
is negligible for the probes with diameters as small as 0.66 mm
(Sweat, 1986). The air inside the probe could be filled with filling materials and this can improve the accuracy. High-thermalconductivity filling materials, such as epoxy resin, mercury,
and paste can be used to improve the performance (Moreley,
1966; Karwe and Tong, 1992; Murakami et al. 1993; Wang and
Hayakawa, 1993). A stainless-steel shell filled with glass showed
TC signal

Thermal
conductivity
probe

Sample holder

Temperature (°C)

where q is the heat input per unit length of the line source (W/m),
t is the time of the experiment (s), and B is the intercept. A typical graph of T versus ln t is shown in Figure 3.1. The region B in
Figure 3.1 is used to calculate the slope using Equation 3.2. The
assumptions used in deriving the equation are: (i) line source is
in an infinite medium, (ii) temperature rise measurement occurs
at a point close to the line heat source, (iii) unidirectional heat
flow is in the radial direction, and (iv) the radius of the line
source must be such that an addition of small points in the longitudinal direction can represent the line source (Ahmed and
Rahman, 2009).
A schematic diagram of the construction of probe in Figure
3.2 indicates heating wire and thermocouple placed inside a needle. The experimental setup shown in Figure 3.3 includes probe
placed inside sample holder, controlled temperature water bath,
heating source, and thermocouple for temperature recording
(Wang and Brennan, 1992). The reviews on this method are provided by Sweat and Haugh (1974) and Murakami et al. (1996a,b).
The probes are commonly constructed using a heating element
and a thermocouple, which are placed inside or on the probe.
Internal placement makes the probe stronger while an external
placement of the heater and thermocouple yield higher accuracy
and reproducibility. In order to satisfy the assumption of infinite
line heat source, length–diameter ratio is important. The recommended ratio varied from 20 to 131. In the case of glycerin, no
significant difference was observed when ratio varied from 93
to 31 (p > 0.10) (Sweat and Haugh, 1974). Sweat (1986) recommended that the ratio of the probe length to diameter should be
higher than 25.

Stirrer

D/A

Amplifier

Heater

Switch

Water bath

Computer
Power
supply

Figure 3.3 Experimental setup (i.e., probe, thermocouple signal, heater,
and control circuit) for measuring thermal conductivity by probe method.
(From Wang, N., Brennan, J. G. 1992. Journal of Food Engineering. 17:
153–160.)
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lowest error as compared to agar solution, glycerin with fiber,
toothpaste, and polytetrafluoroethylene (PTFE) (de Wilde et al.
2009). The thermocouple should be placed at the closest location
to the heater wire (Murakami et al. 1996a). Insulated chromelconstantant thermocouple and insulated constantan heating wide
is recommended for their durability and consistency (Murakami
et al. 1993; Elustondo et al. 2001).
Although the errors in measurement could be reduced by
appropriate designing as discussed above, it is highly recommended to calibrate the probe with materials with known thermal
conductivity values. It is necessary to calibrate with one standard
above freezing (i.e., lower thermal conductivity) and other one
below freezing range (i.e., higher thermal conductivity). Water,
glycerin (thermal conductivity: 0.286 W/m2 K at 27°C), and ethylene glycol (thermal conductivity: 0.260 W/m2 K at 27°C) are
commonly used as standards for calibration. When water (thermal conductivity: 0.617 W/m2 K at 30°C) is used for calibration,
0.4% agar gel is used to minimize convection effects. Tong et al.
(1993) recommended 10% bentonite gel with copper powder
for calibrating probe for measuring frozen foods (thermal conductivity: 0.9–1.9 W/m2 K). The standard thermal conductivity
values are 0.986, 1.19, 1.74, and 1.81 W/m2 K at 30°C for standards with the following ratios of cooper mass and 10% bentonite paste as 30:10, 40:10, 50:10, 55:8 (i.e., copper mass: 10%
bentonite paste). Manohar et al. (2000) constructed three thermal
conductivity probes in accordance with ASTM D 5334 standard
and calibrated using heat-flow meter data. The instrumentation
used can reduce the determinate error associated with voltage
and current measurements to a negligibly small value. However,
the main uncertainty depended on the uncertainty of the slope T
versus ln t. The probes demonstrated repeatability within ±3.5%,
but calibration factors of 1.01, 1.30, and 1.12 were computed for
the three probes, respectively. This individual bias indicates a
need for individual calibration. Using individual probe calibration factors, the experimentally determined thermal conductivity of different soil samples were measured as 0.520, 0.445, and
2.11 W/m2 K, respectively.
The line source probe method proved to be a fast and accurate
way for determining the thermal conductivity of food materials
at high pressure in a vessel. Given its simplicity, it is a very promising method for determining the thermal conductivity of foods
over a wide range of pressures and temperatures. However, the
probe needs to be calibrated as a function of pressure (Denys and
Hendrickx, 1999; Zhu et al. 2008).
The sample size can cause errors during thermal conductivity
measurement if the sample boundaries experience a temperature
change. An infinite solid may also be simulated by a cylinder
of finite length and diameter with a length-to-diameter ratio of
the sample greater than four (Nix et al. 1967). When the sample
size is kept within 4αt/d2 < 0.6 (α is the thermal diffusivity, t is
time after heater is on, and d is the shortest distance between the
probe and sample’s outer edge), the error due to the edge effect
is negligible (Vos, 1955). In the case of heater power 5.1 W/m,
the outer boundaries of the sample of 1.9 cm diameter do not
experience a temperature rise greater than 0.1°C until 80–100 s
has elapsed from the time the heater was energized (Sweat and
Haugh, 1974). O-rings or gaskets in all contacting surfaces of the
sample holder can prevent moisture loss at higher temperatures
(Wang and Hayakawa, 1993).

3.3 Specific Heat and Enthalpy
3.3.1 Specific Heat
Specific heat (J/kg K) is defined as the amount of heat (J) needed
to increase the temperature of unit mass (kg) of a material by
unit degree (K). A wide variety of measurement methods are
presented in the literature. These are methods of mixture, comparison calorimeter, adiabatic heating, and differential scanning
calorimetry (DSC). DSC is the most commonly used method
because of its dynamic nature of determining specific heat as a
function of temperature. A schematic diagram of DSC is shown
in Figure 3.4.
DSC is a technique for recording the energy required to maintain a zero temperature difference between a sample cell and a
reference cell, which are either heated or cooled at a controlled
rate. The thermocouples constantly measure the temperature of
each cell and heaters supply heat to one or other of the cells so
that they both have exactly the same temperature. If a sample
undergoes a phase transition, it would either absorb or release
heat. To maintain the temperature of the two samples the same,
an equivalent amount of energy must be supplied to either the
test or reference cells. DSC data are therefore reported as the rate
of energy absorption (Q) by the sample relative to the reference
material as a function of the external temperature. The graphical
presentation of the Q as a function of temperature at a specific
heating or cooling rate is called thermogram. When the heat flow
rate into a sample of known mass is measured, the specific heat
of the sample is determined as
Cp =

(dQ /dt )
msa (dT /dt )

(3.3)

where dQ/dt is the heat flow rate (W, J/s), dT/dt is the heating rate
(K/s or °C/s), and msa is the mass of the sample (kg), respectively.
At a specific temperature (i.e., marked as A in Figure 3.5), (dQ/
dt) can be estimated from the thermogram line generated with
a specific heating rate (Figure 3.5). The specific heat at a specific temperature (e.g., point A in Figure 3.5) can be calculated
using Equation 3.3 by reading heat flow from the y-axis, mass of
the sample, and heating rate. In order to measure specific heat
by DSC, it is important to calibrate with standard with known

C : Heating coil
H : Heating/cooling plate
P : Aluminum pan
S : Sample
Sample
P

S

Reference
P

H

H

C

C

Principle of DSC
Figure 3.4

Schematic diagram of a DSC.
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Heat flow (W)

A
Temperature

A

Temperature (C)
Figure 3.5

specific heat. Sapphire and indium are most commonly used to
calibrate the DSC.
The food sample is usually placed in an encapsulated (i.e.,
hermitically sealed) pan in order to avoid moisture loss during
experimental measurement. The sample size, heating rate, and
seal condition are important for accurate measurement (Singh
et al. 2009). The thermal lag within the sample may introduce
an error in the measured values of the specific heat of foods due
to their low thermal diffusivity (Tang et al. 1991). In order to
reduce the errors for sample size and heating rate, Tang et al.
(1991) recommended that the heating rate and sample thickness
should be chosen to be 5°C/min and less than 0.8 mm, respectively. Tang et al. (1991) studied three types of seal conditions: a
complete seal where no moisture would escape from the sample
pan; a poor seal where sample pan was not properly sealed; and
no seal where the sample lid was pierced with three holes. They
observed that up to 30% loss of initial moisture loss was possible.
Thus, it is important to check the mass of the sample before and
after measurement.

3.3.2 Enthalpy
Enthalpy is defined as the heat content in a system per unit mass
(J/kg). Enthalpy can be written in terms of specific heat within
two temperatures as

C

b

b

a

b

a

a

d
c

0

DSC thermogram for determining specific heat.

B

Time

0

Time

0

Time

Figure 3.6 Typical cooling curves, A: water, B: solution, C: foods, (a)
ice crystallization temperature, (b) equilibrium or initial freezing point, (c)
initiation of solute crystal, (d) eutectic point.

Typical cooling curves during freezing are shown in Figure
3.6. The abrupt rise in temperature due to the liberation of the
heat of fusion after initial supercooling represents the onset of
ice crystallization. Pure water can be undercooled by several
degrees before the nucleation phenomenon begins. Once the
critical mass of nuclei is reached, the system nucleates at point
“a” in Figure 3.6 and releases its latent heat faster than heat is
being removed from the system by cooling. Then the temperature
increases instantly to the initial freezing temperature at point “b.”
In aqueous solutions, point “a” is not as low as pure water,
since the added solute will promote heterogeneous nucleation,
thereby accelerating the nucleation process. Solute greatly
decreases the amount of supercooling for two reasons: faster
nucleation and lowered freezing point. In highly concentrated
solutions, it is sometimes difficult to induce supercooling. After
ice crystallization is completed, the temperature drops as the
sensible heat is released in the case of water. In the case of solution, supersaturation continues due to the freezing of water and
solute crystal may form in solution by releasing latent heat of
solute crystallization, causing a slight jump in temperature from
“c” to “d.” These points are known as eutectic points. In case of
solution with multiple solutes or foods, it is difficult to determine
the eutectic points.

T2

H =

∫ C dT
p

(3.4)

T1

If the specific heat is assumed to be constant in the given temperature range, then the above equation reduces to
H = Cp(T2 − T1)

(3.5)

Thus, enthalpy can be estimated if the specific heat of food is
known.

3.4 Freezing Point
The freezing temperature is the temperature at which the ice
crystals appear at a critical mass where both phases, liquid
(water) and solid (ice crystals), coexist in equilibrium. It should
be the same as the melting point of ice if the freezing and melting
processes are considered completely reversible from a thermodynamic viewpoint. The freezing point of a food is lower than that
of pure water. A depression of the freezing point is observed as
a consequence of the food constituents (i.e., solutes). Freezing
point is mainly measured by cooling curve and DSC methods.

3.4.1 Cooling Curve Method
In the case of cooling curve method, sample time–temperature
is recorded by a temperature-indicating device (glass thermometer, thermocouple, resistance thermometer, or thermistor). The
freezing point is derived from the relatively long temperature
plateau that follows supercooling on a plot of time–temperature.
The schematic diagram of the experimental setup is shown in
Figure 3.7. Commercial cryoscopy is available based on the same
principle. The advantages of this method are as follows: it can
handle bigger samples; the samples could be in the form of solids, liquids, gels, or powder; measurement and data analysis are
simple and require low-cost instruments. The wide application of
this method is due to its accuracy, reproducibility, and simplicity
(Rahman et al. 2009).
The supercooling phenomenon plays an important role in
accurate measurement of freezing point (Fennema et al. 1973).
The supercooling depends on the rate of cooling, sample mass,
sample holder types, and particles in liquid (Otero and Sanz,
2006). The error due to supercooling can be corrected by
extrapolation method or calibration with standard solutions. A
simple extrapolation method is illustrated in Figure 3.8, where
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line DE is visually extrapolated back to the cooling curve and
giving a corrected freezing point at B. The error increases with
the increasing concentration, higher degree of supercooling, and
decreasing rate of heat removal (i.e., cooling rate) (Rahman et al.
2009). Alternatively, it can be corrected with standard solutions
of known freezing points. However, this process is complicated
as two standards are required close to the sample’s freezing
point. In addition to the correction for supercooling, temperature-recording device (i.e., thermocouple) used needs to be calibrated properly.
Rahman et al. (2002) proposed a method to determine the end
point of freezing (i.e., Tm′ ) from cooling curve. In this method,
slope of the cooling curve is calculated and plotted as a function of time (Figure 3.9). Figure 3.9a shows the typical graph
for low-moisture food and Figure 3.9b shows the typical graph
for high-moisture food. This shows reducing water reduces the
sensitivity of predicting the point c. The initial slope is used to
determine the cooling rate, ri (°C/min). The slope is decreased
to a minimum, when ice crystals form (point “a”). The onset
of plateau or peak in slope indicates the initial freezing point
(i.e., point “b”). The end point of freezing is defined as the point
when cooling rate is highest or end of the plateau (i.e., point “c”).
The sensitivity of this method for determining the Tm′ decreases
with the decrease of freezable water. This approach was used

TF

TA
D

E

Time (min)
Figure 3.8 Extrapolation method for correcting the observed freeing
point of a solution with supercooling. D: apparent freezing point, B: the corrected freezing point, DE: freezing plateau.

b
a

Time (min)

Figure 3.7 Schematic diagram of an experimental setup for sugar solution. T: top insulated block, B: bottom insulated block, S: side insulated block,
R: thermocouple probe, H: stainless-steel sample holder, C: low-temperature
chamber (i.e., −50°C), D: temperature recorder.
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(b)

(a)

C
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Figure 3.9 Slope of cooling curve as a function of cooling time. (a)
Sample containing low-level freezable water, (b) sample containing high
level of freezable water.

to measure the freezing point and end point of freezing for tuna
meat (Rahman et al. 2003) and abalone (Sablani et al. 2004).
Rahman et al. (2005) recommended to use sample with solids
content of 0.4 g/g sample in order to achieve a comparable value
of Tm′ measured from DSC.

3.4.2 DSC Method
The freezing point can be determined from the endothermic peak
during heating DSC thermogram. The onset, maximum slope
(marked as “m”), peak (marked as “p”), and end of freezing point
can be determined from the heating endothermic peak of DSC
as shown in Figure 3.10. Cooling and heating rates of 2–10°C/
min are commonly used for samples of 3–10 mg in hermetically
sealed aluminum pans. Considering bovine gelatin, Rahman
et al. (2010) determined the optimum heating rate of 5–10°C/
min for measuring freezing point, and enthalpy of ice melting, Tm′
and Tg′′′. The calorimeter should be calibrated for heat flow and
temperature with distilled water or ice (melting point 0°C; ΔHm:
334 J/g) and indium (melting point 156.5°C; ΔHm: 28.5 J/g). At
the end of experimental determination, the moisture content of
the sample should be verified to ensure that no water has escaped
from the pan. This method needs small-size sample; and it is
rapid and simple (De Qian and Kolbe, 1991). DSC is costly, but
it has the ability to measure a wide variety of thermal and thermodynamic properties of foods. In the case of heterogeneous
sample (e.g., food), small sample size may raise question and
major number of replicates with representative samples are recommended (Lind, 1991; Rahman et al. 2002).
Typical melting curves of foods by a DSC are shown in Figure
3.10 (Rahman, 2006). It is difficult to locate the exact freezing point
as determined by the cooling curve. In addition, the increased cooling rate shifts the peak to a higher temperature. It provides very
accurate determination when a sharp peak is observed. In the case
of wider peak, maximum slope of the melting peak (i.e., marked
as point “m” in Figure 3.10) is recommended (Goff et al. 1993;
Fonseca et al. 2001; Rahman, 2004). The wider peak is observed
when wide nature of bound or unfreezable water is present in the
sample; and in the extreme cases multi peak could be observed.
In many instances, exothermic or endothermic peak is observed
before ice melting peak. In this cases, annealing at (Tm′ − 1) for a
specific time and followed by a cooling and heating cycle can avoid
the exothermic or endothermic peak (Rahman, 2004; Al-Rawahi et
al., 2013). The protocol with annealing can determine the freezing
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Figure 3.10 Typical DSC thermogram (heating) showing glass transition (G), ice melting (M), solids melting (S), and location of maximal-freezeconcentration (Tm′ and Tg′′′). (a) Two glass transitions, one low temperature, and another one before ice melting endotherm, (b) only one glass transition at
low temperature.

point accurately. The enthalpy of freezing can be determined from
the area of ice melting endothermic peak (J/kg).

3.5 Maximal-Freeze-Concentration Conditions
Different types of water are found in foods, for example, bound
water, solvent water, or unfreezable water. In the case of frozen
foods, different types of water are usually defined as total water
( X wo ), ice (X I), and unfreezable water ( X w′ ), and unfrozen water
( X wu ) (Rahman, 2009). Total water can be written as
X wo = X wu + X I + X w′

(3.6)

At any temperature in the frozen state, the total water before
freezing consists of three components. Unfreezable water ( X w′ )
is defined as the water that could not be formed as ice even at
low temperature (i.e., −40°C or below). The frozen water is the
ice content (X I) that increased with the decrease in temperature.
At any temperature below freezing point, the amount of ice
increased with the decrease of unfrozen water (Rahman, 2009).
The maximal-freeze-concentration condition is considered as a
condition in which maximum freezable water has formed ice. The
locations of Tm′ and Tg′′′ (i.e., maximum-freeze-concentration)
are shown in the ice melting endotherm (Figure 3.10).
The procedure proposed by Rahman et al. (2010) for determining the maximal-freeze-concentration conditions is as follows: A
3–5 mg sample was placed in a sealed aluminum pan and cooled
to −90°C at 5°C/min, and then maintained at this temperature
for 5 min. The sample was then scanned from −90°C to 250°C,
at a rate of 10°C/min, in order to determine freezing point and
apparent maximal-freeze-concentration temperature [(Tm′ )a and
(Tg′′′)a ], and solids-melting point. In the case of annealed maximal-freeze-concentration temperature [(Tm′ )n and (Tg′′′)n ], sample
at moisture content 0.40 g/g sample (i.e., solids 0.6 g/g sample)
was cooled as above and scanned from −90°C with annealing
at [(Tm′ )a − 1] for 30 min as recommended earlier, then annealed
maximal-freeze-concentration temperatures (Tm′ )n and (Tg′′′)n
were determined (Roos and Karel, 1991, 2001; Bai et al. 2001).
The use of annealing conditions allowed maximum formation
of ice before the second heating cycle. The ultimate maximalfreeze-concentration (Tm′ )u was determined from the average
value of (Tm′ )n and (Tg′′′ )n from three replicates, determined from
the samples with solids content 0.6 g/g sample.

3.6 Solids-Melting Point
The solids melting (i.e., temperature and enthalpy) at higher temperature is important for food processing, such as frying, baking,
roasting, and extrusion cooking. It is most commonly measured
by the DSC method. The characteristic solids-melting temperatures are determined from the onset, maximum-slope, peak, and
end of the endothermic peak during heating cycle and enthalpy
is estimated from the area of the peak (Rahman, 2004; Rahman
et al. 2010; 2012; Suresh et al. 2013). It is similar to the ice melting peak as shown in Figure 3.10 (marked as “S”). Samples of
3–10 mg and heating rate 5–10°C/min are commonly used. Since
the solids melting is relatively observed at higher temperatures
(i.e., above 100°C), the possibility of moisture loss from the
improper sealed pans is more as compared to the freezing point
measurement.
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4.1 Brief Introduction to Dairy Flavor
The consumption of dairy foods is strongly related to the stimulation of the human chemical senses, odor, and taste. The flavor of dairy products, along with their appearance and texture,
is considered to be decisive for the consumer in their selection
and ingestion. According to Laing and Jinks [1], food flavor is
commonly defined as being the sensation arising from the integration or interplay of signals produced as a consequence of
sensing smell, taste, and irritating stimuli from food or beverage. However, the term “flavor” is often inconsistently used, with
regard to the above-mentioned biological receptor stimulation or
to the chemicals responsible for the process.
With respect to the dairy food aroma, the sensation of odor
is triggered by highly complex mixtures of volatile molecules,
mostly hydrophobic and usually occurring in trace-level concentrations (ppm or ppb). These volatile molecules interact with a G
protein-coupled odorant receptor (OR) of the olfactive epithelium
located in the nasal cavity. Once the receptor is activated, a cascade of events is triggered to transform the chemical–structural
information contained in the odorous stimulus into a membrane
potential [2,3]. The latter is projected to the olfactory bulb, and
then transported to higher regions of the brain [4], where the
translation occurs.
The human nose perception of volatile compounds, released
from dairy foods, depends on the extension of the release from

the matrix and the odor properties of the compounds. It is known
that only a small portion of the large number of volatiles occurring in a food matrix contributes to its overall perceived odor
[5,6]. Further, these molecules do not contribute equally to the
overall flavor profile of a sample; hence, the most abundant compound does not necessarily correspond to high odor intensities,
owing to differences in intensity/concentration relationships.
Since the mid-1950s, volatile flavor components have been
studied in dairy products, and the chemistry and identification of
milk and cheese flavors have been widely described in the literature. It is worth mentioning that one of the earliest applications
of formal laboratory sensory analysis was carried out in the dairy
products industry. In the early 1990s, techniques for the judgment of these products were developed to stimulate interest and
educate consumers. The attributes considered were appearance,
flavor, and texture, in relation to the presence or absence of predetermined defects. Over the last few decades, flavor research has
benefited from the improvements in the instrumental analytical
chemistry, and a vast number of investigations have been carried
out on dairy flavor compounds; many of these were investigated
following the advent of gas chromatography (GC) that enabled
component separation and identification, though requiring additional confirmatory evidence to avoid equivocated characterizations, such as by means of its coupling with mass spectrometry
(MS) or olfactometry. It is worthwhile to highlight that GC combined with MS (GC/MS) marked a real turning point for dairy
47
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foods research, and the introduction of GC with olfactometry
(GC-O) was a breakthrough in the analytical aroma research,
enabling the differentiation of a multitude of volatiles that are
odor and nonodor active, according to their existing concentrations in a matrix. It is notable that the identification of flavor
components of dairy products is generally very difficult, mainly
owing to the tendency of these compounds to degrade or form
artifacts during isolation processes, and also their presence in
low concentrations with respect to other food matrices. However,
nowadays, the number of known flavors has incredibly increased,
with around 600 identified in cheese flavor [7].
In view of all the studies already conducted on the flavor of
several dairy products, it is possible to state that their profile
comprises a large number of volatiles, which may include free
carboxylic acids, sulfur compounds, alkaline nitrogen-containing substances such as amines and substituted pyrazines, pyridines, neutral compounds such as carbonyl compounds (e.g.,
methyl ketones and aldehydes), primary and secondary alcohols,
esters, lactones, ethers, aliphatic and aromatic hydrocarbons, as
well as multifunctional components [8].
Moreover, it is widely accepted that the profiles of flavoring
chemicals vary according to the sample’s state, and hence, raw
milk elicits a distinct odor when compared with that of heated
or processed milk, with different classes of compounds responsible for the characteristic odor of distinct samples. It is widely
accepted that esters are responsible for the flavor of raw milk
samples, while lactones and heterocyclic compounds are responsible for that of heat-treated and pasteurized milk. However,
fermented dairy products, such as cheese and yogurt, are characterized by the presence of fatty acids [9]. However, it is worth
pointing out that little is known about the characteristic impact
of the flavor of most dairy products. Distinction has to be made
between key odorants and odor-active compounds, as it is well
known that only a small fraction of the volatile substances of a
food matrix is responsible for its characteristic odor.
To attain a complete analysis of key odorants, sensorial analyses, such as studies of recombination models and omission
experiments, should be performed to increase the reliability of
the achieved characterization. This chapter provides an overview
on the most commonly applied analytical techniques to characterize the dairy food flavor. However, extended sample preparation theory will not be dealt with, and the diverse dairy products
investigation methodologies will be outlined. However, analytical flavor assessment techniques will be focused on GC analyses, including theoretical principles and applications. Moreover,
some aspects regarding the characterization of off-flavors will be
briefly described.

4.2 Dairy Flavor Extraction Techniques
A significant but laborious step of dairy flavor analysis is sample
preparation. The odor profile of a matrix is closely related to the
isolation procedure that should yield a product that is representative of the sample; therefore, the choice of an appropriate sample
preparation method becomes unprecedented.
According to the properties of the matrix, the preparation
may include mincing, homogenization, centrifugation, steam
distillation (SD), solvent extraction (SE), fractionation of solvent
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extracts, simultaneous distillation–extraction (SDE), supercritical fluid extraction (SFE), pressurized-fluid extraction, Soxhlet
extraction, solvent-assisted flavor evaporation (SAFE), headspace
techniques (HS), solid-phase microextraction (SPME), matrix
solid-phase dispersion (MSPD), cryofocusing, and/or direct thermal desorption (DTD), among others. Attention should be given
during sample preparation and treatment procedures to avoid the
loss of highly volatile compounds and oxygen or heat-induced
artifact formation.
Taking into consideration that, in general, volatile molecules
contained in solid and semisolid dairy products are heterogeneously distributed, and, as previously cited, usually occur in
trace-level concentrations, careful homogenization of the sample is required prior to flavor analysis. With regard to cheese
samples, a commonly used, convenient, and mild technique is
based on freezing, followed by grating of the sample at low temperature, and a powder is subsequently obtained in this process.
According to the applied flavor investigation methodology, this
powder may be dispersed using a high-speed homogenizer, for
example, in water. Furthermore, owing to the high diversity of
volatile components of dairy food samples, a preliminary separation into acidic, alkaline, and neutral fractions can often be of
great aid for instrumental and sensorial analysis [10].
In general, SD and SE methods are considered to yield the
near-complete flavor of food extracts, which may not be of relevance for the determination of a characteristic odor profile. The
extraction of the volatiles from a dairy matrix usually results in
a dilute aqueous solution, and the volatiles have to be concentrated by liquid/liquid partitioning or cryoconcentration prior
to GC analysis. Commonly, the extracts obtained by SE can be
very complex, resulting in many coelutions when analyzed by
means of GC, making the identification of individual odor-active
compounds difficult. The fractionation of these extracts is timeconsuming, but is a useful method to overcome this limitation,
for example, by washing a food extract with dilute acid or base,
even though multiple manipulations of the extract may cause loss
of highly volatile compounds. Moreover, a possible loss of the
more volatile compounds during solvent removal may occur, and
hence, large amounts of sample are needed to attain concentrated
extracts, which may represent a drawback, and the presence of
nonvolatile and high-boiling compounds in the extract or impurities from the solvent may lead to unreliable flavor characterization. Furthermore, in GC-O analysis, the solvent peak may cover
early eluting odor-active volatiles. On the contrary, by performing SD extractions, the presence of nonvolatile or high-boiling
compounds in the dairy food extract is avoided, though poor
extraction of highly polar or hydrophilic compounds (acids and
alcohols) as well as artifact formation owing to thermal degradation may occur. However, a concentrated sample may surely
be advantageous, as it enables further detection of trace components. It is accepted that SD and SE, when combined with chromatography, are generally the best methods to isolate unknown
components of dairy foods [9].
The technique SDE is also widely applied. The latter provides
fast extractions, resulting in a fraction, which after concentration, can be readily injected into GC systems. In a continuous
process, the condensing water vapor is extracted by the condensing vapor of the low-boiling solvent, resulting in a high extraction rate. However, the decomposition of labile compounds, loss
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of highly volatile compounds, and heat-induced artifact formation has often to be observed. A modified system, the SDE
under static vacuum (SDE-SV) with continuous sample feeding, although being more time consuming, may be used when
heat-induced artifact formation has to be minimized. The latter
method allows extractions at 30–35°C and eliminates the concentration step prior to GC analysis.
Another very popular extraction method is SAFE, which may
be applied after SE techniques or be used as an individual extraction method for solvent extracts or food matrices. This technique,
most commonly applied to aqueous foods such as milk, removes
volatiles under low-temperature and high-vacuum conditions.
The extract is then collected into flasks that are cryogenically
cooled with liquid nitrogen. The attained product should be representative of the original sample, uncooked, but without highboiling compounds and color.
The HS methods, which are also frequently applied, may be
divided into static headspace (SHS) and dynamic headspace
(DHS) analyses. The former is characterized by the sampling of
the atmosphere, after equilibrium has been achieved, around the
headspace of a matrix, located in a vial, while the latter removes
larger amounts of volatiles by sweeping the matrix through a
carrier gas flow, with a concentration step carried out prior to
GC analyses. The HS techniques combine the solvent-free procedures and require small amounts of sample with no artifact
formation. However, it is worth highlighting that the relative
concentration of volatile components in the headspace does not
correspond to the concentration in the sample, owing to the volatility differences of flavor compounds (vapor pressure), as well as
to the extraction temperature. In addition, when HS techniques
are utilized frequently, the pH level of the homogenate has to be
adjusted to pH 7.5 to maintain the high concentration of volatile acids dissolved in the aqueous solution as salts, so that the
fraction to be analyzed is mainly represented by the neutral and
alkaline components [11]. However, preparation of an alkaline
homogenate can cause the decomposition of some essential components, such as lactones [12]. On the contrary, volatile acids
may be esterified in the gas phase prior to analysis [13].
A further technique worth mentioning is SPME, a widely
applied solvent-free method, which exploits the high adsorption
power of a fused-silica fiber coated with a specific extraction
phase, selected according to the type of matrix [14,15]. However,
the use of SPME as an isolation method for dairy flavor characterization presents some limitations owing to the possible nonrepresentative nature of the extracts, problematic quantification,
prolonged heating of the samples during isolation to increase flavor volatility, and recovery. The chemical profile of the collected
volatiles depends on the type, thickness, and length of the fiber,
as well as on the sampling time and temperature.
Moreover, taking into consideration the demand to simulate
the flavor released during the consumption of a food, sophisticated extraction techniques have been developed, such as the
buccal headspace analysis (BHA) [16]. The latter is an in vivo
extraction technique capable of extracting volatile compounds
released during consumption in concentration ratios that stimulate the olfactory receptors.
To establish the most adequate extraction procedure, an analyst
has to consider not only the low concentrations of the dairy flavor
components, but also their tendency to degrade or form artifacts

during the processes. Some frequently observed phenomena are:
formation of methyl ketones owing to thermal decarboxylation
of β-keto acids in dairy lipids, disulfide compound formation
as the product of oxidation of mercaptans, and the activation
of lipases and other enzymes by mild heating during milk storage, which subsequently react with the triglycerides producing
increased amounts of free fatty acids. Furthermore, according
to the applied extraction method, highly polar or semivolatile
flavor chemicals, such as free fatty acids, vanillin, 2,5-dimethyl4-hydroxy-3(2H)-furanone (DMHF), or furaneol, may present
incomplete recovery.
Although a series of volatile isolation methods have been
developed to enhance the quality of flavor analyses, none of
the commonly used extraction methods is capable of faithfully
reproducing a flavor’s profile. Therefore, the application of
diverse extraction procedures on an identical matrix is highly
suggested to achieve a more extensive screening.

4.3 Analytical Methodologies for Flavor
Investigation of Dairy Products
4.3.1 Instrumental Techniques for Analytical
Flavor Assessment
4.3.1.1 GC in Dairy Flavor Investigation
After its introduction in 1952 by James and Martin [17], GC
developed at a phenomenal rate, growing from a simple research
novelty to a highly sophisticated instrument. In GC analysis,
the compounds to be analyzed are vaporized and eluted by the
mobile gas phase, that is, the carrier gas, through the column
that contains the stationary phase dispersed on a solid support.
At the outlet of the analytical column, the analytes emerge separated on the basis of their relative vapor pressures and affinities
for the stationary bed, and as a consequence, are separated in
time. The analytes are then detected and a signal is recorded
generating a chromatogram, that is, a signal versus time graphic,
and ideally with peaks presenting a Gaussian distribution-curve
shape. The peak area and height are a function of the amount
of solute present, its width is a function of the band spreading
in the column [18], and its retention time can be related to the
solute’s identity.
In general, the primary objective in any GC separation is
always the complete resolution of the compounds of interest, at
minimum time duration. To achieve this task, the most suitable
analytical column (dimension and stationary-phase type) has to
be chosen, and adequate chromatographic parameters must be
applied to limit the peak enlargement phenomena. Furthermore,
the constant requirements for high resolution and trace analysis
are satisfied by modern column technology; robust fused-silica
open-tubular GC columns are available. In addition, the selective detectors and injection methods, which allow on-column
injection of liquid and thermally labile samples, have also been
developed.
The choice of the analytical column in dairy flavors GC analyses is of great importance for the overall characterization of
the sample; the stationary-phase chemical nature and film thickness, as well as the column length and internal diameter, are to
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be considered. In general, dairy flavor GC analyses are carried
out on 25–60 m columns, with 0.25–0.53 mm internal diameter
and 0.25–5.00 μm stationary-phase film thickness. Numerous
stationary phases are available, but only some of them are commonly utilized, such as polyethylene glycol and its acid-modified
phases (nitroterephthalic acid-modified polyethylene glycol),
dimethylpolysiloxane (5% phenyl–95% dimethylpolysiloxane
or 50% phenyl–50% dimethylpolysiloxane), and dimethylpolysiloxane copolymer (cyanopropyl-phenyl-methylpolysiloxane
and 50% cyanopropyl-methylpolysiloxane). It is well known that
the degree of separation of the two components on two distinct
stationary phases can be drastically different; the nonpolar and
polar columns produce boiling point- and polarity-based separations, respectively. As a consequence, it is highly advisable to use
two analytical columns coated with stationary phases of distinct
polarities to better characterize the sample and enhance the confidence in peak assignment.
An important study on the suitability and performance of
various stationary phases and column dimensions for DHS
GC of ripe Swiss Emmental cheese flavor was carried out by
Imhof and Bosset [19]. The best performance was observed on
a 30 m × 0.32 mm i.d., 4.0 μm df, 100% polydimethylsiloxane
(PDMS) stationary phase (SPB-1 SULFUR, Supelco, Bellefonte,
PA), which presented better resolution and higher loading capacity, separating the greatest number of compounds in the cheese
sample, that is, 58 components. However, on the 30 m × 0.32 mm
i.d., 1.0 μm df, and 60 m × 0.25 mm i.d., 1.0 μm df columns
coated with an identical stationary phase, respectively, 47 and 57
compounds were identified, respectively.
Moreover, dairy flavor GC analyses are commonly carried out
using detection systems that do not provide structural information of the analyzed molecules, such as flame ionization detector
(FID) or thermal conductivity detector (TCD), and also flame
photometric detector (FPD) or pulsed FPD (PFPD); the latter
two are being selective for sulfur-containing compounds, such as
hydrogen sulfide, carbonyl sulfide, and methanethiol. The use of
an SPME–GC system equipped with a PFPD has been reported
in a study performed over a period of 20 months on volatile sulfur compounds formed in heat-shocked and pasteurized milk
cheese [20]. The authors were able to outline that only hydrogen sulfide and dimethyl disulfide increased in the initial stage
of cheese-aging and reached a plateau, whereas methanethiol,
dimethyl sulfide, and dimethyl trisulfide continued to develop as
the cheese aged. Moreover, it could be observed that Cheddar
cheese made from heat-shock milk developed higher concentrations of methanethiol, dimethyl sulfide, dimethyl disulfide, and
dimethyl trisulfide than cheeses made from pasteurized milk.
The simultaneous usage of FID and FPD has also been applied to
the study of Cheddar [21] and Limburger cheeses [22]. A further
detection system used for dairy flavor analysis is the nitrogen
phosphorus detector (NPD), which, owing to its high selectivity
for nitrogen-containing compounds, has been applied to investigate the presence of trimethylamine in cow milk samples; this
compound, when present in high concentrations, is responsible
for a fishy off-flavor [23].
When dairy flavor GC analyses are carried out using FID,
TCD, or other detection systems that do not provide analytes
structural information, retention indices are commonly used to
assist peak assignment. The most thoroughly studied, diffused,
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and accepted retention index methods are based on the logarithmic-based equation developed by Kováts in 1958 [24] for isothermal conditions, and on the equation propounded by van den Dool
and Kratz in 1963 [25], which does not use the logarithmic form
and is used in the case of temperature-programming conditions.
Both the proposals are based on the fact that each analyte is cited
in terms of its position between the two compounds in a homologous series (e.g., n-alkanes) that bracket its retention time. It shall
be outlined that the index calculation is based on a linear interpolation of the carbon chain length of these bracketing paraffins.
When n-alkanes are used, it is accepted that the reproducibility of the retention indices between different laboratories
are comprised within an acceptable range of ±5 units for methyl
silicone stationary phases, and ±10 units for polyethylene glycol
phases. Moreover, in practice, any homologous series presenting
a linear relationship between the adjusted retention time, being
logarithmic based or not, and the carbon number can be used;
for example, fatty acid ethyl esters (FAEEs) or fatty acid methyl
esters (FAMEs), employed according to the stationary phase to
be used.

4.3.1.2 GC Coupled with MS
The advent of combined GC and MS marked a real turning
point for flavor research, and during the past decade, tremendous
growth in popularity of mass spectrometers as a tool for routine
analytical experiments as well as fundamental research could be
observed.
A mass spectrometer produces an enormous amount of data,
especially in combination with chromatographic sample inlets
[26]. Over the years, many approaches to the analysis of GC/
MS data have been proposed, including diverse library search
algorithms, many of which are quite sophisticated, to detect,
identify, and quantify all the chromatographic peaks. As a consequence, a large number of studies started to exploit the mass
spectral information for peak identification; the most frequent
and simple identification method comprises the comparison of
the acquired unknown mass spectra with those contained in a
reference mass spectral library. In addition, the use of retention
indices, in conjunction with the structural information provided
by the mass spectrometer, is widely accepted to increase the reliability of the analytical results and address the qualitative determination of the compositions of complex samples by GC/MS; it
is widely accepted to use retention indices to confirm the identity
of the compounds.
The GC/MS, one of the most popular techniques employed in
the investigation of dairy food flavors, has been applied to a wide
range of samples. Obviously, it is not feasible to report all the
research works carried out on dairy flavor analysis, and hence,
some examples have been chosen to illustrate its usefulness.
Dirinck and De Winne made use of a GC/MS system to determine the flavor of Gouda and Emmental cheeses, aiming to
establish the biotechnological process toward typical cheese flavor characters [27]. The volatile fractions of three Gouda cheeses
from different producers and three Emmental cheeses from different origins (Swiss, French, and Austrian) were isolated by
SDE and analyzed, and the results were submitted to principal
component analysis (PCA). It could be outlined that the Gouda
cheeses from different producers presented a similar flavor
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profile, while the Emmental cheeses presented origin-dependent
profiles. However, the Austrian sample could be clearly differentiated from the French and the Swiss samples.
A further interesting example of the use of GC/MS for cheese
flavor analysis was reported by Barbieri et al. [28], who studied
the volatile profile of 21 Parmesan cheese samples of certified
origin and aging. Prior to GC and GC/MS analyses, the flavor
components were isolated by means of DHS and SDE. The former
technique enabled the isolation of the most volatile compounds,
whereas the latter was also suitable to extract other important flavor components, such as long-chain carbonyl derivatives, acids,
esters, and lactones. A total of 167 compounds were identified,
including hydrocarbons, aldehydes, ketones, alcohols, esters, and
acids. Furthermore, free fatty acids and volatile products of lactic
fermentation (ethanol, acetaldehyde, diacetyl, and acetoin) were
also determined. In addition, spray-dried skimmed milk flavor
was investigated by means of GC/MS [29]. Prior to GC and GC/
MS analyses, the sample was homogenized with water, and the
volatiles were isolated by SDE using diethyl ether as the solvent;
a total of 187 out of 196 detected components could be identified by using mass spectral information and retention indices
obtained in GC analysis.
Quantitative analyses of dairy flavors have also been performed using GC/MS, as reported by Fernández-García [30],
who applied an automatic headspace injector connected to a
GC/MS system to quantify the flavor of the Spanish artisanal
Afuega’l Pitu cheese throughout the ripening period. The standard addition method, using ethyl propionate, and camphor as
internal standards, accompanied by standard addition calibration to compensate the matrix effect, was applied to quantify 17
of the 40 compounds identified in the cheese headspace profile.
Moreover, within the concentrations used, most of the volatile
compounds presented good linearity (r > 0.99). According to
the author, the cheese aroma profile changed qualitatively and
quantitatively during the ripening period of 30 days. During the
first two ripening weeks, ethanol, diacethyl, acetoin, 2-methyl1-propanol, 3-methyl-1-butanol, and acetic acid were the major
compounds, while in the following 2 weeks, the concentration
of the ethyl esters of fatty acids, acetaldehyde, and sulfur compounds increased.

4.3.1.3 Dairy Food Flavor Analysis by Means of
Comprehensive Two-Dimensional GC
The butter flavor has been analyzed not only by GC/MS, but also
by comprehensive two-dimensional GC (GC × GC) and GC × GC
coupled with a time-of-flight mass spectrometer (GC × GC–
TOF-MS). The first approach was applied to characterize the
polar flavor compounds of that matrix, which were collected from
the aqueous fraction of butter by means of solid phase extraction (SPE), allowing the enrichment of the trace-level compounds
[31]. Moreover, fresh and heated butter were analyzed on the
polar stationary phase, and the identification and quantification
of trace-level compounds were carried out. Significant changes in
the flavor-compound pattern caused by thermal treatment could
be observed; a 500–1000-fold increased concentration of maltol
and substantial amounts of furaneol were detected.
The second technique, GC × GC, also widely applied to food
analysis, produces an orthogonal two-column separation, with

the complete sample transfer achieved by means of a modulator; the latter entraps, refocuses, and releases fractions of the GC
effluent from the first dimension (1D) onto the second dimension (2D) column, in a continuous mode. This method enables
an accurate screening of complex matrices, offering very high
resolution and enhanced detection sensitivity [32,33]. Moreover,
the two columns must possess different separation mechanisms.
A two-dimensional separation can be considered as comprehensive, if the other two conditions are appreciated [34,35], namely,
equal percentages of all the sample components pass through
both the columns and eventually reach the detector; and the resolution obtained in the first dimension is essentially maintained.
Adahchour et al. [36] applied GC × GC to analyze butter flavor using the same general setup, as in the previously mentioned
GC/MS study [31], with identical target analytes and experimental parameters (heat treatment and storage effects). The authors
aimed to compare the two methods of the analysis, monodimensional GC and GC × GC. For polar flavor compounds collected
by means of SPE, GC × GC using a polar–midpolar column set
dramatically improved the overall separation, enabling a more
reliable analysis of the target compounds, rapid recognition of
prominent classes of compounds on the basis of ordered structures, and provisional identification of a much larger number of
unknown compounds.
In addition, the headspace of the butter samples, adjacent to
the aqueous fraction, was analyzed by means of SPME. The
butter volatile headspace was satisfactorily characterized by
GC × GC. In Figure 4.1, the chromatograms of the heated grass
butter flavors extracted with two different SPME fibers are
shown. It could be observed that the Carboxen/PDMS fiber presented an increased affinity to more volatile compounds, while
the Carbowax/divinylbenzene (DVB) fiber had an affinity to the
less volatile flavors. It has to be pointed out that the complexity
of the headspace increased at higher temperatures. As can be
observed in the chromatograms, several classes of compounds,
such as aldehydes, 2-enals, alcohols, and fatty acids form ordered
structures in the GC × GC plane. For illustration, some of the
fatty acids are circled and indicated according to their carbon
number in the bottom chromatogram in Figure 4.1. The acids
detected in these samples ranged from formic (C1) to hexadecanoic (C16) acid, with dominant even-numbered carbons along
with the odd-numbered fatty acids, which are indicated in the
insert showing the GC × GC–TOF-MS ion traces m/z 60.
The improvement obtained by replacing the monodimensional GC by GC × GC was considerable in the case of TOF-MS
detection also, as illustrated by the high match factors generally
obtained during identification. The results demonstrated that
the two utilized sampling techniques are complementary; SPE
gave more detailed results on the polar part of the sample, while
SPME provided an overview of its headspace (including nonpolar analytes).
Furthermore, GC × GC–TOF-MS has also been applied to
investigate the dairy and nondairy sour cream flavors [37]. The
extracts were obtained by SAFE and cold-finger (CF) distillation, and were analyzed on a nonpolar–midpolar column set. As
expected, the authors demonstrated improved separation and
identification, and more importantly, the ng/g-level quantification was more reliably performed. Peak assignment was based
on the peak table generated by the GC–TOF-MS software after
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Figure 4.1 GC × GC-FID chromatograms of “grasboter” heated at 170°C and extracted by Carboxen/PDMS fiber (top); in the inset, the profile of the
identical sample heated at 40°C is represented. In the chromatogram of the extraction at 170°C by Carbowax/DVB fiber (bottom), the numbers 2–16 indicate carbon numbers of the circled acids. In the inset part of GC × GC-TOF-MS, ion traces m/z 60 showing both even- and odd-numbered fatty acids are
presented. (Reprinted from Adachchour, M. et al., J. Chromatogr. A, 1086, 99, 2005. With permission.)

data processing and the additional use of well-ordered patterns
in the 2D-plane; moreover, information from 2D retention times
helped in the identification of the unknowns. In Figure 4.2, fullscan GC × GC chromatograms of the nondairy (Figure 4.2a and
b) and dairy (Figure 4.2c) sour cream extracts are represented as
color plots in the elution ranges from n-octane to n-octadecane.

4.3.1.4 Odor-Activity Assessment by Means of
GC-Olfactometry
The description of a gas chromatograph modified for sniffing
its effluent to determine the volatile odor activity, was first published in 1964 by Fuller et al. [38]. The introduction and diffusion of GC-O proved to be vital for the development in the
research field of odor-active compounds, providing valuable
information on the chromatogram regions that required attention
and resources. GC-O is a unique analytical technique that associates the resolution power of capillary GC with the selectivity
and sensitivity of the human nose. Consequently, GC-O provides
not only an instrumental but also a sensorial analysis. The latter

is defined as a science responsible for the quantification of the
human responses to the stimuli perceived by the senses of sight,
smell, taste, touch, and audition [39,40]. In addition, it is worth
highlighting that the verbal expression of quality is of great
importance in sensorial analysis, as well as in GC-O, to achieve
normalized responses from the human perception. As a consequence, the development of glossaries of olfactive descriptors
adequate for each food matrix is of great importance, and most
commonly, the panels create their own list to describe the notes
of the product under investigation. However, it is important to
outline that in GC-O analysis, synergistic or suppressive effects
of different odorants present in a dairy food matrix are not considered, and the sample preparation steps may deprive some of
the characteristics of the real matrix. In general, the compounds
detected as odor active in GC-O are most likely to be significant.
However, the investigated extract could be too concentrated and
hence, may present odor active compounds in GC-O, but not in
the dairy food, or the compounds might not be odor active in
GC-O owing to an insufficient concentration of the extract, but
still contribute to the odor of the food matrix.
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Figure 4.2 GC × GC-TOF-MS chromatograms of sour-cream extracts. (a) CF distillation of a nondairy sour-cream extract with its reconstructed 1D
chromatogram (a1) and the intersection across the second dimension of the plane of the marked region (a2); (b) SAFE of the same nondairy sour-cream
extract, and (c) SAFE of a dairy sour-cream extract. (Reprinted from Adahchour, M. et al., J. Chromatogr. A, 1019, 157, 2003. With permission.)

The training of panelists, more precisely of the human noses,
and the data-handling methods began to include some of the practices commonly used in sensory testing. Over the last few decades,
GC-O has been largely used in combination with sophisticated
olfactometric methods that were developed to collect and process
the obtained data, and thus, to estimate the sensory contribution
of a single odor-active compound. The GC-O methods are commonly classified into four categories: dilution, time-intensity,
detection-frequency, and posterior-intensity methods.

Dilution analysis, the most commonly applied method, is
based on the successive dilutions of an aroma extract, until no
odor is perceived by the panelists. The dilution series of the original aroma extract are evaluated and the key odorants are ranked
in the order of potency. This procedure, usually performed by a
reduced number of assessors, is mainly represented by combined
hedonic aroma response method (CHARM) [41], developed by
Acree et al., and aroma extraction dilution analysis (AEDA), first
presented by Ullrich and Grosch [42].
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The dilution method CHARM has been applied to determine
the key odorants of ovine milk, derived from animals subjected
to distinct diets (natural pasture, grass meadow, and mixed
grain rations), investigating the effects of the diet on milk flavor [43]. The key odor notes were observed to be similar for all
the three samples, although differing in intensity. Ethyl butanoate and ethyl hexanoate were reported as potent for all the three
diet types, while heptanal, octanal, and nonanal were more relevant for the milk obtained after the mixed grain ration diet.
Compounds, such as 1-octen-3-ol, dimethylsulfone, and indole
presented higher odor potency in the milk produced by the ewes
fed with natural pasture and grass meadow.
The AEDA is the most frequently reported GC-O method
applied to dairy flavor investigations. An interesting application
was carried out on the Cheddar cheese, one of the best-studied
varieties, analyzed for the first time by means of GC-O in 1995,
when Christensen and Reineccius performed an investigation on
the odor-impact compounds present in 3-year-old cheeses [44].
The components that presented a higher impact, based on their
dilution factor, were ethyl acetate, 2-methylbutanal, 3-methylbutanal, 2,3-butanedione, α-pinene, ethyl butyrate, ethyl caproate,
1-octen-3-one, acetic acid, and methional, followed by several
acids. However, it is important to outline that according to the
authors, AEDA was not the optimal method as it did not enable
a complete determination of the volatile odor fraction that would
include the assessment of hydrogen sulfide, acetaldehyde, and
methanethiol.
Another interesting research applying AEDA was performed
on the volatile aroma fraction of the two sharp Cheddar cheeses
of British Farmhouse origin [45]. The identification of some specific flavor notes was successfully carried out, and p-cresol was
characterized to be chiefly responsible for the so-called cowresembling and phenolic note, whereas an intense soil-like odor
could be related to 2-isopropyl-3-methoxypyrazine. At a much
lower odor intensity, 2-isobutyl-3-methoxypyrazine contributed
to the earthy, bell pepper-like odor elicited by the samples. It
must be noted that the concentrations of p-cresol and 2-isopropyl-3-methoxypyrazine were lower in the core than in the rind of
the same wedge of cheese.
Furthermore, the time-intensity methods, such as OSME
(Greek word for odor), are based on the immediate recording of
the intensity as a function of time by moving the cursor of a variable resistor [46]. The OSME has been successfully applied to
the analysis of mature Cheddar cheese flavor buccal headspace
extracts, for the determination of its odor profile during human
consumption [16]. The BHA extract, briefly described in Section
4.2, was compared with that obtained by vacuum distillation by
means of OSME-based GC–MS-O investigations. However, it is
worth outlining that vacuum distillation extracts do not necessarily represent the compounds that are perceived by a person
during the eating process, while BHA extracts comprise volatile compounds that are displaced during the mastication of a
food matrix, in concentration ratios that stimulate the olfactory
epithelium. The GC–MS-O analyses and OSME, performed
by two panelists, enabled the determination of the contribution
of individual compounds to the aroma of the mature Cheddar
cheese; the time-intensity data were then analyzed using PCA,
providing the so-called principal aromagram. The analytical column’s effluent was split to the MS and sniffing port at a ratio of
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1:20, respectively, and the time-intensity data were recorded on a
module using a 100-mm unstructured line scale and a modified
computer mouse that incorporated a resistance to movement. The
modified mouse allowed the assessors to relate the perceived odor
intensity to the physical stimulus of hand pressure. According to
the principal aromagram intensity measurement, representing
the weighted average of each assessor’s time-intensity data, the
BHA extract was characterized mainly by ethyl hexanoate, ethyl
butyrate, methional, ethyl hexanoate, octanal, and dimethyl trisulfide. Furthermore, 11 unknown compounds were considered
relevant to the odor of the matrix, giving an earthy, garlic-like,
and raw mushroom contribution to the odor profile. However, by
means of vacuum distillation, a near-complete volatile extract
was obtained, which could be distinguished from the BHA
extracts by the presence of low-vapor-pressure odor-active volatile compounds. The odor potency of this fraction was mainly
characterized by the presence of methional, ethyl butyrate, ethyl
hexanoate, dimethyl trisulfide, and 3-methylbutanal. The contribution of the earthy note was likewise representative and also of
a musty one.
Another approach, the detection-frequency method [47,48],
used the number of evaluators detecting an odor-active compound in the GC effluent as a measure of its intensity. This GC-O
method was performed with a panel of numerous and untrained
evaluators; 8–10 assessors were considered as a good agreement
between low variation of the results and the analysis time. It must
be added that the results attained were not based on real intensities, and were limited by the scale of measurement. The GC-O
associated with the detection-frequency method was applied in
the investigation of yogurt flavor [49]. To extract the delicate and
low intense flavor of yogurt, mild sample isolation methods were
applied, such as combined SHS and DHS, and preparative SDE
under vacuum. Out of the 91 compounds identified by means
of GC/MS, 21 had a relevant impact on the odor of the sample.
These compounds were recorded by pressing a button during the
whole sensory impression and the square signal was recorded by
the software; each peak’s odor description was registered on a
tape. The obtained aromagrams were then averaged allowing the
odor profile comparisons, and as peak intensities were related to
the frequencies of the odor detection, the nasal impact frequency
(NIF) profile was subsequently established. In the NIF approach,
no intensity measurement was performed, and consequently,
peak intensities were not related to the compound’s odor intensity, but to their detection frequency. Commonly, peak heights
and areas were defined as NIF and surface of NIF (SNIF),
respectively. Each panelist participated in 1/n of the final results
(n stands for the number of panelists); if NIF was 100%, all n
panelists detected the odorant [48]. One of these compounds,
1-nonen-3-one, was identified by GC/MS/MS for the first time
in a food flavor. Its extremely low-odor detection threshold of
8 pg/kg, makes it one of the most potent compounds identified in
flavors and off-flavors. In addition, the authors analyzed a milk
mixture composed of skimmed milk powder and pasteurized full
fat milk, to identify whether flavor compounds are already present in the milk or are generated by the strains. The NIF profiles
of the yogurt and milk extracts are illustrated in Figures 4.3 and
4.4, respectively. By considering that the peak areas take into
account the possible minor variations of the retention for each
of the eight assessors, the SNIF values were used to compare the
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yogurt and milk aromagrams. It could be observed that the SNIF
values of several compounds, such as acetaldehyde, 2,3-butanedione, 2,3-pentanedione, methional, 2-methyltetrahydrothiophene-3-one, and (2E)-nonenal, were greatly increased by the
fermentation step.
Another GC-O technique, the posterior-intensity method [50],
proposes the measurement of a compound’s odor intensity and
its posterior scoring on a previously determined scale. This posterior registration of the perceived intensity may cause a considerable variance among the assessors. The attained results may
generally be well correlated with the results of the detectionfrequency method, and to a lesser extent, with dilution methods.
The posterior-intensity method was applied for the investigation of a characteristic nutty flavor of some Cheddar cheeses,
along with AEDA [51]. The solvent extracts and DHS sampling
of young and aged, nutty and not nutty, cheese models were
compared. The solvent extracts were analyzed on the capillary
columns of distinct polarities, while the DHS samples were
examined solely on a polar column. The DHS recovery technique enabled an optimized investigation, revealing that the
Strecker aldehydes, such as 2-methylpropanal, 2-methylbutanal,
and 3-methylbutanal, imparted a nutty note to that matrix, especially in aged cheeses. However, in Swiss-type cheese, also classified as a hard cheese, propionic acid was the key compound
considered to be responsible for the nutty note [52].
With respect to AEDA, another method known as the aroma
extract concentration analysis (AECA) [53], was developed and
applied to Camembert cheese analysis [54]. Prior to AEDA,
the extract is concentrated by distillation procedures, possibly
leading to the loss of volatiles, which may represent a shortcoming of the method. On the contrary, in the AECA, the original
volatile extract is first analyzed with GC-O analysis, which is
then concentrated stepwise by distilling off the solvent, and
subsequently, after each step, an aliquot is analyzed. The volatiles 2,3-butanedione, 1-octen-3-one, 1-octen-3-ol, β-phenethyl
acetate, 2-undecanone, δ-decalactone, butyric acid, and isovaleric acid were found to be fundamental for Camembert aroma.
An interesting aspect was the coelution of 1-octen-3-one and
1-octen-3-ol on a nonpolar stationary phase, which could be
separated on a polar phase and analyzed by AECA. The authors
assumed that the odor intensity of 1-octen-3-ol might have been
enhanced by the corresponding ketone, 1-octen-3-one, both eliciting a mushroom-like note. In addition, further GC-O analyses
carried out on the SHS sample suggested that methanethiol and
dimethyl sulfide might also play a significant role. The mushroom, floral, and garlic notes in Camembert aroma, as described
by Dumont et al. [55], were related to 1-octen-3-ol, β-phenethyl
acetate, and dimethyl sulfide, respectively.
A further method, the dynamic headspace dilution assay
(DHDA), was applied by Zehentbauer and Reineccius on a
mild Cheddar cheese variety [56]. Dilution was made through
a stepwise decrease of the purge time, starting with 30 min,
which was equivalent to a flavor dilution (FD) factor of 1, and
ending with 20 s, corresponding to FD 64. Each dilution was
sniffed by a single evaluator on three capillary columns coated
with distinct stationary phases, and the identified odorants
were then reported on at least two stationary phases. In addition to the compounds previously identified by means of GC-O
analysis of the HS samples applying AEDA [57], namely,
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methional,
2(5)-ethyl-5(2)-methyl-4-hydroxy-3(2H)-furanone
(homofuraneol), diacethyl, acetic acid, and butyric acid, by
means of DHDA, other key aroma components were identified,
such as (Z)-4-heptenal, 2-acetyl-1-pyrroline, dimethyl trisulfide,
1-octen-3-one, (Z)-1,5-octadiene-3-one, and (E)- and (Z)-2nonenal. Moreover, as supported by other authors [16,58], it was
pointed out that single volatiles eliciting characteristic Cheddar
cheese notes were not identified. Similarly, for the other cheese
types, a characteristic odor was defined by the so-called component balance theory [58], based on a wide range of parameters,
such as cheese age, microflora, biochemistry, as well as odor
extraction methods.
The choice of the GC-O method is extremely important for the
correct characterization of a matrix, as the application of different methods to an identical real sample can distinctly select and
rank the odor-active compounds according to their odor potency
and/or intensity. Commonly, detection frequency and posteriorintensity methods provide similar odor intensity/concentration
relationships, while dilution analyses investigate and attribute
odor potencies.
An example of the application of the two methods, OSME
and AEDA, was reported to estimate the most potent odors of
DHS samples [59]. The latter was carried out on both polar and
nonpolar stationary phases, while the former was performed
only on a polar stationary phase. Acetaldehyde, 2-methylpropanal, 3-methylbutanal, ethyl hexanoate, dimethyl trisulfide,
and methional were identified as intense odorants by OSME,
and were found to possess the highest FD values by AEDA.
In addition, the latter method also enabled the determination
of further potent odorants, such as ethyl butyrate, diacethyl,
DMHF, 2-methylbutanal, 2,6-dimethylpyrazine, 2-heptanone,
and 2,4-hexadienal.
An enormous number of dairy food matrices have already
been studied by means of GC-O, and were briefly reviewed by
Friedrich and Acree in 1998 [9]. In addition, Curioni and Bosset
published an overview focused on GC-O analysis of various
types of cheeses [60].

4.3.1.5 Dairy Flavor Fingerprint Acquisition
through MS
It has been demonstrated that the rapid analysis of the volatile
fraction of food products by MS is a valuable approach to classify or predict quality features, and nonseparative methods, such
as SPME–MS, DHS–MS, and SHS–MS, are useful in the acquisition of a sample’s fingerprint.
In 1999, Marsili proposed the use of SPME–MS associated
with multivariate analysis (SPME–MS-MVA) for the investigation of off-flavors in milk [61]. The system, also defined as the
mass detection-based electronic nose (e-nose), was composed of
a GC/MS instrument, in which the GC injection port was used
for the thermal desorption of the 75 μm Carboxen/PDMS SPME
fiber, and instead of an analytical column, an uncoated fused-silica
line (1 m × 0.25 mm i.d.), kept at 50°C, was used as a transfer
line to the MS system. Mass fragmentation data derived from the
unresolved milk volatile components were subjected to MVA.
The PCA based on SPME–MS-MVA permitted the classification
of the samples by the origin of off-flavors, and thus, the differentiation of the control reduced fat milk (2% butterfat content)
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samples from those affected by light, heat, copper, and microbial
contamination. The shelf-life prediction of the pasteurized and
homogenized reduced-fat milk and whole-fat chocolate milk was
also carried out by SPME–MS-MVA [62]. The SPME, using a
Carboxen/PDMS fiber, enabled the extraction of volatile bacterial metabolites from the matrices, and both the milk types were
sampled 6 times over a period of 7 months. Mass fragmentation
profiles from the unresolved milk volatile components were normalized to the intensity of the internal standard mass peak (chlorobenzene, m/z 112) and subjected to MVA. By using prediction
models based on partial least squares (PLS) regression of mass
intensity lists, the samples’ shelf-life prediction was established
to be of about 1 day (r > 0.98). Moreover, the use of two-dimensional PCA plots also made it possible to classify unpalatable
samples affected by microbial as well as nonmicrobial sources,
such as copper or sanitizer contaminations.
A similar approach was applied for the characterization
of cheeses [63], but by using a narrower transfer line, that is,
1 m × 0.10 mm i.d., heated to 210°C. Five samples of Camembert
at different stages of ripening were investigated. For data analysis, the mass fragments of each spectrum, ranging from 45 to
150 amu, were considered as potential descriptors of the composition of the headspace of the cheeses. In Figure 4.5a, the
SPME–GC/MS chromatographic profile of one of the samples is
presented, while in Figure 4.5b, the reconstituted average spectrum obtained by SPME–MS is shown; fragments of m/z 47, 62,
79, and 94 are the characteristic of compounds, such as methanethiol, dimethyl sulfide, dimethyl disulfide, and dimethyl trisulfide, respectively. The batches of investigated cheeses were then
classified on the basis of a limited number of mass fragments
selected by stepwise discriminative analysis. According to the
authors, SPME–MS provided a rapid quality control with minimized thermal, mechanical, and chemical modifications of the
matrix, thereby, reducing the risk of artifact formation.
Proton-transfer reaction-mass spectrometry (PTR-MS) is a relatively new technique, which allows fast and accurate determination

of the concentration of volatile organic compounds down to the ppt
(parts per trillion) range [64]. The PTR-MS was used along with
GC-O to deduce the volatile profile of three Grana cheeses: Grana
Padano, Parmigiano Reggiano, and Grana Trentino [65]. For
GC-O analyses, the volatile compounds were extracted by DHS,
while for PTR-MS, the headspace formed over the cheese was
directly assessed. The PTR-MS analysis revealed that 50 masses
(parent and fragment ions) gave a significant contribution, with at
least 60 compounds being tentatively identified. However, GC-O
analysis characterized 11–14 compounds being responsible for the
basic odor profile of Grana cheeses, revealing ethyl butanoate,
2-heptanone, and ethyl hexanoate, all eliciting fruity notes, as the
major contributors to the cheeses flavor. Other low-odor threshold
compounds, such as methional and 1-octen-3-one were indicated
as contributors to the characteristic flavor of the sample, although
not being detected by the FID, but by PTR-MS. Thus, the successful use of GC-O to determine the odor-active compounds of the
cheeses’ headspace was confirmed, while PTR-MS presented to
be a useful tool for the quantification of odor-active and nonactive
compounds present in the cheeses’ volatile fraction.

4.3.1.6 Electronic Nose and Tongue in Dairy
Flavor Analysis
It is well known that the flavor of dairy food is considered as
an indicator of its quality and product conformity, though flavor quality-control assessments in food industries are difficult,
owing to the lack of reliable odor-assessing instruments and the
difficulty in using sensory panels for the continuous monitoring
of a product’s odor. Since 1991, research has been conducted to
develop technologies that could detect and recognize odors and
flavors using the so-called artificial senses, whose function is to
reproduce human senses using sensor arrays and pattern-recognition systems. The first electronic system created to measure
odors was the e-nose, whose name was derived from the fact
that its main task is to mimic the human olfaction. The system
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Figure 4.5 SPME-GC/MS chromatogram of a Camembert cheese sample (extraction by Carboxen/PDMS fiber in the headspace at 20°C for 10 min) (a), and
a reconstitution of an average spectrum obtained by SPME-MS (0–55 min) (b). (Reprinted from Pérès, C. et al., Anal. Chem., 73, 1030, 2001. With permission.)
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is based on the combination of a gas-sensor array with broad
and partly overlapping selectivity patterns and multivariate
data analysis (MVDA). Nonseparative mechanisms are used to
represent a perceived odor or flavor as a global fingerprint. A
further system widely applied in food industries is the electronic tongue (e-tongue or taste sensor), based on the concepts
similar to the e-nose, but in aqueous solution. While e-noses
are related to olfaction, e-tongues are related to the sense of
taste.
Moreover, it is worthwhile to point out that several e-nose sensors have already been reported in the literature, such as metal
oxide semiconductors (MOS), conducting polymers (CPs), quartz
crystal microbalance (QCM), surface acoustic wave (SAW), and
field effect transistors (MOSFETs) [66]. The recently developed
e-nose techniques also use MS or ultrafast GC as the detection
systems. The MS-based e-noses have already been mentioned
in Section 4.3.1.5. However, e-tongues are generally based on
potentiometry or voltammetry [67].
The utilization of e-noses have been reported in the investigations of several aspects of dairy flavor, such as for the early
detection of spoilage bacteria and yeast in milk-based media
using a system composed of 14 CP sensors [68], and also for the
discrimination of three different resistant bacteria, occurring
isolated or as a mixture of all the three strains cultured in milk
utilizing an e-nose consisting of 10 MOSFETs, 5 MOS, and an
infrared-based CO2 sensor [69]. An e-nose system, composed of
12 MOS sensors, has also been implemented to monitor flavor
changes related to the maturation of Danish blue cheeses [70].
Although it is worth highlighting that the ripening process could
be successfully monitored, this system presented some limitations in the determination of the cheeses’ maturity stage owing to
the similar flavor profile observed for 2- and 4-week-old cheeses.
A similar investigation was performed by the same research
group, but using a system equipped with 14 CP sensors [71]. In
the latter work, the authors were able to classify the ripening age
of the products from different units, as well as different products
from the same unit. Furthermore, the infant milk-powder formulas, English Cheddar cheese, pasteurized whole milk, and butter
were also subjected to e-nose studies [72]. The use of e-noses in
dairy flavor analysis has been extensively reviewed by Ampuero
and Bosset in 2003 [73].
The utilization of e-tongues in diary products analysis is not
often reported, mainly owing to the harsh conditions of the
industrial processes, especially cleaning procedures and the
large material restrictions in the dairy industry. Taking the latter
aspect into consideration, Winquist et al. [67] described a voltammetric e-tongue, specially designed to monitor the sources of raw
milk coming to an industrial dairy process, as well as the cleaning process. The e-tongue consisted of four working electrodes
made of gold, platinum, rhodium, and stainless steel, embedded
in polyetheretherketone (PEEK™) and mounted in a housing of
stainless steel, which was inserted in the process line for direct
online measurements. An e-tongue based on pulsed voltammetry was also applied in the study of milk-quality deterioration
owing to microbial growth during storage at room temperature
[74]. The system consisted of a reference, auxiliary, and working
electrodes; the latter was represented by five wires of different
metals (gold, iridium, palladium, platinum, and rhodium). The
data obtained were examined with PCA and the deterioration
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process could be clearly observed; moreover, prediction models
could be prepared by using projections to the latent structure and
artificial neural networks.

4.3.2 Sensorial Dairy Flavor Analysis
As previously defined in Section 4.3.1.4, sensorial analysis uses
panels of human subjects to evaluate a material or product. In
general, sensory testing may be divided into two categories:
hedonic and analytical tests. Hedonic tests are designed to assess
the effect caused by the material or product under investigation,
such as pleasant or unpleasant, determining consumers’ preferences. Therefore, these tests are carried out using a large number
of untrained panelists, selected to be the representative of the
population as a whole. However, analytical tests preferentially
use smaller panels composed of specially selected and trained
evaluators, and can be divided into discriminative and descriptive tests. The former are designated to determine whether a perceptible sensory difference exists between the samples as well
as to find the thresholds and sensitivity, while the latter are performed to describe a material or product in terms of a number of
predetermined descriptors.
All the methods were carried out using an extensively trained
panel to ensure that the descriptors in use are well understood
and the quantitative score of the samples against different
descriptors is reliable. The distinct classes of analytical tests
aim to address different questions, and in all cases, it is necessary to carefully select the individual panel members, ensuring
appropriate sensitivity to a wide range of odorant types and normalized responses.

4.3.2.1 Odor-Activity Value Determination
The screening of significant odorants in food samples has been
extensively studied not only by means of GC-O dilution methods but also through the odor-activity value (OAV) concept. As
previously described in Section 4.3.1.4, in dilution methods, the
identified key odorants are ranked in the order of potency, and
the highest dilution at which a substance is sniffed is represented
by its FD value. The latter value is considered as proportional
to the OAV evaluated in air [75]. Both the methodologies are
applied for the determination of the flavor compounds that most
likely contribute to the overall odor of a food.
In 1957, Patton and Josephson first proposed an estimation of
the importance of a flavor chemical in a food, based on the ratio
of its concentration in that food to its threshold concentration in
that same matrix [76]. Based on this approach, in 1963, Rothe
and Thomas derived the OAVs to better correlate the concentration of an odorant with its detection threshold value [77], defined
as the lowest concentration or intensity that is perceived by the
panelist [75]. Some flavor chemicals may present an increased
intensity in odor activity according to a proportional increment
of their concentration, while with regard to others, the change in
intensity may be the opposite or just less marked. The theoretical intensity of an odorant under any specific set of conditions
could be roughly expressed in terms of its OAV, also denoted
as odor value, odor unit, flavor unit, and aroma value. However,
the difficult and time-consuming determination of threshold
values, which vary among and within the panelists [78], caused
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controversies related to the use of OAVs as indicators of the percent contribution to the overall intensity of a sample.
In addition, the synergistic or suppressive effects of different
odorants in a food matrix are not considered in OAV determinations and GC-O analysis. The sample preparation steps may
deprive the real food matrix of some of its characteristics. As
previously mentioned, the compounds detected as odor active
by means of GC-O are most likely to be significant. However,
the investigated extract may be too concentrated and hence, may
present odor active compounds in GC-O, but not in the food sample. On the contrary, it is also true that some compounds might
not be odor-active in GC-O owing to an insufficient concentration in the extract, but may still contribute to the overall odor of
the food matrix.
Recombined model systems are commonly applied in dairy
flavor investigations to study and evaluate sample’s characteristics or to confirm the instrumental results. In this respect, model
systems for a specific food sample are commonly prepared based
on the combination of previously achieved AEDA or CHARM
values, and/or OAVs.
Odorants showing higher values are used to formulate the
recombined model, which is then compared with the real food
product for similarity or difference. The preparation of such
models is simple for liquid food matrices, attaining a homogeneous blend of odorants, and satisfactory results were observed
in the study of sour cream butter flavor [78]. However, difficulties
arise in the preparation of models for solid foods, as it is not simple to simulate the composition and structure of the nonvolatile
fraction of the food and imitate their odorant’s distribution. We
can overcome this limitation by using suitable inert alternative
bases, such as cellulose or sunflower oil.
In omission experiments, however, a recombined model system is prepared, in which one or more odorants are omitted. In
such experiments, the panelists are asked to perform discriminative tests to compare the reduced model with the complete one,
and indicate the perceived sensorial differences [79].
Milo and Reineccius [57] investigated and quantified the chemicals responsible for the flavor of regular-fat and low-fat Cheddar
cheeses through GC-O analysis of their SHS. The gas chromatograph was connected to a purge-and-trap system, and equipped
with a nonpolar column. The AEDA was also carried out on a
cheese-flavor fraction isolated by high-vacuum distillation. The
latter analyses were performed on three stationary phases of distinct polarities. Two panelists performed AEDA, and subsequently,
the OAVs of the odorants described as potent were calculated on
the basis of quantitative data and on sensory thresholds in oil and
water. The authors suggested that acetic acid, butyric acid, methional, diacethyl, and homofuraneol were primarily responsible for
the pleasant mild aroma of Cheddar cheese. In addition, highly
volatile sulfur compounds, such as methanethiol and dimethyl
sulfide, contributed significantly to the flavor. Furthermore, the
meaty, brothy off-flavor of low-fat Cheddar was related to the high
concentrations of methional, DMHF, and mainly, homofuraneol.
The higher water content in low-fat cheese, combined with a possible increased microbial activity, was assumed to be the reason
for the elevated concentrations of the latter compounds. However,
a combination of methanethiol and decanoic acid or butanoic acid
in all cheeses gave a better correlation with Cheddar flavor than
methanethiol alone [80].

4.3.2.2 Analytical Sensory Tests
Analytical sensory tests, either discriminative or descriptive,
are widely used in dairy flavor analysis. By definition, discriminative tests are applied to determine whether a perceptible sensory difference exists among the samples, and also to establish
the thresholds and sensitivity. These tests are classified as paired
comparison (or duo test), triangle, and duo–trio test. However,
in descriptive tests, the lists of descriptors are adopted, which
can be quite extensive, and therefore, a more accurate training of the panel is required to ensure that the descriptions are
well understood, and the samples are reliably and quantitatively
scored. The descriptive tests can be divided into flavor profile
method (FPM), quantitative descriptive analysis (QDA), and the
Spectrum™ method.
The simplest type of discriminative test, the paired comparison test, has been conducted in the evaluation of vanilla-flavored
ice creams, to establish a relationship between perceived difference and expressed preference [81]. In this test, two ice cream
samples were presented to the evaluators and asked whether they
preferred one or the other, or did not have any preference. The
results were tentatively used to establish when a perceived difference might start translating into a change with regard to the
acceptability of the original product, and possibly predict the
consumers’ perceptions from an in-house semitrained or trained
panel, reducing the time duration and the relatively high-cost
consumer testing.
Triangle tests have been reported in the study of Camembert
cheese flavor [82]. In triangle tests, the panelists assess three
samples, two of which are identical, and are asked to select the
odd sample. First, the Camembert cheese samples were screened
to establish the flavor compounds, subdivided into groups,
which contribute to the sample’s odor and taste. Subsequently,
the intensities of various combinations of the groups were determined in the triangle tests, to identify the groups that contributed
to the flavor of Camembert. The three groups described as salty,
monosodium glutamate like, and bitter were rated as very strong,
while the amino acid groups defined as sweet and bitter were not
found to contribute to the cheese’s taste. This test has also been
applied to evaluate the effect of lipases on the flavor of ultra heat
treatment (UHT) milk [83]. However, in this case, the panelists
were asked not only to indicate the sample that differed from the
rest, but also to indicate when a rancid flavor was present. The
results showed that added lipase had a pronounced effect on the
development of rancid flavor.
In the duo–trio tests, a standard sample was presented to the
panel, to compare it with the two unknown samples; one of the
unknowns being identical to the standard. The panelists were
asked to identify which unknown matched the standard. This
test has been used in the evaluation of Cottage cheese samples
treated with 0.025%–0.20% of potassium sorbate against a standard sample of untreated Cottage cheese [84]. For shelf-life evaluations, the samples were stored at 4°C or 7°C. The minimum
level of potassium sorbate detected by the panel was 0.10%. With
regard to the shelf life of cheeses, the results suggest that concentrations of potassium sorbate of 0.05%–0.10% by weight can
be used advantageously to increase the shelf life of commercial
Cottage cheese. These quantities of potassium sorbate retarded
the growth of bacteria responsible for the fruity and putrid odors,
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slime in Cottage cheese at refrigeration temperatures, as well as
bacteria capable of producing sourness and molds.
The descriptive tests, either FPM or QDA, used a carefully
selected and extensively trained panel to eliminate biological variations between the individual panelists. The FPM was
developed in the 1950s, and is the first published descriptive sensory technique. Later, in the 1970s, QDA and the Spectrum™
descriptive analysis methods [40] were proposed. The latter
methods differ from the FPM in that they were developed to use
the measurements determined by individual panelists and generate a panel average. However, in the FPM, a group consensus
profile is generated. Moreover, FPM generally uses fewer panelists than the other two methods.
The FPM and its many derivatives have been successfully
applied to dairy food analysis, for example, in the evaluation of
the optimal level of Lactobacillus bulgaricus to be added to milk
to produce a Swiss cheese with more intense flavors, considered
as desirable by the panel [85]. In another study, FPM was used
in the evaluation of fruit-flavored dairy products, such as strawberry-blended yogurts and apricot-flavored fresh cheeses [86].
The FPM was compared with a recently developed technique
known as Flash profile [87], which is based on the combination of free-choice profiling and a comparative evaluation of the
whole product set. Analyses were performed using a panel comprising 10 evaluators, extensively trained for the evaluation of
fruit flavor in blended fruit yogurt for 25–80 h. Both the fruityflavored dairy products had their flavor profile slightly more discriminated by the Flash profile.
Among the most widely applied descriptive tests is QDA, considered as one of the most important tools to study a sample’s
flavor, appearance, and texture. An example worth mentioning is
the descriptive flavor analysis of two different Ragusano cheeses
(pasture fed and total mixed ration fed) [88]. The analyses were
carried out by a panel comprising 12 evaluators, with a glossary
of descriptors generated over several training sessions and a score
scale ranging from 1 to 15. The panelists were asked to rate the
relative intensities of four different classes of attributes (aroma,
taste and chemesthetic, consistency, and mouth structure). All
data were subjected to PCA, and the significant differences in
the sensory and chemical analyses could be observed between
the cheeses. A further noteworthy application of QDA was performed in correlation with the PTR-MS spectral fingerprint for
the characterization of Grana Trentino cheeses [89]. QDA was
performed by eight panelists, trained with a glossary of descriptors containing 30 attributes, though only six related to odors and
six to flavors were taken into consideration during the analyses.
QDA and PTR-MS data correlation was made through multivariate calibration capable of modeling and predicting the sensory
intensity of many sensory attributes. In conclusion, it is indicated
that the information contained in PTR-MS spectra is sufficient
to foresee the value of several QDA attributes and the variability
of the overall flavor profile. Moreover, the authors highlighted
that the correlation between the chemical indication and sensory
data is not a causality, as it is known that more than one volatile
compound contributes to the overall perceived complex cheese
flavor, and not every measured peak necessarily corresponds to
a sensory effect.
The other descriptive test, the Spectrum method, was applied
to study the flavor of fresh Chevre-style goat cheese [90]. First, the
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sensory descriptive evaluation was carried out by seven trained
panelists. The cheeses were 2 cm2 cubes with three-digit codes,
and during evaluation, the panelists had free access to water and
unsalted crackers. Flavor and taste intensities were scaled using
a 10-point intensity scale, and each cheese sample was evaluated
in duplicate. The model system sensory evaluation was then performed to investigate the impact of selected acidic compounds on
waxy/animal note of Chevre-style goat cheeses. Based on GC-O
and quantification data, hexanoic, octanoic, decanoic, 4-methyl
octanoic, and 4-ethyl octanoic acids were selected for the model
system analysis. In the first step, these compounds were screened
in an unripened cheese system (4% milk fat cottage cheese), then
hexanoic acid was added, contributing to a sour, sweaty odor,
and was not considered further. However, octanoic, decanoic,
4-methyl octanoic, and 4-ethyl octanoic acids contributed to
waxy, animal, and soapy notes, and were included in the subsequent flavor evaluations. Moreover, the panelists established that
a combination of 4-methyl and 4-ethyl octanoic acids at 143 and
187 ppb, respectively, gave the highest similarity to goat cheese,
with a 9.5 on the 10-point scale, and that the octanoic and decanoic acids probably contributed to the waxy, animal note as well,
but to a lesser degree than the branched-chain fatty acids.

4.4 Characterization of Off-Flavors
As previously mentioned, the main sensory attributes to be considered in the assessment of a dairy product are appearance, flavor, and texture, and these may vary in relation to the presence
or absence of predetermined defects. It is obvious, therefore, that
the dairy industry has acquired a broad knowledge on sensory
defects, including their causes and consequences.
Off-flavors are widely defined as an unpleasant odor or taste
imparted to a food sample through internal deteriorative change,
while taints are imparted through external sources [91]. GC-O
is a valuable technique to exploit off-flavors. Rychlik and Bosset
[92] applied AEDA to investigate the origin of a potato-like flavor defect that was being observed in the Swiss Gruyère cheese
produced by a Swiss village factory. The typical odor of that wellstudied hard cheese could be attributed to a series of compounds,
such as 2-methylbutanal, 3-methylbutanal, methional, dimethyl
trisulfide, phenylacetaldehyde, 2-ethyl-3,5-dimethylpyrazine,
2,3-diethyl-5-methylpyrazine, methanethiol, as well as a variety
of acids. The weak potato-like off-flavor could be detected, but the
responsible compound was not identified. In another work carried
out by the same researchers, the origin of this flavor defect was
further investigated [93]. Methanethiol that exhibited the highest OAV in the sample was considered as a possible contributor.
Moreover, methional was shown to have a significant impact on
the potato-like flavor of the Gruyère cheese investigated. In addition, it could be observed that methional enhances the sweaty odor
of 2-methyl butyric acid, 3-methyl butyric acid, and butyric acid,
and masks the malty odor of 2-methylbutanal and 3-methylbutanal. It is interesting to highlight that cheese loaves produced in
that cheese factory were subjected to different ripening schemes to
identify whether the defect could be related to ripening conditions
or brine application. Finally, the brine and the brine bath were
replaced and the defect no longer occurred. In this case, the defect,
previously defined as an off-flavor, was observed to be a taint.
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Another curious off-flavor was the floral, rosy note identified
in Cheddar cheese [94], which can be classified as an unclean
off-flavor. The GC-O technique along with AEDA was applied,
using both the polar and nonpolar capillary columns, and phenylacetaldehyde and phenylacetic acid from the catabolism of
aromatic amino acids were reported to be responsible for that
undesired note. The latter has also been previously reported in
Camembert cheese [54].
The development of off-flavors in butter is a well-studied topic.
Badings [95] detected a fishy off-flavor in a cold-stored butter
sample. The defect was attributed to the presence of 1-octen-3one, (Z)-4-heptenal, (E,Z)-2,6-nonadienal, hexanal, and (E)-2nonenal, which presented high OAVs. However, Swoboba and
Peers [96] indicated (Z)-1,5-octadien-3-one, formed by coppercatalyzed oxidation of butterfat, as a key contributor to a metallic odor defect in stored butterfat. Moreover, phospholipids
were suggested as precursors in the formation of this metallic
off-flavor in butter [97]. With regard to buttermilk odor, its typical mild, sweet–buttery odor is not stable, and during storage, a
metallic off-flavor may also be generated, though little is known
about the compounds causing this defect. A comparison was
made between the impact of odor-active compounds present in
fresh, fermented sweet cream buttermilk and sour cream buttermilk, on the basis of AEDA results [98]. The latter sample
presented a metallic odor note, which was formed after a storage
period of 4 days at 8°C. In the sweet cream buttermilk sample,
13 compounds revealed to be key odor compounds, and out of
these, nine appeared with significantly higher FD factors in the
sour cream buttermilk, and the increase in FD factors of (E,Z)2,6-nonadienol and the epoxyaldehydes 4,5-epoxy-(E)-2-decenal
and 4,5-epoxy-(E)-2-undecenal, was considered to be the cause
of the metallic off-odor developed in sour cream buttermilk.
Furthermore, Mounchilli et al. [99] investigated the flavor of
five milk samples (four off-flavored and one of good flavor quality), extracting the volatiles by HS-SPME and analyzing by GC/
MS and GC-O. The composition of all the samples revealed to
be nearly identical, differing in the concentration levels; the profile of odor-active compounds of all the four off-flavored samples
was identical to those of the good-quality milk. Olfactometric
analyses supported the hypothesis that off-flavors were probably
caused by the concentration differences of a common subset of
compounds, rather than from the absence or presence of specific
compounds. Further, milk off-flavors worth mentioning are those
caused by volatile fatty acids (VFAs) generated as metabolites
by the growth of lipolytic psychrotrophic bacteria [61], and the
fruity off-flavor related to ppm-level concentrations of ethyl
butyrate and ethyl hexanoate [100].
It must be noted that owing to the wide variety of substances
belonging to several chemical classes, fresh milk flavor is an
effective vehicle for off-flavors. The lability of some of the components triggers the immediate generation of flavor compounds
by hydrolysis and oxidation, and also by enzymatic and microbial activities [101].

4.5 General Considerations on Dairy Flavor
As described in this chapter, numerous methodologies may be
applied to dairy flavor investigation. Many isolation techniques

have been developed to yield a product that is representative of
the sample, promoting quality improvement of the obtained flavor profiles.
Several instrumental techniques may be utilized, and particularly, GC has evolved into a dominant analysis method providing the greatest resolving power for most of the dairy volatiles.
The introduction of GC/MS technique that enables the characterization of structural compounds, and GC-O that permits the
differentiation of a multitude of volatiles into odor- and nonodoractive ones, also marked a real turning point in the study of these
volatile molecules. The application of MS to dairy food also contributed greatly toward the progress of the knowledge on those
flavors being applied for fingerprint acquisition or as MS-based
e-noses. Electronic sensors, such as e-noses and e-tongues, utilized for quality-control purposes also enabled the determination
of sensory attributes associated with processing variables.
The application of sensorial analysis tests to dairy matrices
also represents a breakthrough in the dairy flavor research, acting as a powerful tool for understanding the appearance, flavor,
and texture attributes of dairy products, and capable of guiding
the consumer’s preference.
Moreover, the continuous need to understand the flavor developments owing to heat treatments, storage modalities, fermentation processes, hydrolysis and oxidation reactions, as well as
enzymatic and microbial activities has triggered the analytical
and sensorial investigations of dairy matrices.
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5.1 Introduction and Evolution
Sensory evaluation is a scientific discipline used to
evoke, measure, analyse and interpret reactions to
those characteristics of food and materials as they are
perceived by the senses of sight, smell, taste, touch and
hearing.
IFT 1975

Unlike calibrated machines, humans, as measuring instruments,
are quite variable over time, variable among themselves, and
very susceptible to bias or attention drift (Meilgaard et al. 2007).
Moreover, response to a stimulus is likely affected by other
stimuli in the environment and by previous similar experiences.
However, in spite of these limitations, measurement of human
sensory perception is necessary. Considering the importance of
sensory perception in food selection, product developers, food

scientists, and sensory scientists need to understand how food
products are perceived (see Chapter 6 for a detailed discussion
on human multisensory perception). At the end of the day, a
product’s success in the market is determined by how consumers
actually perceive it. Consequently, a variety of standardized sensory testing methods have been developed to be able to measure
human perception of food products. By controlling the experimental procedure and the conditions in which the test is performed, human perception can be objectively measured (Eggert
and Zook 2008).
Sensory tests can be mainly classified as being either analytical tests, or affective tests (also called consumer tests). Analytical
tests are used to evaluate the product samples in terms of differences or similarities and to identify and quantify certain sensory
characteristics. Traditionally, for these types of tests, experienced
or trained panels are used, but in recent years, new methodologies have been developed that have changed this notion, as it will
be discussed in detail below. Analytical tests can be divided into
65
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two categories: discriminative and descriptive. The first type aims
at evaluating product samples in terms of similarities and differences, whereas the second identifies and quantifies the products’
sensory characteristics. In contrast, affective tests are used to
evaluate consumer preference or acceptance of the set of products,
that is, how much they like them. In practice, depending on the
specific aims of the study, these techniques can be used in combination. Traditionally trained panelists act as human calibrated
instruments measuring the sensory characteristics of products,
and a representative number of consumers provide hedonic measures. However, as will be discussed later, owing to the emergence
of new techniques that enable consumers to provide sensory data,
the division of abilities and actions between experts or trained
panels and naïve consumers in sensory tests is becoming blurry.
Next, an overview of the analytical techniques (discriminative
and descriptive) will be provided, and following that, those methods that take into account consumers’ hedonic appraisal will be
briefly described (since it is beyond the scope of this chapter).

5.2 Discriminative Methods
Discriminative tests have been widely used in the industry and can
be used to address a variety of objectives. For instance, researchers in a company might want to assess whether changing an ingredient for a cheaper alternative changes the sensory characteristics
of the original product (in the hope that the substitution is not
perceptibly different). In this type of situation, the difference (or
similarity) between products can be assessed for the product overall or for a specific attribute. There are two types of discriminative
methods: difference tests, which measure whether the samples
are perceived as different at a predetermined level of statistical
probability (usually 5%); and sensitivity tests, which measure the
subjects’ ability to detect sensory characteristics. In this section,
we only provide a quick overview of the difference tests (for a
detailed description of difference tests and statistical analyses, the
interested reader is referred to classic sensory evaluation books,
such as Meilgaard et al. 2007; Lawless and Heymann 2010).
There are several difference tests that can be classified in a
variety of ways; however, they will be divided based on whether
the difference between the samples is global (e.g., differencepaired comparison, triangle, duo–trio, and tetrad) or whether
they differ in terms of a specific sensory attribute (e.g., 2-AFC,
3-AFC, n-AFC, and ranking).
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Figure 5.1 Example of a triangle test ballot. Carol tested three samples
and found 892 to be the different one.

different, whose position is systematically rotated in a balanced
way across the panelists. The panelists are usually asked which
sample is the odd sample (Figure 5.1); so, the probability of
guessing correctly the odd one when there is no perceptible difference is 1/3. According to the number of panelists that correctly
identify the odd sample, and using a binomial test, the researcher
can determine whether the two samples are perceivably different. It is important to highlight that, at the end, the sensory scientist will know which sample is perceptibly different, but will not
know exactly in which attribute/s it differed.

5.2.1.2 Duo–Trio
In the duo–trio test, the panelist is also given three samples, two
coded ones and one reference sample. One of the coded samples
is identical to the reference. The panelist is asked to indicate
which of the two coded samples is the same as the reference.
Sometimes, the reference sample (normally given in the first
place) is kept constant (for all panelists, the reference is identical
to the same sample), and in other occasions, it is balanced (the
reference is identical to one sample for half of the panelists and
identical to the other sample for the other half). Since the chance
of obtaining the correct result by guessing (when samples are
not perceivable different) is 1 out of 2, this test is considered to
be less efficient than the triangle test (Meilgaard et al. 2007).
As in the triangle test, according to the number of panelists who
correctly identify the sample identical to the reference and using
a binomial test, the researcher can determine whether the two
samples are perceivably different.

5.2.1 Overall Difference Tests

5.2.1.3 Tetrad

The idea of these tests is to determine whether two samples are
different or not. During the tests, subjects are presented with a
group of samples (usually 2–3, sometimes 4 or 5) presented following a predefined design, and they are asked to indicate which
one/s is/are the different one/s of the group, or which one is the
same to a given reference. Next, the triangle, the duo–trio, and
the tetrad tests will be described.

The tetrad test is a relatively young method (Delwiche and
O’Mahony 1996; Ennis et al. 1998) in which subjects are presented with four samples—two groups of two identical samples.
Subjects are then instructed to group the four samples into two
groups of two based on similarity. Although this method and the
triangle test share many similarities (both methodologies have
guessing probability of 1/3 and neither methodology requires
specification of an attribute), it has become increasingly apparent
(Ennis 2012; Ennis and Jesionka 2011; Garcia et al. 2012) that
the tetrad test has the potential to detect differences more reliably
and with smaller sample sizes than the triangle test. However,
the fact that the tetrad test requires the evaluation of a fourth

5.2.1.1 Triangle
In the triangle test, three coded samples are presented simultaneously to the panelists, two samples are identical, and one is
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stimulus raises concerns about a decreased panelist performance
due to fatigue, adaptation, and memory effects.

5.2.2 Attribute Difference Tests
Attribute difference tests are similar in procedure to the ones
described above, except for the fact that the reason of the difference is given by the experimenter, and so, the panelists have to
focus only on that attribute when evaluating samples.

5.2.2.1 2-AFC, 3-AFC, and n-AFC (Alternative Forced
Choice Tests)
In these tests, panelists are presented with two, three, or n samples, simultaneously, and are usually asked to indicate which
of the samples has the higher intensity in a specified attribute.
The 2-AFC is a directional paired comparison test (Lawless and
Heymann 2010); so, instead of being asked whether the pair of
samples is different or the same, panelists are asked which of
the two samples is more intense in a specific attribute (sweet,
for example). Similarly, the 3-AFC is the “directional” triangle
method; so, here two samples are identical and another differs
(or should differ, ideally) only in the attribute being assessed (see
Figure 5.2).
Hopefully, this quick overview has provided the reader with a
general idea of the main different tests used in sensory science
to differentiate samples. Regarding the data analyses, basically,
the proportion of correct responses is compared to the guessing
probability to be able to determine whether the difference is significant at a certain level of α risk (usually 5%). As it has been
mentioned, the major weakness of all discrimination tests is that
they do not indicate the magnitude of the sensory difference(s)
between the samples. These tests are not designed to provide
information on the magnitude of a sensory difference, but only
to provide information about whether there is or not a perceptible
sensory difference. There are methods for interval-level scaling
of sensory differences based on proportions of correct discriminations in these tests (such as Thurstonian scaling methods), but
they are methodologically and mathematically complex and are
beyond the scope of this chapter (see Lee and O’Mahony 2007
for an excellent review). Descriptive techniques, the other type
of analytical method, do provide qualitative and quantitative
measures of sensory characteristics. In the following section, the
major approaches of descriptive techniques will be reviewed.

Figure 5.2 Example of a 3-AFC score sheet. In this test, Carol finds
sample 675 sweeter than the other two samples.

5.3 Methods for Sensory Description
Sensory description is one of the most robust, sophisticated, and
widely used methods in sensory science (Stone and Sidel 2004).
Its objective is to generate a thorough qualitative and quantitative
description of the sensory aspects of food products, allowing the
characterization of the similarities and differences among a set
of products (Lawless and Heymann 2010). Sensory description
has been commonly applied in the food industry since a very
long time (Stone and Sidel 2004; Meilgaard et al. 2007). It has
been used for a wide range of applications, such as supporting
new product development, tracking of changes in formulation
or production processes, understanding the changes in composition or structural characteristics that determine certain sensory
characteristics, estimating sensory shelf life, correlating sensory
characteristics and physical or chemical measurements, as well
as monitoring products in quality control programs.
Over the past 50 years, a number of methods have been
developed and classically used for sensory description. These
are known as descriptive techniques, and include the Flavour
Profile® (Cairncross and Sjostrom 1950; Caul 1957), the Texture
Profile® (Brandt et al. 1963; Civille and Liska 1975), Quantitative
Descriptive Analysis® (QDA) (Stone et al. 1974; Stone and Sidel
2004), and Spectrum™ (Civille and Lyon 1996; Muñoz and
Civille 1998).
Each method has a different approach; however, describing
each and every one of them is beyond the scope of this chapter. Nowadays, it is a common practice to use generic descriptive analysis, which consists of an adaptation and combination of
the basic features of Spectrum and QDA (Lawless and Heymann
2010) to suit the particular goals of the project. It should be performed with a selected and trained assessor panel and involves
three basic steps: (i) descriptor generation, (ii) assessor training,
and (iii) evaluation of samples.
Descriptive analysis should be performed with a panel of
8–20 trained assessors; 8–12 being the usual number (Lawless
and Heymann 2010). Although some authors have recommended
extensive screening procedures to select the assessors (Bárcenas
et al. 2000), other authors stress that screening should be kept
relatively simple (Nachtsheim et al. 2012) as long as assessors
are able to accurately discriminate between similar samples and/
or are able to identify particular sensory attributes. Assessors are
usually selected for having sensory capabilities above the average, and could be screened for competence in the specific task
needed for the characterization. For instance, during a selection
of assessors for sensory characterization of red wine, assessors
could be screened for bitterness sensitivity. It is equally important to ensure that assessors are motivated and interested in joining the trained assessor panel, as well as to keep the motivation
throughout the whole process to ensure a good performance.
After the assessors are selected, the main attributes that
describe the products’ sensory characteristics have to be outlined by generating a complete list of descriptors. Usually, assessors are presented with a wide range of products that represent
the perceptual space of interest, and are asked to individually
generate a list of attributes that describe the differences among
the samples. It is important to make them clear at this stage that
the attributes should be well understood, easily described, and
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evaluated, and that they cannot include attributes with hedonic
connotation (e.g., disgusting). Alternatively, assessors could be
given a list of all the possible attributes that describe the product
category and could be asked to select all the appropriate attributes (checklist method). Then, by open discussion with the
panel leader, the assessors agree on the attributes to be evaluated
(Lawless and Heymann 2010).
Once the attributes have been selected, the evaluation technique should be clearly defined and references should be selected
to help the assessors identify and quantify each sensory attribute
(Rainey 1986). The panel has to be trained to use a common
frame of reference that defines product attributes and their intensity (the reference points that assessors mentally refer to when
assessing products); this is generally accomplished by exposing
them to the range of products in the category of interest (Muñoz
and Civille 1998; Murray et al. 2001). Trained assessors acquire a
common qualitative and quantitative frame of reference throughout the training process, being able to use a standard language
to describe sensory concepts and leaving behind their own reference frame, determined by their personal experiences. At this
stage, it should be reinforced that they are evaluating products in
the context of all those products tested during the term generation and concept formation sessions (Murray et al. 2001). For this
purpose, the use of both quantitative and qualitative reference
standards is recommended to achieve concept alignment in sensory panels (Civille and Lawless 1986; Rainey 1986; Murray and
Delahunty 2000; Meilgaard et al. 2007). Reference standards
could be “any chemical, ingredient, spice, or product” (Rainey
1986). These include nonfood-related materials, which exemplify the objective sensory stimuli, such as using printed color
charts, textiles for manual texture definition, the use of nonfood
materials as tobacco leaves for “tobacco aroma” in wine, grass
for “grassy,” or chemicals as diacetyl for “buttery.” The use of
other foods not related to the tested category is also common; for
example, during an evaluation of a set of biscuits, one could use
the sound of potato chips to convey to the panelists the crispy
perception and the sound of almonds to explain the crunchy attribute (Laguna et al. 2013). This part of the training should be as
extensive as needed to reach a panel alignment and a thorough
understanding of all the attributes being measured.
After the attributes have been generated and the panel has been
aligned, assessors should be trained in attribute recognition and
quantification (Stone and Sidel 2004). Usually, attribute intensity
is quantified using 10 or 15 cm unstructured line scales anchored
with words such as “slight” and “intense” or “low” to “high” at
the extremes, usually called “anchors” (Figure 5.3). The use of
more than two anchors would tend to reduce the line scale to
a category (or partitioned) scale, which may not be necessarily
desired. When evaluating a product, assessors should place a
mark along the line scale considering that the distance from the
left extreme of the line to the mark corresponds to the intensity
of the attribute being evaluated. Some descriptive methods such

Slight
Figure 5.3
intensity.

Intense

Example of an unstructured scale for evaluating attribute

as Spectrum utilize references on the scale, using food reference
samples. In this case, the intensity scales are “absolute,” having an equi-intensity across scales; furthermore, absolute calibration is possible for most attributes, which makes Spectrum
a good method to compare between different trained panels.
However, note that the training is much more intensive in this
case than in other descriptive methods (Lawless and Heymann
2010). In generic descriptive analysis, scales are not necessarily referenced, although reference marks could also be provided
in some cases if needed, for example, using references for the
anchor points. Then, the marks on the different scales are usually converted into numbers by measuring their position from the
left extreme (using a ruler for paper-and-pencil-based questionnaires, or directly calculated if the ratings are entered by means
of a computer software).
During successive training sessions, assessors are presented
with different sample sets and are asked to quantify the intensity
of the selected attributes. These sets should vary in intensity and
difference levels between samples, starting from clearly different
samples (i.e., easily quantifiable differences), ranging to sample
sets whose differences are more difficult to assess. Training
continues until the panel is capable of providing reliable information about the sensory characteristics of the products (valid
and reproducible). The end of the training is determined by the
evaluation of the individual performance of each assessor, as
well as the performance of the entire group (Labbe et al. 2004).
At this stage, all the assessors should be able to consistently rate
the intensity of all the attributes, to discriminate between products, and to evaluate them, on average, as the rest of the trained
panel (Mandel 1991). Panel performance is evaluated taking into
account individual and global repeatability, reproducibility, and
discrimination ability (Bi 2003) by using analysis of variance
and multivariate statistical techniques (Brockhoff 1998; Latreille
et al. 2006; Dahl et al. 2008; Derks 2010).
The training would normally last from 10 to 120 h, depending
on the complexity of the products and the number of attributes
selected to characterize the products (Dairou and Sieffermann
2002; Meilgaard et al. 2007). After assessors have been trained,
they can start evaluating samples, which are usually performed
in duplicate or triplicate (Lawless and Heymann 2010). Data
from descriptive analysis are statistically analyzed using univariate and multivariate techniques and are usually graphically
represented. Data analysis is usually performed by averaging intensity data across panelists and replicates using analysis
of variance (Derks 2010). For each sample, information about
the average intensity of all the evaluated sensory attributes is
obtained as well as information about the relative differences
among samples (Lawless and Heymann 2010). It is important to
take into account that average attribute intensities for the evaluated samples are relative, since they are related to the references
used during panel training. As mentioned earlier, in the case of
the Spectrum method, intensities would be absolute, because of
the referenced scale lines.
To show graphically the sensory profile of the samples, usually, the data are represented in spider graphs or two-dimensional
plots from principal component analysis (PCA). A spider graph
(Figure 5.4a) consists of a series of radial axes that represent the
sensory attributes evaluated by the trained panel, and the average
intensity of each sample for a given attribute is represented by the
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Figure 5.4 (a) Example of a spider graph showing average values for a series of attributes of vanilla milk desserts evaluated by a trained panel using
descriptive analysis. (b) PCA biplot representation of the results from descriptive analysis of the same eight vanilla milk desserts.

distance from the center of the graph. Spider plots could be very
helpful to understand the differences in sensory profiles between
pairs of samples or small groups of samples, as the plot displays
the intensities of all the attributes, which makes it easy to compare the samples. Meanwhile, PCA plots (Figure 5.4b) represent
the similarities and differences among the samples, as well as
their relationship with the evaluated sensory attributes.
PCA is a multivariate statistical technique that aims at reducing
the dimensionality of large datasets (Jackson 1980). It provides
a representation of the dataset in a small number of dimensions,
called principal components, which explain the majority of the
variance of the dataset. When dealing with DA data, PCA provides a simplified representation of the samples in the principal
components and the correlation between the principal components and the evaluated sensory attributes. This representation
enables to draw the similarities and differences among samples,
as well as their main sensory characteristics. For example, Figure
5.4b shows that samples VI and VII are similar, being characterized by their high gumminess, stickiness, thickness, and creaminess. Meanwhile, sample I was clearly different from the rest due
to its intense milky flavor and low-intensity vanilla flavor and
sweetness.

5.4 Novel Methods for Sensory Characterization
The information provided by descriptive analysis is detailed,
accurate, reliable, and reproducible, mainly due to the extensive
training process and the precise definition of sensory attributes
and references (Stone and Sidel 2004; Meilgaard et al. 2007).
However, it is usually expensive and time consuming, which
makes it difficult to implement in many everyday situations where
there are constraints in terms of time and resources (Labbe et al.
2004). The fact that assessors have to complete an exhaustive

training process and that the evaluations require several sessions
makes it necessary for many food companies to maintain separate panels, since a single panel is not able to handle the evaluations of all the product categories (Lawless and Heymann 2010).
Moreover, there is an increasing interest in gathering sensory
information directly from the target consumers of food products
instead of the more technical descriptions provided by trained
assessors (Faye et al. 2006; Varela and Ares 2012).
In this context, several cost-effective methods for sensory
characterization have been recently developed and have been
reported to be a good option for quickly gathering information
about the sensory characteristics of food products. These methods do not require training and can be performed by trained,
semitrained, or even untrained assessors. There are basically four
types of methodologies: (i) attribute-based methods, (iii) holistic
methodologies, (iii) methodologies based on the comparison of
products with references, and (iv) miscellaneous methodologies.

5.4.1 Attribute-Based Methods
Attribute-based methodologies rely on the evaluation of specific
attributes, as in conventional descriptive analysis. Their main
feature is that they reduce to a different extent the steps related
to descriptor generation and panel training. In this chapter, three
methodologies will be presented: free-choice profiling, flash profiling, and check-all-that-apply (CATA) questions.

5.4.1.1 Free-Choice Profiling
Free-choice profiling was developed in the 1980s to overcome
some of the drawbacks of descriptive analysis (Arnold and
Williams 1986). It is based on the assumption that assessors differ in the way in which they describe the sensory characteristics of products (Jack and Piggott 1991). For this reason, each
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assessor develops an individual set of sensory attributes and evaluates them using line scales, according to their personal criteria
(Williams and Langron 1984).
Descriptor generation is commonly performed using the repertory grid method (RGM; Kelly 1955), which enables to overcome
the difficulties faced by many untrained assessors to generate
sensory attributes to characterize the products (McEwan et al.
1989). During the RGM phase, products are arranged into triads and are presented to the assessors in such a way that two
of the objects within the triad are arbitrarily grouped (A and
B) and separated from the third (C) (Gains 1994). Each assessor is asked to individually describe the sensory characteristics
that make the two grouped objects similar and different from
the third (Kelly 1955). When assessors have elicited all the sensory attributes responsible for the similarities and differences
between the groups, the remaining combinations within the triad
(A and C vs. B, B and C vs. A) are presented and they have to
describe the similarities and differences again. After the procedure is repeated for all the possible triads of products to be evaluated, the sensory attributes elicited by each assessor are placed
together in a list next to unstructured scales. Then, assessors are
asked to evaluate the products by rating the intensity of their own
set of sensory attributes. Therefore, each assessor evaluates his/
her own set of sensory attributes, which are considered the most
relevant for describing the products. According to Deliza et al.
(2005), the terms used by consumers during the evaluation are
determined by their own individual experience and familiarity
with the product.
Data analysis is performed using generalized procrustes analysis (GPA; Gower 1975; Gower and Dijksterhuis 2004) followed
by a PCA (Piggott and Sharman 1986). GPA scales, reflects, and
rotates the data matrices of each panelist to yield a consensus
configuration from a set of individual datasets (Gower 1975).
This configuration provides a two- or three-dimensional representation of the similarities and differences among the samples
(Williams and Langron 1984). The individual sensory attributes
used by the assessors to describe the products are used to explain
their similarities and differences.
Owing to the fact that free-choice profiling does not require
consensus descriptor generation and panel training, it can be
applied with both trained and untrained assessors, being quicker
and less expensive than descriptive analysis (Gains and Thomson
1990; Lawless and Heymann 2010).

5.4.1.2 Flash Profiling
Flash profiling is a combination of free-choice profiling with
a simultaneous comparative evaluation of the whole product
set via ranking (Sieffermann 2000). The methodology is based
on the assumption that comparing products is easier and more
natural than evaluating them using intensity scales (Delarue and
Sieffermann 2004), and it is thought to rapidly profile products
according to their most salient sensory attributes responsible of
the differences between the tested samples.
Flash profiling is structured in two main steps. In the first step,
assessors are presented with the whole set of products and are
asked to generate their individual set of sensory attributes, which
differentiate the products, avoiding hedonic terms (Lawless and
Heymann 2010). Then, assessors are presented again with all the
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Name: Carol
Attribute 1: Vanilla flavor
Low

F

C

A

D
E

B

High

Attribute 2: Creamy
Low

A B

FC E

D

High

Attribute 3: Acidic
C

Low

F D

A

B

E

High

Figure 5.5 In this example, Carol has evaluated six samples on vanilla
flavor, creaminess, and acidic intensity using the flash-profiling method. For
her, samples D and E have the same vanilla flavor intensity, while samples F,
C, and E are equally creamy.

products and are asked to rank them according to their intensity of each of the attributes in their individual lists. Three replications of the ranking session are recommended (Dairou and
Sieffermann 2002). Figure 5.5 shows an example of a ballot.
Data from flash profiling are analyzed using GPA on ranking data, similar to free-choice profiling (Lawless and Heymann
2010). Figure 5.6 shows how data are computed, taking into
consideration that the sum of ranks has to be the same for all
attributes and all assessors, as it depends only on the number of
products. For data collection, individual matrices are built for
each consumer, where product rankings are inputted (Figure 5.7).
Using this analysis, a consensus configuration is obtained,
which allows the identification of similarities and differences
between the products, as well as the sensory terms responsible
for them. Figure 5.8a shows an example sample configuration,
which has to be interpreted together with the attribute configuration (Figure 5.8b).
In the example, C1–C26 are the 26 configurations corresponding to the 26 assessors participating in this case, only two of them
are displayed for clarity sake. The idea is that the researcher has
to analyze the attributes that were mentioned by various assessors in a particular area of the perceptual space. In the example
provided, one could say that samples B and E are characterized
by their creamy consistency and milky–creamy flavor.
The main advantage of flash profiling is that sensory characterization is performed in a short time due to the fact that familiarization with the product space, attribute generation, and evaluation
are merged into a single step (Delarue and Sieffermann 2004).
Attribute 1: Vanilla flavor
Low

1
F

2
C

3
A

4.5

D
E

6
B

Name: Carol
High

Sum of ranks = 1 + 2 + 3 + 4.5 + 4.5 + 6 = 21

Figure 5.6 Example showing how data from flash profiling are computed.
Since samples D and E shared the same position, they are ranked as 4.5. Note
that with six samples being evaluated, the sum of ranks should always be 21.
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Consumer 1: Carol
Sample
A

AT1,1
Vanilla Flavor

…

ATn,1

AT1,2

AT2,2

…

Consumer 3
ATm,2

AT1,3

AT2,3

…

ATp,3

3

B

6

C

2

D

4,5

E

4,5

F

AT2,1
Creamy

Consumer 2

1

Figure 5.7 To analyze the data from flash profiling, the data should be structured as in this matrix, where ranks are inputted for each of the attributes
that each consumer has elicited (which may vary in number, note that n ≠ m ≠ p).

Considering that each assessor uses his/her own vocabulary
to generate the list of sensory terms, the methodology allows
a diversity of points of views (Dairou and Sieffermann 2002).
Moreover, the fact that assessors have simultaneous access to the
whole product set forces them to focus on the differences they
perceive to generate attributes that allow discriminating between
samples (Veinand et al. 2011).

5.4.1.3 CATA Questions
CATA questions are a type of multiple-choice questions, which
have been extensively used in marketing research (Driesener and
Romaniuk 2006). They consist of a list of words or phrases from
which respondents should select all that they consider appropriate to describe a product (Figure 5.9).
Regarding the list of words or phrases included in the CATA
question, the selection is performed by the researcher and, therefore, care must be taken to assure that all the relevant sensory
characteristics are included. These could be selected based on
the descriptors used by trained assessor panels to characterize
the products or using results from previous focus groups or other
consumer studies.
Products are presented to assessors in monadic balanced order
and are asked to check all the terms from the CATA question that
they consider appropriate to describe each of the samples, without constraints on the number of attributes that could be selected
by the assessors.
Data analysis from CATA questions is performed using
Cochran’s Q test (Meyners et al. 2013), which identifies significant differences among samples for each of the terms from the
CATA question. Cochran’s Q test is a nonparametric statistical
test, which is used in the analysis of two-way randomized block
designs to check whether k treatments have identical effects,
when the response variable is binary (Manoukian 1986). Besides,
the frequency of mention of each term from CATA question is
determined by counting the number of consumers who used that
term to describe each sample (Figure 5.10). A bidimensional
representation of the samples is obtained using correspondence
analysis on the contingency table containing responses to the
CATA question. This analysis provides a sensory map of the
samples (Figure 5.11), which enables to determine the similarities and differences between the samples, as well as the sensory
attributes that characterize them.

CATA questions have been reported to be a quick, simple, and
easy approach to gather information about the sensory characteristics of food products (Adams et al. 2007; Ares et al. 2010,
2011; Dooley et al. 2010; Giacalone et al. 2013). Selecting words
from a list does not require much cognitive effort for assessors
and, therefore, CATA questions seem easier and have a smaller
influence on liking scores than just-about-right or intensity questions (Adams et al. 2007). Some publications have suggested
that the sensory maps generated by CATA questions are very
similar to those from descriptive analysis with a trained assessor
panel (Ares et al. 2010; Dooley et al. 2010; Bruzzone et al. 2012).
However, it is important to take into account that despite the fact
that frequency of mention of the terms from CATA questions
have been reported to be closely related to attribute intensity,
they do not provide intensity information, since consumers are
limited to assess only whether a term is appropriate to describe
a product or not. Another limitation of CATA questions is that it
requires a relatively large number of assessors due to the fact that
data are binary instead of continuous.

5.4.2 Holistic Methods
Holistic methodologies are based on assessors’ perception of the
global similarities and differences between the products. They
rely on the holistic or global perception of the products rather
than on the analytical evaluation of specific sensory attributes.
This consists of a first advantage of the methods since those
aspects that are difficult to verbalize or define are not overlooked
by assessors. The most popular methodologies are free sorting
and projective mapping (Varela and Ares 2012).

5.4.2.1 Sorting
Sorting tasks have been reported to be a powerful alternative
to gather information about the sensory characteristics of food
products in sensory and consumer science (Schiffman et al.
1981; Lawless et al. 1995). The idea behind free-sorting tasks is
to measure the global degree of similarity between pairs of samples within the investigated sample set by grouping the samples
according to their similarity. Assessors receive the entire sample
set and are asked to sort the samples into groups according to
their similarities and differences, using their own personal criteria. They are explained that two similar samples should belong
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Figure 5.8 (a) Example of space configuration of the products using flash profiling. (b) Representation of the description configuration of the 26 assessors
obtained using flash profiling and analyzed with GPA. Note that only the terms of two of them are shown here to simplify the reading.
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Please check all the words or phrases you think
that apply to this product:
◻ Soft
◻ Creamy
◻ Sweet
◻ Bitter
◻ Sticky
◻ Thick
◻ Chocolate flavor
◻ Gritty
◻ Vanilla flavor
◻ Off-flavor
Figure 5.9

Example of a CATA question.

Sample
1
2
…
x

Sweet

Creamy

…

Gritty

38
12
…
27

54
0
…
34

…
…
…
…

0
4
…
13

Figure 5.10 Example of the contingency table used for analyzing data
from a term of CATA questions using correspondence analysis. Each cell
indicates the number of times that a term was mentioned to describe each
sample.

to the same group, whereas two samples that are clearly different should be placed in different groups. In addition, assessors
are usually told that they should sort the samples in at least two
groups, to avoid the trivial response of having all samples in the
same group. Once the sorting has been completed, a verbalization task is added and assessors are asked to provide descriptive
words for each of the groups they formed (Lawless et al. 1995;

Popper and Heymann 1996; Cartier et al. 2006). A typical classification provided by an assessor in a sorting task is presented
in Figure 5.12.
Different approaches have been proposed to analyze data
from free-sorting tasks. The most common statistical technique for analyzing sorting data is multidimensional scaling
(MDS) (Lawless et al. 1995). In this technique, a similarity
matrix is created by counting the number of times each pair of
samples is sorted within the same group, as shown in Figure
5.13. Then, either nonmetric or metric MDS is performed on
this similarity matrix to get a two-dimensional representation of the samples. More recently, factorial techniques such
as DISTATIS and FAST have been developed for analyzing
data from sorting tasks (Abdi et al. 2007; Cadoret et al. 2009).
The main advantage of DISTATIS and FAST is that they provide a representation of the consumers, which enables the
visualization of individual differences and the identification
of consumer segments with a different perception. Moreover,
by applying these techniques, the words used by consumers to
describe the samples could easily be projected into the sample
space. This last possibility improves interpretation, providing
more actionable results.

5.4.2.2 Projective Mapping
Projective mapping, also known as Placing or Napping® is based
on the quantification of individual perception of overall similarity
and dissimilarity among samples (Risvik et al. 1994). Assessors
are asked to provide a two-dimensional representation of a group
of samples, according to their own criteria (Risvik et al. 1997). In
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Representation of the samples and the terms used from CATA analyzed using correspondence analysis.

www.ebook777.com

2

Free ebooks ==> www.ebook777.com
74

Handbook of Food Analysis
Group
1
2
3

Samples
456, 867
103
198, 034, 721

P3rep
P2

P3

Creamy

Oily

P4
Odd

Description of the groups:

Watery, bitter

Group N°1: crunchy, brittle, and salty

P1

Group N°2: hard, crunchy, and not salty

y1
(cm)

Group N°3: soft, rancid
Figure 5.12 Typical response of a single assessor to a free-sorting task
with six samples.

this representation, the Euclidean distance between the samples
is a measure of their dissimilarity, in such a way that the smaller
the distance separating two samples, the more similar they are.
All samples are presented simultaneously to assessors, who are
asked to place them on a bidimensional space. In the particular
case of Napping (nappe in French means “tablecloth,” which gave
the method its name to Napping), this space is usually a white
sheet of paper of dimensions 60 × 40 cm. Samples should be
arranged by the participant according to their perceived global
similarities or dissimilarities among them. Assessors are told to
complete the task according to their own criteria and that there are
no right or wrong answers. The criteria used by assessors to locate
the samples on the sheet are chosen on an individual basis, which
makes projective mapping a flexible and spontaneous procedure.
A description phase is usually added after the projective mapping task to identify the sensory characteristics responsible for
the similarities and differences among samples (Pagès 2005).
Assessors are asked to provide a description of the samples once
they are placed on the white sheet, a method generally known as
ultra flash profiling (Perrin et al. 2008; Perrin and Pagès 2009).
A repeated sample within the set is generally used as a panel
performance check, whenever it is possible and the sample is not
recognized by its appearance.
The X and Y coordinates of each sample on the sheet of each
assessor are determined, considering the left-bottom corner of the
sheet as the origin of the coordinate system, as shown in Figure
5.14. The comments given for each of the samples are counted
across consumers and a frequency table is built. These data are
usually analyzed using multiple factor analysis (MFA; Pagès
2005; Perrin et al. 2008) considering the coordinates of each
Sample
Sample 1
Sample 2
…
Sample x

50
37
…
1

Sample
37
50
…
23

…
…
…
…
…

Sample x
1
23
…
50

Figure 5.13 Example of a similarity matrix containing data from a
free-sorting task. Each cell indicates the number of times that each pair of
samples was placed together within the same group in the free-sorting task.

P6 Vanilla, sweet,
greasy

P5

x1 (cm)
Figure 5.14 Example of sample representation of a single assessor in a
projective-mapping task.

Assessor 1

Assessor 2

Assessor n

Sample

X1

Y1

X2

Y2

Xn

Yn

1
2

24.7
51.5
…
14.2

1.5
2.8
…
8.4

18.4
15.9
…
35.8

34.5
29.4
…
11.4

14.3
35.4
…
58.9

4.4
6.7
…
19.4

x

Figure 5.15 Example of the data matrix used for analyzing data from
projective mapping using MFA. Each couple of columns (Xi,Yi) represent the
coordinates of the samples in the map of consumer i.

assessor as a separate group of two unstandardized variables
(Figure 5.15). The frequency table containing assessors’ descriptions is considered as a set of supplementary variables: correlation
coefficients with the MFA factors are calculated and the variables
are represented but they do not participate in the construction of
these factors (Pagès 2005). This analysis provides a consensus
representation of the samples, a representation of the descriptions
provided by the assessors, and also a representation of the assessors, which indicates the similarity of their representations.

5.4.3 Reference-Based Methods
The third type of novel methodology for sensory characterization is based on the comparison of samples with products that
are regarded as references. The main advantage of this approach
is that it allows comparing products that are not evaluated in the
same session. Although these methodologies have been reported
to provide interesting results, they have not been extensively
applied yet.
The most relevant method based on the comparison of samples
and references is polarized sensory positioning (PSP; Teillet et al.
2010). In this methodology, assessors (who could be trained or
untrained) are asked to evaluate the degree of similarity between
each sample and a set of reference products, called poles. In their
initial proposal, Teillet et al. (2010) selected three poles that represent three main tastes of mineral water and used unstructured

Free ebooks ==> www.ebook777.com
75

An Introduction to Sensory Evaluation Techniques
Please, evaluate how different the sample is compared to the three reference products:
Exactly the same
taste

Totally different
taste

Exactly the same
taste

Totally different
taste

Exactly the same
taste

Totally different
taste

R1

R2

R3
Figure 5.16

Example of an evaluation sheet used in PSP to compare one sample with three reference products (R1, R2, and R3).

scales ranging from “exactly the same taste” to “totally different
taste” to measure how similar the taste of the sample was compared to the taste of each of the three reference products (poles),
as shown in Figure 5.16. Meanwhile, de Saldamando et al. (2013)
used unstructured scales that ranged from “exactly the same” to
“totally different” for evaluating powdered drinks and cosmetic
foundations.
Data analysis could be performed using two MDS unfolding
techniques (Busing et al. 2005) or factorial techniques such as
PCA or MFA (Teillet et al. 2010; de Saldamando et al. 2013). It
is important to highlight that the implementation of PSP requires
having easily available and stable references.

5.4.4 Miscellaneous Methods
There are plenty of other methods that can be used to rapidly collect sensory information from untrained panels (or consumers).
Only two of them will be described, one relatively new in sensory science (but well known in other fields, such as marketing
and psychology), known as image-based profiling, and another
branch of technique that has been around since long ago, but
their application to gather sensory data is quite novel; these are
the open-ended questions.

5.4.4.1 Image-Based Profiling
On occasions, though less frequently used, visual schemes serve
as a bridge between consumers’ thinking process and their sensory perception of products. Image-based profiling is a tool used
to broaden how consumers describe and differentiate products
by means of images. Testing procedures include product tasting and image selection by consumers who are category users.
First, prescreened images that are relevant to flavor and texture
characteristics of the products are randomly shown to consumers, from which they have to select those that represent the flavor
or texture of each sample. Subsequently, they have to provide up
to three descriptions or associations of what the images mean
to them. Correspondence analysis is used to analyze similarities
between consumers’ descriptors. The results from consumers
could be overlaid with the descriptive analysis results provided

by experts to specifically guide product optimization (Moussaoui
et al. 2010).

5.4.4.2 Open-Ended Questions
In sensory science, techniques that let consumers “express themselves,” such as open-ended questions, are used to understand
the main characteristics that determine consumer perception of
the products and especially what motivates their liking scores
(ten Kleij and Musters 2003; Ares et al. 2010). In this approach,
consumers are asked to answer a question in their own words.
For example, “How would you describe this product?” This type
of question provides insights (in an unbiased way) about issues
that were not anticipated in setting up the more structured parts
of the survey. Also, the responses are more spontaneous and in
many cases, they explain the subjects’ responses to other closed
questions. The disadvantage of these techniques is that data are
difficult or complex to interpret, code, and tabulate.

5.5 Affective (Hedonic) Tests
Affective or hedonic tests usually consist of asking consumers (untrained individuals) to quantify their degree of liking, or
preference, for a given set of products. These tests should only
involve untrained individuals, whereas trained assessors are only
suitable for the analytical sensory tests described above (Stone
and Sidel 2004; Lawless and Heymann 2010). There are two
main approaches to consumer sensory testing, measurement of
preference and measurement of acceptance. In preference tests,
consumers have to choose a product over one or more products.
When measuring acceptance, or liking, consumers rate their
liking for the product on a scale (often called hedonic or liking scale). However, a usual procedure is to collect consumers’
acceptance scores of a set of products and then to determine their
preferences indirectly from the scores.
There are three main types of affective tests: paired preference, ranking, and rating. In paired preference tests, a consumer
is given a pair of samples, and he/she has to indicate which one
they prefer (overall or based on a specified attribute), though a
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Greatest imaginable liking
Like extremely
Like extremely

Like extremely

Like very much

Like very much

Like moderately

Like moderately

Like sightly
Neither like nor dislike
Dislike slightly

Like sightly

Neither like
nor dislike

Neither like nor dislike
Dislike slightly

Dislike moderately
Dislike moderately

Dislike very much
Dislike extremely

Dislike very much
Dislike extremely

Dislike extremely
Greatest imaginable disliking

Figure 5.17 Examples of hedonic scales. From left to right: nine-point balanced labeled scale; unstructured line scale; and labeled affective magnitude
(LAM) scale developed by Schutz and Cardello.

forced choice may or may not be imposed. Results are gathered in
terms of the frequencies of choice of each of the samples, added
across the participants. Ranking is, obviously, an extension of the
paired preference test, where consumers have to order more than
two samples according to their preference. A similar method is
best–worst scaling, in which consumers, of a set of products, only
have to pick the one that is liked best and the one that is liked the
least (Jaeger et al. 2008). However, the degree of liking or disliking cannot be adequately measured using these methods. Scale
rating solves this limitation. Consumers, for each product, have
to rate their degree of liking using a scale (usually anchored, at
least in the extremes with labels such as “dislike” and “like”).
There are several liking scales available that are being used (see
Figure 5.17). Some are as follows: unstructured, five-, seven-, or
nine-point scales, labeled magnitude scales (Schutz and Cardello
2001), unlabeled, numbered, or pictorial (with facial expressions)
(see Hein et al. 2008; Jaeger and Cardello 2009; and Lawless
et al. 2010 for a comparison of hedonic scales).

5.6 Bridging the Gap between the Perception of
Trained Panelists and Consumers
A traditional approach used by sensory science to understand
consumers’ preference for the products consists of combining
analytic descriptive data provided by a trained panel with hedonic
tests carried out by consumers. To identify the key drivers of liking, preference-mapping techniques are very useful to correlate
consumer preference ratings to perceived attributes of a product
(Greenhoff and MacFie 1994; Arditti 1997; van Kleef et al. 2006).
Besides their application to a wide range of marketing problems, they are also commonly used for product development and
improvement in the food industry (McEwan 1997). There are two

main approaches in preference mapping: internal and external
preference mapping. Internal preference mapping identifies the
main factors of variability of liking scores, offering the possibility
to link them to product characteristics, and provides a summary
of the main preference directions and the associated consumer
segments. In external preference mapping, liking scores for each
individual are regressed onto the main factors of variability of the
product sensory characteristics, typically derived from descriptive analysis (Greenhoff and MacFie 1994; MacFie 2007).
Preference-mapping practitioners usually ask experts to provide
the perceptual information; however, it can also be interesting to
investigate how consumers perceive products and how this information actually construct the preference patterns. For instance,
the Ideal Profile Method is a descriptive analysis in which consumers rate the products on both perceived and ideal intensities
for a list of sensory attributes and also liking (Worch et al. 2013).
There are other ways to measure consumer perception, to mention
some examples, Parente et al. (2011) proposed using consumers’
responses to a CATA question to build a preference map. Ten Kleij
and Musters (2003) proposed analyzing open-ended questions to
complement preference mapping, asking the consumers to provide
words about the sensations the product aroused in them, and Ares
et al. (2010) conducted a similar study with milk-based desserts.
Symoneaux et al. (2012) conducted a study in which the untrained
consumer panelists, after rating apples on a seven-point hedonic
scale, were allowed to write words freely that indicated their “likes”
or “dislikes,” and other researchers have used preference ranking
coupled with open comments (Varela et al. 2013).
The main advantage of building preference mappings based
on the consumer’s perception is that relevant product characteristics are described in consumers’ language, and it has been shown
that the resulting maps were similar to those constructed with
experts’ sensory data. Most importantly, these “marketing-like”
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approaches to sensory analyses stress external rather than internal validity (van Trijp and Schifferstein 1995).

5.7 Conclusions
While instrumental measures about food products are essential for
food developers, an important aspect of food science is how we
humans perceive, describe, and respond to the foods’ various sensory properties. As it has been discussed throughout this chapter,
there is an array of techniques that can be used to measure and
collect a food’s sensory description, both from experts (or trained
panels) and from consumers. In this chapter, an overview (not
exhaustive) of some of the most oft-used procedures and test methods (traditional and emerging) has been provided. The nature of this
information can be both analytical and/or affective. It is really the
responsibility of the sensory scientist to select and implement the
proper methodologies to successfully address the research objective. Some commonly occurring industrial applications in which
these techniques are used (on occasions more heavily relying on
analytical tests, and others in affective tests) are as follows: new
product development, product matching, product improvement,
process change, cost reduction, quality control, storage stability,
product grading, consumer preference, selection and training of a
panel, and correlation of sensory and chemical/physical measures.
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6.1 Introduction

6.2 Flavor Perception

Flavor perception is one of the most multisensory of our everyday experiences. The contribution of multisensory integration
to flavor perception is an area that has seen a rapid growth of
interest from the cognitive neuroscience research community
over the past few years (e.g., see Auvray and Spence 2008; Small
2004; Small and Prescott 2005; Stevenson 2009; Verhagen and
Engelen 2006, for reviews). In fact, the techniques of cognitive
neuroscience (such as neuroimaging, neurophysiology, computational modeling, and psychophysics) are increasingly coming
to complement the traditional techniques of food science. This
has led to great progress over the last decade or so in terms of
our growing understanding of the neural substrates underlying
multisensory flavor perception.
In this chapter, an overview of the latest evidence regarding
the role of multisensory integration in human flavor perception
is provided. How important each of the senses (e.g., vision, taste,
smell, sound, and touch) is to the overall flavor experience will be
demonstrated. The question of which sense dominates, and when
it dominates will also be examined. The most important kinds
of crossmodal interactions that are thought to underlie the multisensory perception of flavor will be discussed. The principles of
superadditivity and subadditivity, and sensory dominance will
be covered and the notion of taster status (i.e., what does it mean
to be a supertaster, and whether it is even a desirable thing to
be) will also be introduced. The focus in this chapter will be on
those studies of neurologically normal adults; those interested
in developmental aspects of multisensory flavor perception may
refer to Spence (2012b).

According to the International Standards Organization (ISO
5492 2008), flavor can be defined as a “complex combination
of the olfactory, gustatory, and trigeminal sensations perceived
during tasting. The flavour may be influenced by tactile, thermal,
painful and/or kinaesthetic effects.” That is, gustatory, olfactory,
trigeminal, and oral–somatosensory cues (which represent the
activity of distinct interoceptive physiological systems), are the
only senses that directly contribute to the perception of flavor.
This is not, of course, to say that visual and auditory cues are
not capable of modifying a food’s flavor; they most certainly do.
It is just that they are not, at least according to the ISO definition, integral to it. It should, however, be borne in mind that
this narrow definition of the senses that contribute directly to the
multisensory perception of flavor is currently being questioned
by researchers (e.g., see Auvray and Spence 2008; Spence et al.
2015; Stevenson 2009; see also McBurney 1986). Part of the reason for this is as a result of the emergence of a growing body
of robust empirical research, some of which will be reviewed
in this chapter, demonstrating just how profoundly the sound of
food (and, perhaps more importantly, the sounds associated with
eating food), not to mention its visual attributes (primarily its
color), affects our perception of both the sensory-discriminative
and hedonic attributes of food and drink.
When talking about olfaction in the context of flavor perception, one important point to note is that there are actually two
relatively distinct sensory systems. The older, orthonasal, system
associated with the inhalation of external odors and the newer,
retronasal system (involving the posterior nares), associated with
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the detection of the olfactory stimuli that emanate from the food
we eat, as odors are periodically forced out of the nasal cavity
when we chew or swallow a food (or drink). A growing body
of empirical research is now starting to highlight a number of
important differences between orthonasal and retronasal olfaction at both the subjective/perceptual level (e.g., Diaz 2004;
Rozin 1982), and in terms of the neural substrates involved (e.g.,
Small et al. 2005, 2008; see also Heilman and Hummel 2004).
Both orthonasal and retronasal olfaction are important regarding
multisensory flavor perception, though, further to the earlier discussion, presumably, only retronasal olfaction should be understood as integral to flavor perception.
In fact, more generally, when thinking about the senses and
their role in multisensory flavor perception, it may help to distinguish between the exteroceptive senses of vision, audition,
and orthonasal olfaction. These senses are typically stimulated
prior to (and sometimes during) the consumption of food. In
contrast, the interoceptive senses of gustation, retronasal olfaction, oral–somatosensation, and the sounds that are associated
with the mastication of food are typically involved while a person is actually engaged in eating and drinking (see Figure 6.1).
Different neural mechanisms may be involved in the multisensory integration of sensory cues in these two cases (Small et al.
2008). It may well turn out that the multisensory integration of
interoceptive flavor cues is less open to cognitive penetration
(i.e., this form of integration might be more automatic) than the
cue combination involved in interpreting exteroceptive cues to
the flavor of a food (see Auvray and Spence 2008; Spence 2012a;
van der Klaauw and Frank 1996). In the sections that follow,
the evidence concerning the role of each of the senses in the
sensory-discriminative aspects of multisensory flavor perception are briefly reviewed.

Expectancy effects

Retronasal olfaction

Gustation

Oral–somatosensation

Audition

Orthonasal
olfaction
Vision
Audition

Flavor (multisensory integration)
Figure 6.1 Multisensory flavor perception—an updated view incorporating the important role played by food-eating sounds, and which distinguishes
between the unique roles that orthonasal and retronasal olfactory cues play
in flavor perception. These four interoceptive sensory inputs are likely combined by means of the rules of multisensory integration to deliver what the
consumer will recognize as the flavor of food, which will be maximal when
these inputs are present while a person is eating. Exteroceptive cues can also
influence flavor perception by setting up expectations concerning what the
flavor, aroma, and/or taste of a food or drink are likely to be (these cues having their biggest influence when they are present prior to eating).

6.3 Taste/Gustation
Humans are sensitive to a number of basic tastes, including
sweet, sour, salty, bitter, umami (Schiffman 2002), and metallic (Lawless 2001; Lawless et al. 2005; Lindemann 1996; see
Stuckey 2012, for the suggestion that there may actually be in
excess of 20 basic tastes). Traditionally, researchers thought that
the receptors for each taste were distributed asymmetrically over
the surface of the human tongue (see Guyton and Hall 1996, pp.
676–678; Mackenna and Callander 1997, p. 266): sweet taste
receptors lying at the front, bitter receptors at the rear, sour
receptors to the side of the tongue, and so on. It turns out that
the various taste receptors are actually far more evenly spaced
over the surface of the tongue than had previously been thought.
That said, there is evidence that they may be somewhat more
densely packed at the tip of the tongue than elsewhere (Duffy
2007; Todrank and Bartoshuk 1991). It is important to note that it
is no longer clear that each basic taste is necessarily transduced
by an individual specialized receptor (Lindemann 2001), leading some researchers to have questioned the very notion of basic
tastes (see Delwiche 1996; Erikson 2008).
Taste (or gustation) is the sense where one sees by far the largest
individual differences in terms of the number of sensory receptors
that people have. Each of the taste buds on the human tongue contains a number of taste cells. The taste buds themselves are located
within structures known as fungiform (taste) papillae. Between the
upper and lower boundaries, there may be as much as a 16-fold
individual difference in the number of papillae on the anterior
tongue of humans (Miller and Reedy 1990). People differ in their
sensitivity to certain gustatory compounds, in part, as a result of
this difference in receptor density. Related to this, those who are
especially sensitive to bitter-tasting compounds such as phenylthiocarbamide (PTC) or the chemically related 6-n-propylthiouracil (PROP) are known as supertasters. It has been estimated that
approximately 25% of the population fall into the supertaster category (and will typically possess more papillae on their tongues),
50% are “medium tasters,” while the remainder are “nontasters.”
While supertasters generally have more taste buds than nontasters (Bajec and Pickering 2008; Bartoshuk et al. 1994; Hayes
and Duffy 2007, 2008), researchers are uncertain as to the exact
relationship between taster status and the density of taste papillae on the human tongue (Hayes et al. 2008; Prescott et al. 2004).
What seems fairly clear is that supertasters seem to be more sensitive to (or at least rate more intensely the sensation elicited by)
other (nonbitter) taste stimuli as well (Bajec and Pickering 2008).
These individual differences in taster status are especially interesting is the context of this chapter in that, perhaps, surprisingly, they
have now been shown to influence certain aspects of multisensory
flavor perception (e.g., Bajec and Pickering 2008; Bajec et al. 2012;
Eldeghaidy et al. 2011; Essick et al. 2003; Hayes and Pickering
2012; Ishiko et al. 1978; Zampini et al. 2008). Several of these
studies will be discussed in the sections that follow.

6.4 Olfactory–Gustatory Interactions
While it is certainly true that taste plays an important part in
the multisensory perception of flavor, smell is also critical. In
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this multisensory effect appears to be specific to the particular
combination of olfactants and tastants used.
At the time when Dalton et al.’s (2000) study was published, it
provided some of the most convincing evidence that subthreshold
gustatory cues can enhance people’s orthonasal odor perception.
By now, similar results have been reported in many other studies
(e.g., Delwiche and Heffelfinger 2005; Pfeiffer et al. 2005). For
instance, Pfeiffer et al. reported a 50% lowering in the olfactory
threshold (i.e., they observed complete additivity) in 75% of the
16 participants they tested, provided that the subthreshold tastant
and orthonasal olfactory stimuli (sucrose and benzaldehyde, just
as in Dalton et al.’s original study) were presented simultaneously. In their study, Pfeiffer et al. used a computer-controlled
olfactometer and gustometer to control the delivery of the odorant and tastant. Similar effects were observed when the odor was
delivered retronasally providing, once again, that it was delivered synchronously with the tastant. In their study, Delwiche
and Heffelfinger demonstrated similar multisensory effects with
actual solutions being tasted by participants.
This particular kind of multisensory integration depends both
on the particular combination of stimuli used, and on the part
of the world in which the participants tested in the study happen to have been brought up: For instance, it has been reported
that the Japanese exhibit such multisensory integration effects
for the combination of MSG and benzaldehyde (see Breslin et al.
2001; Spence 2008), but not for the combination of saccharine
and benzaldehyde. Note that this is the opposite pattern of results
to those shown by the North American participants who were
tested in Dalton et al.’s (2000) original study. The reason for this
difference could be that while the typical Western consumer is
frequently exposed to the combination of almond-cherry odor
and sweet taste in desserts such as Bakewell tart, the combination of an almond smell and a salty taste is far less common. In
contrast, in Japan, the combination of an almond odor and a salty
taste is much more common in foods such as pickled condiments,
whereas sweet almond desserts are rarely consumed. Labbe
et al. (2007) have even demonstrated that subliminally presented olfactory stimuli can enhance sweetness perception. The
fact that such effects occur for subthreshold levels of stimulus
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fact, olfactory cues may actually be more important than taste
cues, with some researchers estimating that olfactory cues contribute as much as 80% (Ge 2012; Gilbert 2008; Martin 2004;
Murphy et al. 1977; Roach 2013) to what people normally report
as flavor. It is undoubtedly the case that people often confuse
the relative contributions of smell and taste to flavor perception
(e.g., Davidson et al. 1999; Rozin 1982; Stevenson et al. 1999; see
Spence et al. 2015). Such confusions have even led some researchers to argue that we may all be synesthetic for flavor (see Auvray
and Spence 2008; Stevenson and Boakes 2004; Stevenson and
Tomiczek 2007; Verhagen and Engelen 2006).
Some of the most convincing evidence regarding the multisensory integration of orthonasal olfactory and gustatory cues
in flavor perception has been reported by Dalton et al. (2000).
The participants in their study were given two pairs of bottles to
sniff at a time, each bottle containing a clear liquid. One bottle
contained benzaldehyde, which has an almond-cherry-like odor,
while the other three bottles only contained a diluent. On each
trial, the participants had to try and determine in which pair of
bottles the bottle with benzaldehyde had been presented. The
concentration of the olfactant was varied on a trial-by-trial basis
to determine each participant’s orthonasal detection threshold.
In one experiment, the participants had to perform this olfactory discrimination task while holding a 10 mL subthreshold
concentration solution of saccharin in their mouths at the same
time. The saccharin had no detectable taste or, importantly, odor.
Surprisingly, under such conditions, the benzaldehyde odor was
perceived as more intense, and hence, the participants’ sensitivity to the odorant increased (while their threshold decreased;
see Figure 6.2), when assessed relative to a baseline condition
in which no tastant was present. The results of a follow-up
experiment demonstrated that when the participants kept a little
unadulterated water on their tongues instead, it did not give rise
to any change in their olfactory detection thresholds. Similarly,
holding a subthreshold solution of monosodium glutamate
(MSG) on the tongue had no observable effect on participants’
detection thresholds either. Taken together, these results therefore demonstrate that orthonasal olfactory and subthreshold gustatory stimuli are subject to multisensory integration. However,

–30

Benz +
saccharin

Benz
alone

Benz +
water

Benz +
MSG

Test condition
Figure 6.2 Results of a series of experiments conducted by Dalton and her colleagues, highlighting the integration of orthonasal olfactory and gustatory
cues. (Adapted from Dalton, P., Doolittle, N., Nagata, H., and Breslin, P. A. S. 2000. The merging of the senses: Integration of subthreshold taste and smell.
Nature Neuroscience 3: 431–432, with permission.)
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presentation rules out a cognitive/expectancy-based account and
is instead more consistent with an explanation in terms of multisensory integration (cf. Labbe et al. 2007).
These results with subthreshold gustatory stimuli, highlighting the importance of stimulus congruency, map on to earlier
results demonstrating similar multisensory interactions between
congruent suprathreshold combinations of odor and taste stimuli as well. So, for example, Frank and Byram (1988) reported
that the presence of a strawberry odor enhanced the sweetness
of sucrose delivered in whipped cream stimuli (that participants
had to swallow to enhance retronasal olfaction) while the odor
of peanut butter did not. That is, stimulus congruency (defined
by Schifferstein and Verlegh 1996, as the extent to which two
stimuli are appropriate for combination in a food) can play an
important role in multisensory integration at both the sub- and
suprathreshold levels. What is more, Labbe et al. (2006) have
demonstrated that odor congruency also plays a role in people’s
perception of bitterness in real food products such as a hot cocoa
beverage (see also Cliff and Noble 1990; Schifferstein and
Verlegh 1996; Stevenson and Boakes 2004).
Taken together, then, these results support the view that no
matter where you were born (or where you grew up), your brain
will use the same rules of multisensory integration to combine
the olfactory and gustatory (and presumably also oral–somatosensory) cues that contribute to the perception of flavor. However,
which specific tastants and olfactants (and, as will be seen below,
colors) are integrated will depend on the particular ingredients
that tend to be combined in the particular cuisine that the participant is familiar with. It is interesting to note here that we actually
start to learn our preferences for specific flavors while still in the
womb. In fact, newborns have been shown to express a preference (in terms of their preferential head turning) toward certain
odors as a function of the foods consumed by their mothers while
they were pregnant (Ganchrow and Mennella 2003; Schaal et al.
2000; see Schaal and Durand 2012).

6.5 Oral–Somatosensory Contributions
to the Perception of Food
The oral–somatosensory system plays a crucial role in multisensory flavor perception, informing us about the temperature of a
food, as well as its texture, and painful sensations (see Lawless
et al. 1985). Tactile cues play an important role in helping to
localize our flavor experiences in the oral cavity (Todrank and
Bartoshuk 1991). The oral texture (or mouthfeel) of food and
drink also influences multisensory flavor perception (Bult et al.
2007; Frost and Janhoj 2007; Srinivasan 1955; Szczesniak 2002;
Weel et al. 2002). While the results of early studies (Christensen
1980) led to the suggestion that increased viscosity in a foodstuff
can give rise to a reduced perception of taste, it has for many
years been difficult to disentangle whether such effects had a
physicochemical or psychological origin (since increased viscosity is likely to reduce volatility at the food–air interface; see
Delwiche 2004). However, recent technological advances have
meant that it is now much easier to demonstrate the genuinely
psychological nature (of at least a part) of this crossmodal effect.
For example, Bult et al. (2007) conducted an elegant study
in which a creamy odor was presented either orthonasally or
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retronasally using a computer-controlled olfactometer. At the
same time, milk-like foods with different viscosities were delivered to the participant’s mouth. The participants in this experiment had to rate the flavor intensity, as well as the thickness and
creaminess of the resulting flavor experience. The key result
to emerge from this study was that participants’ ratings of flavor intensity decreased as the viscosity of the liquid increased,
regardless of whether the odor was presented orthonasally or
retronasally. Given the independent control of texture and odor
delivery, these results therefore highlight the important role that
texture (mouthfeel) can play in multisensory flavor perception in
humans. Bult et al.’s results also suggested that the presence of a
retronasal odor could alter the perceived thickness of a foodstuff
in the mouth as well (see also Sundqvist et al. 2006; Tournier
et al. 2009). More recently, Roudnitzky et al. (2011) reported
that milk (either thickened or not) enhanced the odor intensity
of butter aroma (presented either retronasally or orthonasally),
compared to when no oral stimulus was given. Furthermore, the
researchers found that the odor intensity was not affected by the
concentration of the thickener that had been added to the milk.
It turns out that the perceived localization of a tastant follows the location of a tactile stimulus drawn across the tongue
(Green 2002; Todrank and Bartoshuk 1991; see also Lim and
Green 2008; the same may also be true for olfactants; Murphy
and Cain 1980). What is more, given the pronounced differences
in transduction latencies between the senses, the tactile sensations associated with eating and drinking will normally arrive
centrally in the human brain before either of the associated gustatory or olfactory stimuli, and hence, this “prior entry” of the
tactile signal may also play a role in the combined multisensory
flavor experience being localized to the mouth as well (see also
Kobayakawa et al. 2009; Pfeiffer et al. 2005; Small et al. 2005;
von Békésy 1964; see Spence and Parise 2010, for a review).
Another kind of crossmodal interaction involving oralsomatosensation takes place between temperature (thermal) and
taste (gustatory) cues. Once again, however, there are marked
individual differences: around 33%–50% of the population experience what is known as the “thermal-taste” illusion (see Cruz
and Green 2000; Green and George 2004). Green and his colleagues have reported that by raising or lowering the temperature
at various points on the tongue, they were able to elicit sensations of sweet, sour, salty, and bitter—that is, all four of the basic
tastes. Those individuals who experience the thermal-taste illusion also tend to experience other tastes as being more intense as
well (Bajec and Pickering 2008).
Therefore, having reviewed the evidence concerning the multisensory integration of gustatory, olfactory (both orthonasal and
retronasal), and oral–somatosensory cues that directly (ISO 5492
2008) contribute to (or influence) the multisensory perception of
flavor, we will now move on to look at the crossmodal influence
of visual and auditory cues to multisensory flavor perception.

6.6 Visual Contributions to the
Perception of Food
It has been known for many years now that visual cues play an
important role in multisensory flavor perception (Clydesdale
1993). In fact, more than 150 studies have now been published on
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this topic since the original report by Moir in 1936 (see Spence
et al. 2010; Spence and Piqueras-Fiszman 2014, for a review).
The majority of the research has shown that people’s judgment
of the identity of a food’s taste, aroma, and flavor can all be
influenced by changing the color (appropriate, inappropriate, or
absent) of the foodstuff that people happen to be evaluating. In
contrast, those studies that have investigated the effects of varying the intensity of the color added to a food (typically a colored
beverage) have revealed somewhat mixed results (see Spence
et al. 2010, for a review). As yet, far less research has attempted
to investigate the influence of other visual appearance cues, such
as opacity and the like on multisensory flavor perception (see
Hutchings 1977; Okajima and Spence 2011).
In an oft-cited study, Maga (1974) investigated the consequences on perceptual thresholds for the four basic tastes (e.g.,
sweet, sour, bitter, and salty) of coloring aqueous solutions red,
yellow, or green. In several cases, Maga observed that the concentration of the tastant had to be increased in order for his
participants to correctly detect its presence in a colored, as compared to an uncolored, solution. So, for example, the addition
of yellow coloring to a sweet solution significantly decreased
taste sensitivity while the addition of green color increased it
(see Table 6.1). Perhaps surprisingly, the addition of red coloring
had no effect on the sweetness threshold (see also Frank et al.
1989, for similar results). Coloring a solution red resulted in a
significant lowering of participants’ sensitivity to a bitter taste,
while the addition of yellow and green coloring had no such
effect. With respect to sour taste sensitivity, coloring a solution either yellow or green significantly decreased participants’
sensitivity, with red coloring again having no significant effect.
Interestingly, taste detection thresholds for the salt solutions
were unaffected by coloring.
In another study, Morrot et al. (2001) investigated the effects
of color on people’s perception of wine aroma. They were able to
trick more than 50 students enrolled on a university wine degree
course in Bordeaux, France, into believing that they were holding
a glass of red wine, simply by coloring a white Bordeaux wine
artificially red with an odorless food dye. The participants in this
study were initially given a glass of white wine and instructed
to describe its aroma after sniffing it. Next, they were given a
glass of red wine and asked to do the same. The students used
Table 6.1
Summary of the Results from Maga’s (1974) Study Highlighting
the Effect of Adding Color on Participants’ Sensitivity to Each of
the Four Traditional Basic Tastants When Dissolved in Solution
(and When Compared to Performance When the Tastants were
Presented in Uncolored Solutions)
Taste
Color
Added to
the Solution

Sour
(Citric
Acid)

Sweet
(Sucrose)

Salt
(Sodium
Chloride)

Bitter
(Caffeine)

Red
Yellow
Green

No effect
Decrease
Decrease

No effect
Decrease
Increase

No effect
No effect
Decrease

Decrease
No effect
No effect

Note: The table highlights the significant differences resulting from the coloring of the solutions.

completely different terms to describe the aromas of the two
wines—terms such as citrus, lychee, straw, and lemon to describe
the white wine and terms such as chocolate, berry, tobacco, and
so on to describe the red wine (see also Ballester et al. 2009).
Finally, the students were given a third glass of wine, and were
once again asked to describe the aroma. The third glass again
looked like another glass of red wine but was, in fact, the same
white wine that they had been given originally, but now colored
so that it was indistinguishable from a red wine. Surprisingly, the
participants now described the wine using red wine odor descriptors again. That is, they apparently no longer perceived any of
the aromas in the colored wine that they had previously reported
when drinking the untainted white wine. This result, therefore,
powerfully demonstrates vision’s dominance over orthonasal
olfaction (see also Parr et al. 2003; and Spence 2010, for a review
of the research in this area).
Moving away from the study of wine, several other studies
have demonstrated a similarly profound effect of visual cues on
people’s olfactory discrimination (Stevenson and Oaten 2008)
and on their identification of both fruit- and non-fruit-flavored
beverages (e.g., Blackwell 1995; Davis 1981; Shankar et al.
2010a; Zellner and Durlach 2003; Zellner et al. 1991), as well
as on their ratings of odor intensity (Zellner and Kautz 1990;
Zellner and Whitten 1999).
The story regarding vision’s influence over odor perception
has, however, been complicated somewhat by the results of a
study by Koza et al. (2005). These researchers demonstrated
that color had a qualitatively different effect on the perception of
orthonasally versus retronasally presented odors associated with
a commercially available tangerine–pineapple–guava-flavored
water drink (see also Christensen 1983; Zellner and Durlach
2003). In particular, they found that coloring the solutions red led
to odor enhancement in one group of participants when an odor
was sniffed orthonasally, while leading to a reduction in perceived odor intensity when it was presented retronasally instead
to another group of participants. Koza et al. accounted for this
rather surprising pattern of results by suggesting that it may be
more important for us humans to correctly evaluate foods once
they have entered our mouths, since they pose a greater risk of
poisoning. In contrast, the threat of poisoning from foodstuffs
that are situated outside the mouth is obviously less severe. It
may well be that people simply attend more to stimuli originating
from within our bodies as compared to those found elsewhere (cf.
Spence et al. 2001), and that this influenced the pattern of sensory dominance that was observed. Should Koza et al.’s results
be replicated (preferably using a within-participants experimental design), it would once again add weight to the argument that
qualitatively different patterns of multisensory integration/perception can be observed following the presentation of orthonasal
as compared to retronasal odors (see also Small et al. 2008).
Given the significant effect that color has been shown to exert
on both taste sensitivity (Maga 1974) and on various aspects of
odor perception (e.g., Blackwell 1995; Davis 1981; Hutchings
2003; Koza et al. 2005; Shankar et al. 2010a,b), it should come
as a little surprise that color cues also exert a robust effect on
people’s flavor identification responses. For example, the participants in a classic study by DuBose et al. (1980) had to try and
identify the flavors of a variety of differently colored fruit-flavored drinks. Certain of the color–flavor pairings were deemed
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Drink color

“appropriate” (e.g., a cherry-flavored drink colored red), while
others were deemed “inappropriate” (e.g., as when a lime-flavored drink was colored red; see Shankar et al. 2010c, on the
problematic notion of color “appropriateness”). DuBose et al.
reported that participants misidentified the flavors of a number
of the drinks when the coloring was inappropriate. In fact, their
incorrect answers often seemed to be driven by the colors of the
drinks themselves. That is, participants often made what might
be classed as visual-flavor responses. So, for example, 26% of
the participants reported that a cherry-flavored drink tasted of
lemon/lime when colored green, as compared to no lime-flavor
responses when the drink was colored red instead (see Table 6.2
for a summary of the results).
Similar results have been reported in a number of other studies
over the intervening years. An unanswered question in this area
is why only a proportion of participants’ responses are seemingly
influenced by changing the color of the drinks (as in DuBose
et al.’s 1980 study). One suggestion here has been that people may
differ in terms of the degree to which particular colors induce
specific flavor expectations (Shankar et al. 2010a,c; Zampini
et al. 2007). It is possible that such individual differences in the
flavor expectations that are elicited by particular colors may help
to explain why certain colors appear to have a more pronounced
effect on people’ flavor identification responses than others. In
this regard, it is interesting to note that people are likely to have
shared and strong expectations regarding the kinds of bouquet
(flavor) characteristics that are signified by seeing a red wine,
hence perhaps explaining why such robust results were reported
by Morrot et al. (2001) in their study when they colored a white
wine red.
One particularly interesting result to have emerged from the
study of the visual contributions to flavor perception comes
from Zampini et al. (2008). These researchers demonstrated that
supertasters showed slightly (but significantly) less visual dominance over their perception of flavor than did medium tasters,
who, in turn, showed less visual dominance than nontasters. The
participants in their study had to try to identify the flavor of fruitflavored drinks presented among flavorless drinks. The drinks
were colored red, orange, yellow, gray, or else presented as colorless solutions. Overall, the nontasters correctly identified 19% of
the solutions, the medium tasters identified 31%, and the supertasters identified 67%. Coloring the orange-flavored solutions
orange led to a significant increase in the accuracy of participants’ flavor identification responses (see Figure 6.3). Similarly,
coloring the blackcurrant-flavored solutions a grayish purple also
led to a significant facilitation of performance (note here that
many blackcurrant-flavored products, such as, e.g., yogurt are

Figure 6.3 The results of Zampini et al.’s (2008) study highlighting the
influence of color on people’s ability to correctly identify orange- and blackcurrant-flavored solutions.

typically colored in this way). What is more, the participants in
Zampini et al.’s study also rated the congruently colored drinks
as having a more intense flavor than when the liquids were presented either with no color or else with an incongruent color.
In contrast, no such effect of congruent coloring was reported
on participants’ sourness or sweetness intensity judgments.
Interestingly, Zampini et al. also found that the addition of coloring had the largest effect (in terms of flavor identification) on the
performance of the nontasters, less of an effect on the medium
tasters, and very little effect on the responses of the supertasters.
In summary, then, the addition of color (be it appropriate, inappropriate, or absent) has been shown to exert a profound effect on
people’s flavor identification responses, and/or the manipulation
of the intensity of the color added to a foodstuff does not, however, appear to have such a clear-cut effect on people’s judgments
of its flavor (or, for that matter, taste) intensity (Petit et al. 2007;
see Spence et al. 2010, for a review). One general point to note
here is that if color’s effect on flavor perception is more cognitive
in nature than the multisensory integration effects that appear
to govern oral–somatosensory–gustatory–orthonasal–olfactory
interactions (i.e., if it depends on an expectancy setup by the
presence of a particular color in the particular food or beverage product), then the exact testing protocol may influence the
results of studies in ways that, as yet, have not been fully thought
through (see Frank et al. 1989; Spence et al. 2010).

6.7 Auditory Contributions to the
Perception of Food
The majority of articles on the topic of multisensory flavor perception either do not cover audition, or else, if they do, provide
only the briefest mention of this “forgotten” flavor sense (e.g.,
see Amerine and Roessler 1976; Shepherd 2012; Verhagen and
Engelen 2006, for representative examples). However, a number
of researchers have recently started to include sound as one of the
factors that has a significant effect on the consumers’ experience
of food and drink (Knight 2012, p. 80). Back in the 1960s, Drake
published research that focused on analyzing the information
conveyed by food-crushing sounds (e.g., Drake 1963, 1965a,b,
1970; Drake and Halldin 1974). A few years later, Zata Vickers
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and her colleagues published an extensive body of empirical
research in which they investigated the factors that contribute to
the perception of, and consumer distinction between crispiness
and crunchiness in a range of dry food products (e.g., Spence
2012a; Vickers 1981, 1987; see Duizer 2001; Vickers 1984;
Vickers and Bourne 1976, for reviews).
The majority of published studies have tried to correlate subjective ratings of the crispiness/crunchiness of various foods with
objective measures of the sound elicited by biting into, or mechanically crushing, them (see Spence and Shankar 2010; Spence et al.
2011; Spence and Zampini 2006; Vickers 1991, for reviews). More
recently, Zampini and Spence (2004) have demonstrated that the
sounds that people make when they bite into dry food products
such as crisps (potato chips), contribute as much as 15% to their
perception of crispness and/or freshness.
The participants in Zampini and Spence’s (2004) study had to
bite into nearly 200 Pringles potato chips (all more or less identical in shape, size, and weight, and hence ideal for psychophysical
investigation), and rate each one in terms of its crispness and
freshness using anchored scales. Real-time auditory feedback of
the noise made by participants while they were biting into each
crisp was played back over closed ear headphones. The participants actually perceived the sounds as coming from the potato
chips themselves (i.e., rather than from the headphones) due,
presumably, to the audiotactile ventriloquism effect (Caclin et al.
2002). The auditory feedback was sometimes altered in terms of
its frequency composition and/or overall loudness. That is, when
biting into each potato chip, the sound that participants heard
could either be attenuated by 0, 20, or 40 dB across the entire frequency range, or else only those frequencies above 2 kHz could
either be boosted or cut (by 12 dB) or left unaltered.
The participants reported that the potato chips tasted both
significantly crispier and fresher when the overall sound level
was increased and/or when just the high-frequency sounds were
amplified (see Figure 6.4). In contrast, the participants rated the
crisps as being both significantly staler and softer when the overall intensity of the sounds made by their biting into the potato
chips was reduced and/or when the high-frequency sounds were
attenuated. These results, therefore, highlight the important role
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Figure 6.4 Results highlighting the effect of changing the food-eating
sounds heard by participants on their multisensory perception of the crispness of potato chips (see Zampini and Spence 2004).

that food-eating sounds play in modulating people’s perception and evaluation of foods (at least for those foods that make
a “noise” when we bite into them). Subsequent research by
Zampini and Spence (2005) demonstrated that people’s ratings
of the carbonation of a carbonated beverage can also be modified
by changing the loudness of the popping sounds that they hear
when evaluating a beverage presented in a plastic cup.
It is not only the overall loudness or frequency composition of
food-eating sounds that modulate the perception of food texture,
though. The temporal qualities of food sounds, such as, for example, how uneven or discontinuous they are, can also influence how
“crispy” people perceive a food to be (e.g., Vickers and Wasserman
1979), or how carbonated a drink is rated as being (Zampini and
Spence 2005). Given the important role that auditory cues play
in our perception of food and drink, one open question for future
research concerns what happens to those individuals who are deaf,
or hard of hearing. It is, currently, unclear whether their multisensory flavor experiences are similar to those of normal-hearing
adults who eat food while listening to loud white noise, say (which
masks food sounds; Masuda et al. 2008), or whether instead, the
relative contribution of each of the residual senses is somewhat
different for deaf individuals due to the consequences of cortical
plasticity. As far as the effect of background noise goes, Woods
et al. (2011) have shown that background (white) noise diminished
gustatory properties (saltiness, sweetness) of various foods, while
food crunchiness ratings seemed to be enhanced (see also Spence,
2014, for a recent review).

6.8 Cognitive Neuroscience of Multisensory
Flavor Perception
The past few years have seen a rapid growth in our understanding of the neural networks that underlie multisensory flavor perception. We now know that gustatory stimuli project from the
tongue to the primary taste cortex (the anterior insula and the
frontal-or-parietal operculum, see Simon et al. 2006), while
olfactory stimuli project to the primary olfactory (i.e., piriform)
cortex (see also Johnson et al. 2000; Veldhuizen et al. 2009).
From there, the inputs from both modalities project to the orbitofrontal cortex (OFC), a small brain structure located behind the
eyes. Gustatory stimuli appear to project to caudolateral OFC
while olfactory stimuli appear to project to caudomedial OFC.
The available evidence currently suggests that the OFC plays a
central role in mediating multisensory interactions in flavor perception (Small 2012; Small and Prescott 2005). In fact, currently,
the consensus is that the pleasantness (and reward value) of a
food (or drink) is represented there (e.g., Rolls and Baylis 1994;
Small 2004; Small and Prescott 2005; Small et al. 1997, 2001).
The participants in one influential study in this area by de
Araujo et al. (2003) had to lie in a functional magnetic resonance
imaging (fMRI) brain scanner while rating the pleasantness, and
congruency, of various different pairings of orthonasal olfactory
and gustatory stimuli. The olfactory stimuli were methianol (a
chicken-broth-like odor) and strawberry odor, while the tastants
consisted of sucrose and MSG. The participants were presented
with both congruent (e.g., sucrose and strawberry odor) and
incongruent (e.g., sucrose and chicken-broth odor) combinations
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of orthonasal olfactory and gustatory stimuli. Increased neural
activity in the OFC was correlated with increased ratings of the
pleasantness and congruency of the olfactory–gustatory stimulus
pairing that the participants happened to be evaluating.
Small et al. (2004) presented participants with familiar/unfamiliar combinations of retronasal smell and taste stimuli. These
researchers observed superadditive neural interactions in the
OFC in their event-related fMRI study for familiar (or congruent, sweet vanilla), but not for unfamiliar (or incongruent) combinations of stimuli (salty vanilla). Additionally, several other
areas—including the dorsal insula, frontal operculum, and anterior cingulate cortex—also lit up in what appeared to be a “flavor network” in the human brain. Thus, it appears that familiar
combinations of olfactory (both orthonasal and retronasal) and
gustatory flavor stimuli can lead to enhanced neural responses in
those parts of the brain that code for the hedonic (i.e., pleasantness) and reward value of food. Behaviorally, the presentation
of familiar (and/or congruent) combinations of stimuli results
in enhanced flavor intensity and increased pleasantness ratings. In contrast, unfamiliar (and/or incongruent) combinations
of taste and smell (delivered either orthonasally or retronasally)
will likely lead to reduced liking and the suppression of neural
response in those parts of the brain coding for the intensity and
pleasantness of food (De Araujo et al. 2003; Small et al. 2005;
see also Skrandies and Reuther 2008). Interestingly, Small et al.
(1997) reported a significant decrease in regional cerebral blood
flow in the primary and secondary gustatory cortex and in the
secondary olfactory cortex during simultaneous presentation of
orthonasal olfactory and gustatory stimuli as compared to when
they were presented individually.
Oral–somatosensory information regarding the food in the
mouth is transferred to the brain by means of the trigeminal
nerve, which projects directly to the primary somatic sensory
cortex (Simon et al. 2006). This projection carries information
concerning touch, texture (mouthfeel; Christensen 1984), temperature, proprioception, nociception, and chemical irritation
from the receptors in the mouth. Given what has been seen so
far, it should come as a little surprise that oral texture (including the perception of fattiness in food) is also represented in the
OFC (Eldeghaidy et al. 2011; see also Cerf-Ducastel et al. 2001).
Congruent combinations of color and orthonasally presented
odors have also been shown to lead to enhanced activation in
the OFC (Österbauer et al. 2005). As yet, though, neuroimaging
techniques have not been applied to the case of somatosensory–
olfactory interactions (see Stevenson 2012).

6.9 Conclusions
Flavor perception is one of the most multisensory of our everyday experiences, involving as it does the direct contribution of
taste, smell, and oral–somatosensory (e.g., mouth feel and trigeminal stimulation) cues. Auditory and visual cues also influence multisensory flavor perception, though they have typically
been excluded from traditional definitions of flavor (ISO 5492
2008). We would, however, like to argue that such definitions
are overly narrow, and should actually be expanded to include
proximal auditory cues elicited by foods in the mouth (and foodeating sounds; see Figure 6.1). The influence of such auditory
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cues on multisensory flavor perception would appear to obey
the temporal rule that marks out many effects as reflecting the
consequences of multisensory integration rather than some form
of expectancy effect (see Guest et al. 2002; Holmes and Spence
2005; Sakai et al. 2001), which are rarely sensitive to the precise
synchronization of the constituent sensory inputs.
Whether one should also include exteroceptive cues, such as
those provided by the distal sounds associated with foods or food
preparation, visual appearance cues, and orthonasal olfaction in
one’s definition of flavor is an open question. In fact, the answer
may turn on what exactly is meant by the term “flavor” (see also
Auvray and Spence 2008; Spence et al. 2015; Stevenson 2009).
Nevertheless, however, one defines flavor; the point remains that
the human brain appears to effortlessly bind all of the available
sensory cues (regardless of their modality of occurrence) into a
multisensory flavor percept (or Gestalt; Spence 2015; Verhagen
and Engelen 2006).
The evidence cited in this chapter has demonstrated just how
important multisensory integration is to multisensory perception of flavor. The majority of the research reviewed here has
focused on the sensory-discriminative aspects of multisensory
flavor perception. Equally important, if currently somewhat less
thoroughly studied, of course, are the multisensory contributions
to people’s hedonic responses to food and drink (i.e., how much
do they like it). That said, the results of many cognitive neuroscience studies now converge on the conclusion that the OFC
plays a central role in the multisensory integration of gustatory,
olfactory, tactile, and visual (and presumably also auditory) cues
(e.g., De Araujo et al. 2003; Österbauer et al. 2005; Rolls and
Baylis 1994; Small et al. 1997, 2004). The OFC appears to code
the reward value of food. However, that said, the OFC should be
seen as just one node in a complex “flavor network” that spans
multiple loci in the human brain, including the anterior insula,
frontal operculum, anteromedial right temporal lobe, anterior
cingulated cortex, posterior parietal cortex, and possibly also
the ventral lateral prefrontal cortex (Shepherd 2012; Small and
Prescott, 2005; Small et al. 2004).
While it has been known for many years that taster status influences the experience of certain bitter tastes (Bartoshuk 2000),
there is now a growing body of evidence to suggest that it also
affects people’s responses to other tastants (Bajec and Pickering
2008), as well as their responses to the oral–somatosensory attributes of foods (see Eldeghaidy et al. 2011; Essick et al. 2003;
Prescott et al. 2004). The latest evidence has also provided some
intriguing preliminary evidence that taster status might influence
how much weight people put on what they see (i.e., on visual
cues) when trying to identify a food or drink’s flavor as well
(Zampini et al. 2008). There is also growing interest in the individual/cultural differences that pervade the field of multisensory
flavor perception (e.g., Shankar et al. 2010c).
Many of the world’s largest food companies and flavor houses
are becoming increasingly interested in results such as the reduction in olfactory and gustatory thresholds reported by Dalton
et al. (2000) and others (e.g., Labbe et al. 2006, 2007; Petit et al.
2007; Pfeiffer et al. 2005), not to mention the experience-dependent (and cross-cultural) differences that have been reported
(Dalton et al. 2002; Spence 2008). Olfactants are often expensive
to produce, whereas tastants (such as sugar) are relatively cheap.
Therefore, any means of reducing the amount of odorant needed

Free ebooks ==> www.ebook777.com
89

Perceptual Processes in Food Evaluation
to deliver a certain flavor or aroma to the consumer can potentially mean a huge saving. Researchers are currently working
on ways to reduce the amount of “harmful” ingredients, such as
sugar, salt, fat, carbonic acid, and so on in foods (e.g., Lawrence
et al. 2009). The hope is that a better understanding of the cognitive neuroscience of multisensory flavor perception may help
such companies to create foods that are healthier for the consumer while keeping the flavor profile as constant as possible.
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7.1 Introduction
Lean muscular tissue contains approximately 75% water.
Approximately 95% of this water is bound to muscle cells.
“Bound” means that the water is restricted in its molecular movements; it is immobilized by charged or hydrophilic
side chains of amino acids and capillary forces. A very small
amount of water is bound very tightly to proteins such as crystal

water in salt (protein-bound water; Table 7.1). Approximately
80% water is immobilized by the myofibrillar and cytoskeletal
proteins (intrafilamental; Table 7.1). In the sarcoplasm with its
soluble (sarcoplasmic) proteins between the fibers (interfibrillar;
Table 7.1), approximately 15% of the water is partially immobilized by the protein surfaces, water–solute, and water–water
interactions. A part of this water is “free”—it means unbound by
protein side chains, ions, or capillary forces. Nevertheless, this
93
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Table 7.1
Water Distribution in Muscles of Live
Animals (pH 7) and Meat (pH 5.3–5.8)
% Water

Protein-bound water
Intrafilamental
Interfibrillar
Extracellular water

Muscle

Meat

~1
~80
~15
~5

~1
~75
~10
~15

water is inhibited from flowing freely out of the cell by the cellular and subcellular lipid bilayer membranes.1–4
After death, with the breakdown of glycogen and the formation
of lactic acid (lactate), the pH within the cell falls from approximately pH 7 in the muscle of a rested animal to approximately pH
5.3–5.8. This ultimate pH is near the isoelectric point of meat proteins. These chemical changes postmortem cause physical changes
because the swelling of the myofibers is reduced and is at a minimum at the isoelectric point (Figure 7.1). Also, the rigor mortis
occurs after the exhaust of convertible energy in muscle cells
postmortem with its permanent interaction of myosin and actin in
the filaments. This shrinkage, due to both events, means that less
water is immobilized within the myofibers, and by the shrinkage,
water appears slowly outside the cell. Approximately 15% of the
water is finally located outside the muscle cells and kept within
the meat by capillary force (extracellular water; Table 7.1). But this
water slowly evaporates into the environment or is lost as drip loss.
The attractive forces, however, under which the water is bound
and immobilized by muscle proteins, not only change during the
postmortem processes but also during the processing of meat,
manufacturing of meat products, and preparation of meat for

+
NH3
_

NH2
_

OOC

+
NH3
_
COO

NH2
COO

+
NH3

pH 5.5

OOC

_

NH2

pH 7.0

Figure 7.1 Scheme of protein shrinkage by changes in pH from muscle
(pH 7) to meat (pH 5.5). Owing to an increase in positive charges of side
chains (− NH 2 → − NH 3+ ) the meat proteins are approaching an isoelectric
point at 5.2/5.3 (see Figure 7.3). The structure shrinks due to an attraction
of the opposite electric charges of the side chains and it leaves less space for
water molecules in between.

eating. Processing involves heating, chilling, cold storage, freezing, thawing, drying, and mincing; furthermore, manufacturing includes salting (curing), fermenting, and comminuting. All
these procedures more or less change the water-holding capacity
(WHC) of meat. Thus, the knowledge of factors influencing the
WHC of meat handled under various conditions is important for
the quality of meat and is also of considerable economic interest.
Changes in WHC are initiated by postmortem changes and are
very sensitive indicators of changes in the structure of myofibrillar proteins.5,6
This chapter discusses only the selected aspects of water
in meat, WHC, and its importance in quality aspects. Several
important factors related to WHC that will not be considered are
the influence of animal-specific factors such as species, sex, age,
muscle type, and treatment of animals before slaughter.

7.1.1 General Principles for All Methods
Regarding Meat Characteristics
The origin and husbandry of the live animal, slaughtering procedures, and the postmortem handling of the carcass are described
as precisely as possible. The description includes species, breed,
sex, age, feeding regime, transport and preslaughter handling,
slaughter conditions, chilling, and aging regime. The rate of pH
and temperature decline postmortem, together with the final
pH of the muscle, is reported. The history of the animal should
preferably be known, although it is not always important. If it is
known, it should be reported.

7.2 Moisture of Meat
7.2.1 Principle of Measurement
Moisture is, in general terms, the total water content of meat. If
a piece of lean meat contains, analytically, 75% water, then, this
amount is determined as moisture. But one must keep in mind
that a small portion of water, approximately 1%, is tightly bound
to protein (Table 7.1) and salt structures and behaves like crystal
water, which is released from salt only under extreme conditions,
for example, a high degree of heating.
In meat, the degree of heating for moisture determination is
limited as other compounds such as fat or proteins may disintegrate on higher temperatures and release decomposition compounds in gaseous form, which would falsify the results. Thus,
the determination of moisture in meat is usually not carried out
above 105°C. This drying process, however, is slow and must be
repeated until a constant weight is reached and so requires long
hours to complete.
This may be too time consuming, especially within or before
a manufacturing process. For these reasons, rapid methods for
moisture determination have been developed. Faster heating,
for example, by microwave, however, has the disadvantage of a
higher variability that may be acceptable in a processing line. A
faster method from AOAC International7 (method 950.46) recommends the application of 125°C in a convection oven.
Near-infrared methods (NIR, NIT), nuclear magnetic resonance (NMR), and guided microwave spectroscopy (GMS) are
few other methods that, however, require a rather laborious
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calibration for each instrument, often also for various animal
species, and also for fatter or leaner cuts and processed (raw,
salted, and heated) products.
Meat primarily consists of water, protein, fat, and approximately 1%–2% other substances, such as salts (ca. 1%), carbohydrates (<0.5%), vitamins, adenine nucleotides, and
deoxyribonucleic acid (DNA) in even smaller amounts. The four
major components—water, fat, protein, and salt (the latter is usually measured and expressed as ash)—are present in fresh meat
of all common meat species before storage, that is, without water
loss, a close relationship.
The correlation coefficient of water and fat in freshly slaughtered meat is usually >0.99, the coefficients between water and
protein are lower with 0.97, and that of water with ash is 0.98.8–12
Therefore, a water determination allows the calculation of fat
content or a fat determination allows the calculation of moisture.
But this is valid only for fresh meat, that is, meat that has not lost
moisture (drip, purge, and evaporation) during storage.

7.2.2 Determination of Moisture
One of the standard reference methods for the determination
of moisture is the oven-drying method by AOAC International7
(method 950.46). Similar ones exist in the collection of several
analytical methods, such as ISO, EN, or DIN. In AOAC method
950.46, it is described how meat samples are dried after preparation according to AOAC method 983.18.

7.2.2.1 Equipment
A food chopper with a 3-mm plate or a bowl chopper, glass or
alumina dishes of 50–100-m diameter and 20–40-mm deep, desiccator, balance, and air oven or mechanical convection oven,
accurate ±1°C at 100°C, are used.

7.2.2.2 Sample Preparation for Drying
1. Separate the meat as completely as possible from any
bone; pass the meat rapidly 3 times through a grinder
with plate openings of 3 mm, mix thoroughly after each
grinding, and begin all determinations promptly. If any
delay occurs, chill the sample to inhibit decomposition.
Alternatively, use a bowl cutter for sample preparation.
Chill all cutter parts before preparation of each sample.
2. Precut the sample, up to 1 kg, to a maximum dimension of <5 cm, and transfer to a bowl for processing.
Include any separated liquid. Process for 30 s, then
wipe down the inner side wall and bottom of the bowl
with spatula (use household plastic or rubber spatula
with ca. 5–10 cm straight-edge blade), and transfer
gathered material to the body of the sample. Continue
processing for another 30 s and wipe down as before.
Repeat the sequence to give a total of 2 min processing
and three wipe downs.
Take particular care with certain types of meat, such as ground
beef, to assure uniform distribution of the fat and connective tissue. At each wipe-down interval, reincorporate these into the

sample by using spatula to remove fat from inside surfaces of the
bowl and the connective tissue from around blades. If the sample
consolidates as a ball above the blades, interrupt processing and
press the sample to the bottom of the bowl with spatula before
continuing.

7.2.2.3 Drying
1. With lids removed, dry the sample containing ca. 2 g
dry material (equivalent to ∼8–10 g of fresh meat)
for 16–18 h at 100–102°C in an air oven (mechanical
convection preferred). Use a covered Al dish with a
diameter ≥50 mm and depth of ≤40 mm. Cool in the
desiccator and weigh. Report the loss in weight as
moisture.
2. With lids removed, dry the sample containing ca. 2 g
dry material to constant weight (2–4 h depending on
the product) in a mechanical convection oven or in a
gravity oven with a single shelf at ca. 125°C. Use a
covered Al dish with a diameter ≥50 mm and depth
of ≤40 mm. Avoid excessive drying. Cover, cool in
the desiccator, and weigh. Report the loss in weight as
moisture. (The dried sample is not satisfactory for subsequent fat determination.)
3. AOAC Official Method 985.14, Moisture in Meat and
Poultry Products, and Rapid Microwave Drying Method.
Moisture is removed (evaporated) from the sample by using
microwave energy. Weight loss is determined by electronic balance readings before and after drying and is converted into moisture content by a microprocessor with digital percent readout.
A ground or comminuted representative sample is dried until
all water has been removed. In the discussed method, it is recommended to wait for 16–18 h. In other methods such as the
German method13 L 06.00-3, two variations are recommended
for the determination of moisture:
1. The ground meat is mixed with about 3–5 times the
amount of clean sea sand.
2. The sample is weighed after 4 h. Experienced analysts
reheat afterward to control weight stability.

7.2.2.4 Method L 06.00-3, Drying of Meat
A sample of 5–10 g of ground meat is weighed accurately and
mixed in a steel or glass vessel with 35 g of dried sea sand. The
material is placed in an air-drying oven at 103 ± 2°C for 4 h. After
this, it is transferred into a desiccator and weighed after cooling.
The procedure of drying, cooling, and weighing is repeated (usually once) until constant weight (difference lower than 0.1% of
meat) is reached. The whole procedure may take 5–6 h.
Higher temperatures are not recommended because volatile
substances present or which may be formed by disintegration of
other ingredients, such as organic acid, or fat degradation products, may leave the sample and are counted as water loss.
Vacuum drying (~100 mm Hg) at 95–100°C may be used.
This will speed up the time to constant weight. But it is not
recommended for samples with increased fat content (AOAC
International,7 method 950.46).
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Microwave drying is also used in practice. CEM designed a
microwave oven specifically for moisture in foods. Samples are
placed between glass fiber pads, and dried for 3–5 min, after
which they are reweighed. This is published as an official AOAC
method (AOAC International,7 AOAC 985.14).

7.2.2.5 Near-Infrared Method
NIR is also applied for moisture determination. Quantitative measurement of meat components requires measurement of several
known samples for calibration. Unknown samples of similar type
can then be scanned and components can be determined by comparing the response to the calibration data.14,15 Once calibration
is complete, the method provides a simultaneous measure of fat,
moisture, and protein that is extremely fast and nondestructive.
The availability of economical microprocessors that provide
for easy calibration using artificial neural networks (ANNs) has
made NIR instruments commonly available for meat analysis.
Examples of available instruments include those from Infratec and
Foss Electric (FoodScan). It is important to note that NIR analysis is highly dependent on proper calibration of instruments with
samples similar to the unknowns to be measured. Recalibration
is necessary for any change in the sample material that is outside the range of properties of the samples used for calibration.
The need for a careful and proper calibration is viewed by some
analysts as a disadvantage for this method. Recent developments
in technology have resulted in changes of most instruments from
NIR reflectance measurement to NIR transmission (NIT). The
transmission measurements utilize greater sample volume, which
improves results. Correlations between NIT measurements and
AOAC methods have been reported as 0.984–0.995, 0.987–0.992,
and 0.949–0.957 for fat, moisture, and protein, respectively, in
meat. Repeatability ranges from 0.42% to 0.50%, 0.32% to 0.36%,
and 0.53% to 0.54% for fat, moisture, and protein, respectively,
have also been reported.16 Furthermore, AOAC reports that the
FOSS Food Scan™ with ANN Method has been granted AOAC
Official MethodSM status.16 A collaborative study was conducted
to evaluate the repeatability and reproducibility of the FOSS
FoodScan NIR spectrophotometer with ANN calibration model
and database for the determination of fat, moisture, and protein
in meat and meat products. Representative samples were homogenized by grinding according to AOAC16 Method 983.18.

7.2.2.5.1 Description of the Method
Approximately 180 g of ground sample was placed in a 140-mmround sample dish, and the dish was placed in the FoodScan.
Results were displayed for percent (g/100 g) fat, moisture, and
protein. Ten blind duplicate samples were sent to 15 collaborators in the United States. The within-laboratory (repeatability)
relative standard deviation (RSDr) ranged from 0.23% to 0.92%
for moisture. The between-laboratories (reproducibility) relative
standard deviation (RSDr) ranged from 0.39% to 1.55% for moisture. The hardware is described as follows.
From a tungsten–halogen lamp housed at the back of the
instrument, light is guided through an optical fiber into the internal moving–grating monochromator, which provides monochromatic light in the spectral region between 850 and 1050 mm.
Through a second optical fiber, light is then guided through a
collimator lens positioned over the sample cup in the sample
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chamber. The light is transmitted through the sample, and the
unabsorbed light strikes a detector. The detector measures the
amount of light and sends the result to the digital signal processor, which communicates with the personal computer (PC)
where the final results are calculated.
The sample is placed in a cup and positioned inside the FoodScan
sample chamber. The sample cup is rotated during the analysis process to subscan various zones of the test sample that are then used
to calculate the final result. This procedure provides a more representative result from potentially nonhomogeneous samples. ANN
calibration is a technique designed to emulate the basic function
of the human brain to solve complex problems. The ANN model
has the ability to describe both linear and nonlinear relationships
between spectral characteristics and compositional analysis.
The study samples were chosen to represent the majority of
products from the commercial meat industry (beef, pork, and
poultry) and included raw meats, emulsions, and finished products. All samples were natural and of the real-world type, and
none of them were adulterated. The collaborative study samples
consisted of 10 meat study samples prepared as blind duplicate
pairs, resulting in 20 test samples. The method is applicable to
the simultaneous determination of fat, moisture, and protein in
meat and meat products (fresh meat, beef, pork, poultry, emulsions, and finished products) in the constituent ranges of 1%–43%
fat, 27%–74% moisture, and 14%–25% protein.
There is an NIT system called the continuous fat analyzer
(CFA) for use on mixers and grinders. The CFA utilizes an 850–
1050-nm wavelength range to continuously monitor fat, moisture, and protein content during mixing, and composition can be
checked and adjusted on the spot. Standard deviations of 0.3%
for the measurements have been reported.17

7.2.2.6 Guided Microwave Spectrometry
GMS has not been studied as extensively as NIR systems, but
this approach has been developed to the point of being offered
as part of the meat-processing equipment, similar to NIR. The
GMS measurement is based on microwave energy absorption,
which is used to measure the differences in conductivity and
dielectric constant of water. The conductivity and dielectric constant are then used for the determination of sample fat, moisture,
and protein content. Protein and fat are indirect measures with
this method. Calibration with known samples is necessary for
GMS measurements. These systems have been reported to result
in measurements with standard deviations of 0.3%.
While there is far less information available on the GMS systems than for most other analytical methods, one of the limitations
appears to be matrix sensitivity. For example, the presence of air or
ice crystals has been reported to have a significant effect on results.18

7.2.2.7 Nuclear Magnetic Resonance
NMR is the most recent development in commercial instruments
for fat analysis in meat. NMR data distinguish between protons
from different molecular sources and can provide sharp contrasts
between meat components, such as fat and lean. Correlations
between NMR measurements and known fat content in meat
have been reported to be 0.967. Pedersen et al.,19 Keeton et al.,20
and Sørland et al.21 describe the method in detail.
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all the variations of methods used and reported in the literature,
there are three major ways of treatment, which can be divided
into three different basic methods of measuring WHC.
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7.3.2 Methods of Measurement
7.3.2.1 Applying No External Force

r = 0.99

40

To this group belongs the measurement of evaporation and weight
loss, free drip, bag drip,22–25 cube drip, and related methods,26
whereby the meat is left to itself under different environmental conditions. These methods are very sensitive but time consuming (one
to several days) and are often sped up by the following methods.
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Figure 7.2 Relationship between water and fat content of fresh beef,
pork, and chicken meat (total N = 45); equation: % fat = 100.02 × % water.
(From Arneth, W., Kulmbacher Reihe Band, 16, 65, 1999.)

A peer-verified method is presented for the determination of
percent moisture and fat in meat products by microwave drying
and NMR analysis. The method involves determining the moisture content of meat samples by microwave drying and using the
dried sample to determine the fat content by NMR analysis. Both
the submitting and peer laboratories analyzed five meat products
by using the CEM SMART system (moisture) and the SMART
Trac (fat). The samples, which represented a range of products
that meat processors deal with daily in plant operations, included
the following: (1) fresh ground beef, high fat; (2) deboned chicken
with skin; (3) fresh pork, low fat; and (4) all-beef hot dogs. The
results were compared with moisture and fat values derived from
AOAC International, methods 950.467 (Forced Air Oven Drying)
and 960.39 (Soxhlet Ether Extraction).
As shown in Figure 7.2, the relationship between fat and water in
meat is very close (r = 0.99); the moisture content can be measured.

7.2.2.8 Summary for Moisture Determination
A wide range of methods are available for measuring the composition of meat raw materials—in this case, the water content.
These methods range from traditional slow wet chemistry methods that have been in use for decades to extremely rapid, in-line
multicomponent analyses that have been recently developed. But
repeatability, reproducibility, and bias must be determined to
permit selection of a method that will meet the expectations of
the analytical laboratory applying them.

7.3.2.2 Applying External Mechanical Force
WHC of meat can be detected within a few minutes or an hour
by using positive or negative pressure. A few similar methods
include centrifugation methods,24,27 filter paper press method
(FPPM),28,29 and suction loss methods.30–32 The amount of
water released with these methods is far higher than with those
without external force because the pressure applied enforces
the release of water from the intra- and extracellular space of
the muscle structure (Table 7.2). In drip loss measurements
(usually carried out for 1–2 days), only extracellular water exudates from the meat.33–35 Therefore, a factor must be known to
evaluate the actual drip loss of the meat, for instance, within 7
days. The matter becomes even more complicated as the state
of meat changes during the time of conditioning and aging,
which also influences the WHC. Therefore, methods applying
mechanical force reveal only the tendency of how the meat
may behave in the following days but the absolute values are
not directly comparable with the drip loss measurements.

7.3.2.3 Applying Thermal Force
As meat is consumed usually after heating, the WHC of meat on
cooking is of interest. The cooking loss is measured by a wide
range of methods.25,36 During heating, the meat proteins denature
and the cellular structures are disrupted, which have a strong
influence on the WHC of meat. Extra- and intracellular water are
released by the meat sample on cooking. The influence of the way
of the heating and the final temperature are great on the WHC
(Table 7.2 shows two examples of heating at 75°C and 100°C).
Table 7.2
Water Loss by Different Treatments of Meat (Lean Meat
72%–76% Water)
% Water Loss

7.3 Water-Holding Capacity
7.3.1 General Remarks
WHC is the ability of meat to hold all or part of its own water.
This ability depends on the way of handling and the state of the
system. As the state of meat and the treatments vary considerably, the meaning of WHC varies to a large extent. Therefore, the
methods applied and the state of meat at the time of measurement
must be exactly defined to obtain comparable results. In spite of

Evaporation loss during storage (up to 7 days)
Drip loss of normal meat (1–2 days measurement)a
Drip loss of PSE pork (1–2 days measurement)b
Centrifugation loss (~500 g) for 20 min
Heating (cooking) loss (maximum 75°C)
Cooking (100°C)
Filter paper press method

0.5–3
2–5
10–15
20–30
20–30
35–45
60

a

Slow pH fall (beef, pork 10 resp. 6 h before ultimate pH is reached).

b

PSE pork; ultimate pH is reached within 1 h postmortem.
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The WHC of all methods used strongly depends on the pH of
the meat, which changes after death by the formation of lactic
acid. Figure 7.3 shows one of the first examples of measuring the
WHC of meat at different pH values.28 Cubed beef was immersed
in buffer solutions at various pH values, and the weight and volume gain were measured. The minimum percentage weight gain
is approximately pH 5.2 at the isoelectric point of meat proteins
where they form the closest structure by attraction of the equal
amount of positively and negatively charged side chains of the
amino acids in proteins. The changes in charges of side chains
of amino acids are shown in Figure 7.1. Furthermore, the WHC
depends on the muscle type and species of the animal due to their
varying composition and structure.
Above this, the evaporation loss depends on the surface cover
of the muscle tissue such as adipose tissue or wrapping material,
the size of the sample (big or small), the length of the measuring
period, the temperature of meat and chilling room, and the air
speed and air humidity within the chiller.
The drip loss depends on the size of sample, the shape of sample, the treatment during the conditioning period (Figure 7.4), the
chilling temperature, and the duration of chilling period (Figure
7.5). Drip loss in meat samples can be measured under defined
conditions; a procedure has been recommended.25 The sum of
evaporation and drip loss is the weight loss, which the individual
is interested in.
Centrifugation method of uncooked meat: Besides the factors
influencing weight loss, centrifugation loss additionally depends on
the speed of centrifugation (×g), the time of centrifugation, and the
plasticity of the meat influenced by the state of meat and additives.
70
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Figure 7.4 Relationship between temperature of incubation during the
first 24 h postmortem of M. cleidomastoideus of beef and drip loss of muscle
cubes (approximately 30 g) after storage for 1, 3, 6, and 7 days postmortem.
From day 2 the samples were stored at 0°C.
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Figure 7.5 Drip and cooking loss during storage of beef M. sternomandibularis. The muscles were excised 45 min postmortem and stored immediately in a water bath at 0, 8, and 25°C. After 24 h, the storage temperature was
5°C. The packing was done in plastic pouches without vacuum. Drip loss was
measured as weight loss of the whole muscle (300–400 g) related to original
weight on day 0. Cooking loss was the loss of a cube sample of 30 g, heated in
a plastic pouch for 30 min in a water bath of 75°C. Each cooking sample was
cut off the meat piece freshly every day just before measurements.

×

×

7
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7.3.3 Factors That Influence the Measurement of
WHC Applying the Different Methods

From day 2, 0°C

8

Cooking loss (%)

These methods of measurement of WHC in research and practice are due to the different interests of people who handle meat.
It becomes evident that WHC also means different things to different people.

8.0

pH of meat
Figure 7.3 WHC of cubes of beef by inserting into water solutions at
different pH values. (For details see text) (From Grau, R., Hamm, R., and
Baumaan, A., Biochemische Zetschrift, 325, 1, 1953.)

FPPM:29 This method is very easy to handle and fast and thus
is widely used. The results depend on the pressure applied, the
time of pressure applied, and the plasticity of the meat, that is,
prerigor state (pH) (Figure 7.6). But there is a poor relationship
with drip loss (Figure 7.7).
In Figure 7.6, a further development of the FPPM is described.
Hofmann32 and Hofmann et al.37 describe an advanced evaluation by determining the quotient of the meat (M) to the total
area (meat + surrounding fluid: T). The influence of pH is clearly
shown. Reuter38 proposed a template method (rings of different
diameters), speeding up the method of Hofmann et al.37 who still
used a planimeter for determining the size of the area.
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Figure 7.6 Results of filter paper press method (FPPM) expressed as
M/T (meat area/total fluid area, see text) in dependence of various pork muscles (different symbols) and the early postmortem pH fall at 45 min (pH1).
(From Hofmann, K., Fleischwirts, 62, 1604, 192.)

Inspired by the FPPM, Monin et al.39 proposed an imbibition
method, measuring the fluid absorption within a 3-min period on
a muscle surface, immediately after a fresh cut.
Kauffman et al.40 similarly proposed the absorption of excess
fluid of a muscle surface on filter paper for 2 s by either weighing
the filter paper or visual score. Both evaluation systems resulted
in very high correlations to drip loss in 4 days after the measurement of r > 0.90.
A similar method was the capillary volumeter by Hofmann30,32
and Fischer et al.,31 where the uptake of fluid by a gypsum body
put on a freshly cut meat surface was measured. The instrument
does no longer exist in the market.
Cooking loss depends on the shape and size of the sample,
the temperature profile during cooking, the final temperature of
cooking (Figure 7.8), and the environment during cooking (in
water, salt solution, air, and wrapping). Whereas the drip loss
changes with time postmortem, the cooking loss remains constant (Figures 7.5 and 7.7) due to the fact that the ultimate pH
does not change any longer, and the disintegration of meat during
aging is a very slow process.
Figure 7.7 clearly shows that there is no relationship between
drip loss and cooking loss at 6 days postmortem. Table 7.3 shows
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Figure 7.7 Relationship between drip and cooking loss of pork muscles
at ultimate pH value of 5.4–6.2, including normal and fast-glycolyzing PSE
muscles (pH1 was 5.5–6.4). The muscles (ca. 500 g) were cut off the carcasses at 24 h and stored at 5°C in vacuum packs. Drip loss was measured
between the fifth and sixth day postmortem for 24 h at 80 g slices, and cooking loss was measured after the drip loss measurement in the samples heated
to 75°C similar to the description in Figure 7.8).
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Figure 7.8 Cooking loss of beef muscles (M. sternomandibularis) at various ultimate pH values at different end points of heating. Muscle cubes of
30 g in plastic pouches were inserted in a water bath at ambient temperatures
where the meat was kept for 5 min. Then the samples were cooled in water
at ambient temperature for 30 min and the cooking loss was determined.
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the correlation coefficients among different methods for determining WHC. High correlation coefficients show drip losses
measured on different days. Drip loss does not have close relationships with other methods.
A standardized procedure for cooking concerning the shape,
size, and environment is possible and has been published.25

7.3.4 Summary of Principles
It must be kept in mind that of all chemical and physical changes in
muscles forming meat postmortem, the changes of pH have the biggest influence as Figures 7.1, 7.3, 7.6, and 7.8, and Table 7.4 show.
Additionally, drip loss temperature at the time of early postmortem
and the time of measurement influences the results (Figure 7.4).
This influence of temperature and time does not exist with cooking
loss (Figure 7.5 and Table 7.4)—there is a strong influence on pH.
Many proposals have been made to measure WHC of meat.
Kauffman et al.41 described the methods that are being used now.
Still, a consensus is lacking in the scientific community regarding
methods of measuring the WHC of meat. Many methods have
been published but only one procedure, to our knowledge, has
been agreed upon internationally, and that too for beef only.42
However, standardization of methods is essential if investigations
carried out by different groups are to be compared directly. Thus,
some agreement should be made regarding methods measuring
physical quality characteristics in meat and meat products. The
lack of standard measurement is in contrast to the accepted methods of measuring the chemical components of meat and meat
products, such as the determination of moisture.
In considering reference methodology, it was recognized that
the techniques used to evaluate physical characteristics such as
WHC could be applied for at least three different reasons:
1. As a quality assurance (QA) toll, within a processing
operation.
2. As an assessment of the effectiveness of production and
processing treatments where there may be an interest
in being able to compare results among laboratories or
countries.
Table 7.3
Correlation Coefficient between Different Methods for
Determining WHC on Beef Muscles (N ⋅ 415)
Correlation Coefficient to
Drip Loss at

Table 7.4
Cooking Loss (%) of Beef Muscle at Different pH and Temperatures
Measured at the Time Postmortem When the pH Was Obtained
Temperature (°C)
0.5
4
5
7.5
10
14
17
20
20
23
24
27
30
x
S.D.

pH 6.8

pH 6.1

pH 5.9

pH 5.5

34
34
36
37
27
33
32
37
35
33
37
37
34
34.4

42
40
41
40
38
39
40
42
39
40
44
39
41
40.4

44
41
42
42
40
41
43
43
41
42
45
40
42
42.1

—
44
45
45
45
44
44
44
43
44
43
42
45
44.8

±2.8

±1.6

±1.7

±2.7

3. As a research tool, in fundamental structural studies of
muscle and meat.
In the first case, a common methodology should be appropriate for the plant or group of plants being controlled by specific
QA programs. The methods used should measure the desired
characteristics necessary to monitor the process, but need not
be comparable with other laboratories, where different criteria
may be important. Where international comparison is important,
it is essential that methodologies be standardized. This would
include all aspects of the testing procedure, and this is the area in
which the reference methods are primarily directed.
In contrast, where direct assessments are being made of the
physical properties of meat as a function of structural (chemical or physical) changes, the experimental methodologies should
not be constrained by reference methods. Instead, researchers are
encouraged to develop and use methodologies that enhance the
precision and accuracy of testing methods, leading to an understanding of the basic mechanisms. It is likely that a new understanding will lead, eventually, to methods that more accurately
predict consumer assessments of meat characteristics.
As there is a multitude of procedures for measuring the WHC
of meat, we restrict the description to the following points:

Method

Storage
Time (Days)

Drip loss

6

0.91

–

Drip loss

8

0.86

0.96

Drip loss

14

0.96

0.91

7.3.5 Drip Loss in Raw, Whole Meat

Centrifugation loss

2

0.38

0.33

7.3.5.1 Principle

Suction method

2

0.31

0.27

FPPM

2

−0.15

−0.21

Cooking loss (75°C)

5

0.04

0.19

3 Days

6 Days

Notes: For suction method, see Hofmann, K. Fleischwirts, 62: 1604, 1982;
for FPPM, see Grau, R. and Hamm, R. Z. Lebensm. Unters. Forsch.
105: 446, 1957.

1. Drip loss in raw, whole meat
2. Water loss in cooked, whole meat

The mechanism of drip formation in raw, whole meat has been
reviewed by Offer and Knight.34,35 Water losses originate from
volume changes of myofibrils induced by prerigor pH fall and
the attachment of myosin heads to actin filaments at rigor where
myofibrils shrink owing to pH fall. Denaturation of proteins may
also contribute to a reduction in WHC, particularly in conditions
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of rapid prerigor pH fall. The fluid thus expelled accumulates
between fiber bundles. When a muscle is cut, this fluid is low
enough and capillary forces do not retain it.
This means that the methods chosen for measuring drip loss
must conserve the integrity of the muscle before the sampling
takes place to avoid external forces other than gravity. Orientation
of the fibers with respect to cut is also important and should be
taken into consideration. Surface evaporation has to be prevented
and the method of supporting the meat piece should minimize
tension (suspended from above) or compression (supported from
below). For standardized meat samples, the following should be
described: type of muscle, the muscle where the sample is taken
from, muscle fiber orientation, surface-area-to-weight ratio, time
postmortem, temperature, and pH.

7.3.5.2 Equipment
The equipment required is a balance of sufficient accuracy
(±0.05 g), a sealable, water-impermeable container (or plastic bag),
sample support that allows the escape of fluid (plastic net bag or
perforated support), and a temperature-controlled environment.

conditions must be defined and controlled (heating rate and the
end-point temperature at the thermal center).

7.3.6.2 Equipment
The equipment required is a balance of sufficient accuracy
(±0.05 g), a temperature-controlled water bath, thin-walled polyethylene bags, and thermocouples to allow temperature recording in the center of each sample.

7.3.6.3 Procedure
Samples should be freshly cut and weighed (initial weight).
Individual standardized slices of 50 mm thick (maximum) and
of a standard weight in thin-walled plastic bags are placed in a
continuously boiling water bath (>95°C), with the bag opening
extending above the water surface. Samples should be cooked to
a defined internal temperature; 75°C is recommended. If other
temperatures are used, these must be defined in the methodology. When the end-point temperature has been attained, samples
should be removed from the water bath, cooled in an ice slurry,
and held in chill conditions (1–5°C) until they are equilibrated.
The meat is then taken from the bag, blotted dry, and weighed.

7.3.5.3 Procedure
Meat samples are cut from the carcass and immediately weighed.
A sample weight of approximately 80–100 g is recommended
but other sample sizes may also be used. The samples are either
placed in a netting and then suspended in an inflated bag, ensuring that the sample does not make contact with the bag, or placed
within the container on the supporting mesh and sealed. After a
storage period (usually 24–48 h) at chill temperatures (1–5°C),
samples are again weighed. The same samples can be used for
further drip loss measurements, for instance, after 2 or 7 days,
but in every case, the initial weight is used as the reference point.
At the time of measurement, samples should be taken immediately from the containers, gently blotted dry, and weighed.

7.3.5.4 Calculation
Drip loss is expressed as a percentage of the initial weight.

7.3.6.4 Calculation
The cooking loss is expressed as a percentage of the initial sample weight.

7.3.6.5 Evaluation
At least two samples of adjacent positions and similar weight and
shape should be used. Triplicates are recommended.

7.4 Conclusion
It is essential that relevant factors that can affect the WHC values are
defined as far as possible. These include the type of muscle and sample location within the muscle, meat quality parameters, such as the
rate of pH decline, ultimate pH, and details of the temperatures at
which the samples or carcasses were maintained. The carcass-chilling process (which affects chilling losses) is particularly important.

7.3.5.5 Evaluation
At least two adjacent samples from the same muscle of similar
weight and shape should be used. Triplicates are recommended.

7.3.6 Cooking Loss in Whole Meat
7.3.6.1 Principle
During heating, the different meat proteins denature at varying
temperatures (37–75°C). Denaturation causes structural changes
such as the destruction of cell membranes, transverse and longitudinal shrinkage of muscle fibers, the aggregation of sarcoplasmic proteins, and shrinkage of the connective tissue. All these
events, particularly the connective tissue changes, result in cooking losses in meat. Hamm2 and Offer33 provide relevant reviews
on the effect of heat on muscle proteins and structure.
Precautions taken regarding the geometry of the sample for the
measurement of drip loss also apply to the cooking loss. Cooking

References
1. Hamm, R. Water-holding capacity of meat. In: Meat, D.D.A.
Cole and R.A. Lawrie (Eds), Butterworth, London, pp. 321–
338, 1975.
2. Hamm, R. Functional properties of the myofibrillar system
and their measurement. In: Muscle as Food, P.J. Bechtel (Ed),
Academic Press, New York, pp. 135–199, 1986.
3. Fennema, O.R. Water and protein hydration. In: Food Proteins,
J.R. Whitaker and S.R. Tannenbaum (Eds), AVI Publishing
Company, Westport, CT, pp. 50–90, 1977.
4. Honikel, K.O. The meat aspects of water and food quality. In:
Water and Food Quality, T.M. Hardman (Ed), Elsevier Applied
Science, London, NY, pp. 277–303, 1989.
5. Hamm, R. Biochemistry of meat hydration. Adv. Food Res. 10:
355–463, 1960.
6. Honikel, K.O. et al. Sarcomere shortening and their influence
on drip loss. Meat Sci. 16: 267–282, 1986.

www.ebook777.com

Free ebooks ==> www.ebook777.com
102
7. AOAC International Official methods of analysis of AOAC
International. W. Horwitz (Ed), 18th ed. Gaithersburg, ISBN:
0-935584-75-7, 2005.
8. Keeton, J.T. and Eddy, S. Chemical and physical characteristics of meat. In: Encyclopedia of Meat Sciences, W.K. Jensen,
C. Devine, and M. Dikeman (Eds), Elsevier, Academic Press,
Amsterdam, Vol. I, pp. 210–218, 2004.
9. Arneth, W. Chemische Untersuchungsmethoden für Fleisch
und Fleischerzeugnisse. Fleischwirts. 76: 120–123, 1996.
10. Arneth, W. Beispiele chemischer Schnellmethoden. In:
Analytik bei Fleisch, Schnell-, Schätz- und Messmethoden.
Kulmbacher Reihe, Band 16: 65–82, 1999.
11. Arneth, W. Beispiele physikalisch-chemischer Schnellmethoden
zur Fett- und Wasseranalyse. Fleischwirts. 81: 75–77, 2001.
12. Berg, H. and Kolar, K. Schnellmethode: Überprüfung des
Infratec Food and Feed Analyzers zur Schnellbestimmung
von Wasser, Fett, Roheiweiß und Hydroxyprolin in Rind- und
Schweinefleisch. Fleischwirts. 71: 765–769, 1991.
13. Amtliche
Sammlung
von
Untersuchungsverfahren
nach § 64 Lebensmittel- und Bedarfsgegenstände- und
Futtermittelgesetzbuch (LFGB), § 35 vorläufiges Tabakgesetz,
§ 28b GenTG, Deutschland (2007), Band I, (L) 0.600-3: Hrsg.:
Bundesamt für Verbraucherschutz und Lebensmittelsicherheit
(BVL), Beuth Verlag, Berlin, Wien, Zürich, 2007.
14. Freudenreich, P. Rapid simultaneous determination of
fat, moisture, protein and colour in beef by NIT-analysis.
Proceedings of the 38th ICoMST, Clermont-Ferrand, France,
Vol. 5, S895–S898, 1992.
15. Freudenreich, P. and Wagner, E. Analysis of meat products (Frankfurter sausages) by NIT—Spectrometry. Poster
Proceedings Meat for the Consumer, 42nd ICoMST,
Lillehammer 1996, Norway, Published by MATFORSK,
Norwegian Food Research Institute, S258–S259, 1996.
16. http://www.aoac.org/ILM/jul_aug_07/foodscan.htm.
17. King-Brink, M., DeFreitas, Z., and Sebranek, J.G. Use of near
infrared transmission for rapid analysis of meat composition.
In: Near Infrared Spectroscopy: The Future Waves, A.M.C.
Davies and P. Wiliams (Eds), NIR Publications, Chichester,
West Sussex, pp. 142–148, 1996.
18. Sebranek, J.G. Raw material composition analysis. In:
Encyclopedia of Meat Sciences, W.K. Jensen, C. Devine, and
M. Dikeman (Eds), Elsevier Applied Science, Amsterdam, Vol.
I, pp. 173–179, 2004.
19. Pedersen, J.T., Berg, H., Lundby, F., and Balling-Engelsen, S. The
multivariate advantage in fat determination in meat by bench-top
NMR. Innov. Food Sci. Emerg. Technol. 2: 87–94, 2001.
20. Keeton, J.T. et al. Rapid determination of moisture and fat in
meats by microwave and nuclear magnetic resonance analysis.
J. AOAC Int. 86: 1193–1202, 2003.
21. Sørland, G.H. et al. Determination of total fat and moisture content in meat using low field NMR. Meat Sci. 66: 543–550, 2004.
22. Penny, J.F. The effect of temperature on drip, denaturation, and
extracellular space of pork longissimus dorsi muscle. J. Sci.
Food Agric. 28: 329–338, 1977.
23. Honikel, K.O. Characteristics of meat important to product
quality. Basic concepts of water-holding capacity in meat and
meat products. In: The Functionality of Meat Compounds, J.D.
Buckley, K.O. Honikel, and F.J.M. Smulders (Eds), ECCEAMST
Foundation, Utrecht, The Netherlands, pp. 23–48, 1998.
24. Honikel, K.O. and Hamm, R. Critical evaluation of methods
detecting effects of processing on meat protein characteristics. In:

Handbook of Food Analysis

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

Chemical Changes during Food Processing, Vol. II, S. Bermell
(Ed), Proceedings of the IUFoST Symposium, Consejo Superior
de Investigaciones Científicas, Valencia, Spain, pp. 64–82, 1986.
Honikel, K.O. Reference methods for the assessment of physical characteristics of meat. Meat Sci. 49: 447–457, 1998.
Howard, A. and Lawrie, R.A. Studies on Beef Quality, Part
I–III, Department of Scientific and Industrial Research, Food
Investigation, Her Majesty’s Stationery Office, London, 1956.
Wierbicki, E. and Deatherage, F.F. Determination of water
holding capacity in fresh meats. J. Agric. Food Chem. 6: 387–
392, 1958.
Grau, R., Hamm, R., and Baumann, A. Über das
Wasserbindungsvermögen des toten Säugetiermuskels. I.
Mitteilung. Biochemische Zeitschrift. 325: 1–11, I, 1953.
Grau, R. and Hamm, R. Über das Wasserbindungsvermögen
des Säugetiermuskels. II. Mitteilung. Z. Lebensm. Unters.
Forsch. 105: 446–460, 1957.
Hofmann, K. Ein neues Gerät zur Bestimmung der
Wasserbindung des Fleisches: Das Kapillar-Volumeter.
Fleischwirts. 55: 25–30, 1975.
Fischer, C., Hofmann, K., and Hamm, R. Erfahrungen mit der
Kapillarvolumeter-Methode nach Hofmann zur Bestimmung
des Wasserbindungsvermögens von Fleisch. Fleischwirts. 56:
91–95, 1976.
Hofmann, K. Optimierte Anwendung des Kapillarvolumeters
zur Bestimmung der Wasserbindung des Fleisches. Eliminierung
von Fehlerquellen und Erneuerung der Messkörper. Fleischwirts.
62: 1604–1608, 1982.
Offer, G. Progress in the biochemistry, physiology and structure of meat. Proceedings of the 30th European Meeting of
Meat Research Workers, Bristol, pp. 87–94, 1984.
Offer, G. and Knight, P. The structural basis of water-holding
in meat. I. General principles and water uptake in meat processing. In: Developments in Meat Science 4, R. Lawrie (Ed),
Elsevier Applied Science, London, NY, pp. 63–171, 1988.
Offer, G. and Knight, P. The structural basis of water-holding in
meat. II. Drip loss. In: Developments in Meat Science 4, R. Lawrie
(Ed), Elsevier Applied Science, London, NY, pp. 173–243, 1988.
Bendall, J.R. and Restall, D.J. The cooking of single myofibres, small myofibre bundles, and muscle strips of beef M.
psoas and M. sternomandibularis of varying heating rates and
temperatures. Meat Sci. 8: 93–117, 1983.
Hofmann, K., Hamm, R., and Blüchel, E. Neues über die
Bestimmung der Wasserbindung des Fleisches mit Hilfe der
Filterpapierpreßmethode. Fleischwirts. 62: 87–94, 1982.
Reuter, G. Verfahren zur Erkennung von Fleischqualitätsabwei
chungen bei Schlachttierkörpern. Fleischwirts. 62: 1153–1160,
1982.
Monin, G. et al. Carcass characteristics and meat quality of
halothane negative and halothanepositive pietrain pigs. Meat
Sci. 5: 413–423, 1981.
Kauffman, R.G. et al. The use of filter-paper to estimate drip
loss of porcine musculature. Meat Sci. 18: 191–200, 1986.
Kauffman, R.G. et al. A comparison of methods to estimate
water-holding capacity in post-rigor porcine muscle. Meat Sci.
18: 307–322, 1986.
Boccard, R. et al. Procedures for measuring meat quality characteristics in beef production experiments: Report of a working group in the Commission of the European Communities
(CEC) beef production research programme. Livestock Prod.
Sci. 8: 385–397, 1981.

Free ebooks ==> www.ebook777.com

Section II

Additives, Adulteration, and Traceability

www.ebook777.com

Free ebooks ==> www.ebook777.com

This page intentionally left blank

Free ebooks ==> www.ebook777.com

8
Synthetic Colorants
M. Beatriz A. Glória and Christian Fernandes
Contents
8.1

Synthetic Food Colorants............................................................................................................................................................106
8.1.1 Chemical and Physical Properties..................................................................................................................................106
8.1.2 Toxicological Aspects and Legislation...........................................................................................................................109
8.2 Methods of Analysis...................................................................................................................................................................109
8.2.1 Sample Preparation........................................................................................................................................................109
8.2.1.1 Extraction........................................................................................................................................................109
8.2.1.2 Purification and Concentration....................................................................................................................... 110
8.2.2 Separation Techniques.................................................................................................................................................... 113
8.2.2.1 Separation of Impurities in Synthetic Food Colorants................................................................................... 113
8.2.2.2 Separation of Synthetic Colorant Mixtures in Foods..................................................................................... 114
8.2.3 Identification and Quantification....................................................................................................................................123
8.2.3.1 Simple Methods for Isolated Synthetic Colorants..........................................................................................123
8.2.3.2 Methods for a Single or a Mixture of Synthetic Colorants.............................................................................124
8.2.3.3 Immunoassay Methods for Screening Synthetic Colorants in Foods............................................................125
8.2.3.4 Methods for Synthetic Colorants Separated by Paper and Thin-Layer Chromatography..............................126
8.2.3.5 Methods for Synthetic Colorants Separated by HPLC, UHPLC, and CE.....................................................126
References.............................................................................................................................................................................................128

Colorants are substances that color foods or give back its original color. They can be either natural or synthetic. Compared to
natural colorants, synthetic colorants are attractive to the food
industry because they have high tinctorial power, consistency of
strength, range and brilliance of shade, hue, stability, wide spectrum of colors, ease of application, greater availability, and lower
price. This chapter will focus on the synthetic colorants as the
natural pigments will be discussed in Chapter 34.
Synthetic food colorants have been widely used. However, the
abundant use of color additives can be a threat to the public’s
health, especially children. To prevent indiscriminate use, many
countries limit the types, uses, and amounts of colorants permitted by groups or specific foods. Since different countries allow
the use of specific food colorants, it is possible that foodstuffs
may be imported into a country that forbids the coloring agent
present in the product. Another recent concern is the discovery of
Sudan dyes and other illegal synthetic colors in some food products. Therefore, efficient and reliable methods for the analysis
of permitted synthetic food colorants and also of Sudan dye and
other prohibited colorants in foods are needed.
The analysis of synthetic colorants in foods is an analytical
challenge. This is so due to the diversity of the chemical structures of the colorants, the concomitant presence of colorant

derivatives and degradation products, and their interactions with
food components. Furthermore, the wide range of applications in
foods and beverages may complicate both qualitative and quantitative measurements and lead to difficulties during analysis.
Moreover, synthetic colorants can be sensitive to oxygen, pH,
heat, light, metal ions, and catalysts. Therefore, care should be
taken to minimize these reactions.
Most of the procedures for the determination of food colorants
comprise several stages. First, they have to be extracted from
the food matrix. At this stage, it is important to extract all of
them unchanged. The extract has to be cleaned up or purified to
separate the colorants from sample components and to remove
interfering co-extractives. Also, since many colorants are used
in very low amounts, a concentration step might be necessary.
Recently, sample preparation techniques have emerged, taking into account miniaturized techniques and newly developed
adsorbents.
The colorants are then separated, identified, and quantified.
The most commonly used methods for the separation of food
colorants are the chromatographic ones particularly when a mixture of colorants is present and when interfering compounds may
be present. The identification and quantification of the separated
colorants can be performed by different methods ranging from
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simple solubility tests to sophisticated techniques such as mass
spectrometry (MS).

8.1 Synthetic Food Colorants
Color is one of the most important quality attributes of foods as
it affects food acceptance from both aesthetic and safety points
of view. Color in foods is due to naturally occurring pigments.
However, colorants can be added to foods to help preserve the
identity or character by which foods are recognized; to intensify
the natural color of food; to correct for natural variations in color;
to ensure uniformity of color from batch to batch due to natural
variations in color intensity; to restore the original appearance
of the food when natural colors have been altered during processing and storage; and to enhance naturally occurring colors
in foods in less intensity than the consumer would expect. They
are also used to create an attractive appearance to certain colorless foods, such as imitation foods, and to help protect flavor and
light-sensitive vitamins during storage via sunscreen effect. But
it has also been used for adulteration purposes—to disguise food
of poor quality, to mask decay, to redye food, to mask effects of
aging, or to simulate a higher biological value (Ashkenazi et al.,
1991; Clydesdale, 1993; Glória, 2000, 2006).
The practice of coloring foods dates back to very early times. It
is known that wine was colored with smoke or aloe as far back as
200–300 BC. Until the middle of the nineteenth century, the only
coloring material available were derived from natural sources of
animal, vegetable, and mineral origin. The first synthetic organic
colorant, mauve, was discovered in 1856 by Sir William Henry
Perkin from the coal-tar-derived methylaniline. Soon after, new and
different colorants were available in a wide range of shades, with
higher tinctorial value and stability, and which were more uniform
and more permanent than natural organic colorants. In the opinion
of some, they were safer for use in foods than many of the mineral
colorants in use at that time. These colorants were applied to foods
immediately (Marmion, 1991; Downham and Collins, 2000).
There was a rapid growth in the use of color additives prompted
by the availability of new colorants and also by the numerous
changes that took place in food technology. The development
of food substitutes or imitation products such as margarine for
butter, jellied glucose for jam, soft drinks for fruit juices, and
so on created the need for colorants. Furthermore, the increased
use of food preservatives, refrigeration, canning, and large-scale
food processing, all of which tended to alter the natural color of
food products, demanded new approaches to restore the normal
appearance of food products (Marmion, 1991).
However, the abundant use of synthetic colorants was soon
recognized as a threat to the public’s health. Another concern
was that little or no control was exercised over the purity of the
colorants added to foods. Therefore, in the early 1900s, the use
of certain colorants in foods was outlawed and some countries
started to control the use of colorants in foods. Today, most countries have limited the use of synthetic colorants. Furthermore,
several food manufacturers are voluntarily substituting artificial
colors with natural ones, due to the tendency to move to natural products. However, unfortunately, illegal colorants, such as
Sudan dyes, are still being used in food (EFSA, 2013).
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8.1.1 Chemical and Physical Properties
The synthetic colorants are categorized in different ways. They
are usually referred to by their generic names, but other nomenclatures are also used, among them, the chemical names, the
European Economic Community (EEC or E) number or the
International Numbering System (INS); the Food, Drug and
Cosmetic (FD&C) number; the Chemical Abstract Service
(CAS) Register Number; and the Color Index (CI) Food Color
(Glória, 2006). Some of the food synthetic colorants that are
permitted in foods are described in Table 8.1. The chemical
formulas, molecular and milliequivalent weights, color shade,
maximum absorbance wavelength, and extinction coefficients of
some synthetic food colorants are indicated in Table 8.2.
Synthetic food colorants are classified according to their
chemical structures: azo, triarylmethane, xanthene, quinoline,
and indigoid compounds. The chemical structures of some synthetic food colorants are shown in Figure 8.1. The azo colorants
comprise the largest group of colorants. They are characterized
by the presence of one or more azo groups (–N∙N–) in association with one or more aromatic systems. They are synthesized
by the coupling of a diazotized primary aromatic amine to a
component capable of coupling, usually a naphthol. The water
solubility of azo colorants depends on the presence of sulfonic
acid groups, and the degree of solubility is determined by the
number or the position of these groups in the molecule. The azo
colorants give rise to colors in the yellow, orange, red, blue, violet, brown, and black range. Amaranth, allura red, black PN, and
tartrazine belong to this class (Coulson, 1980; Marmion, 1991;
Glória, 2006).
Indigotine is a colorant of the indigoid type, which is the watersoluble disodium sulfonate derivative of indigo. It is made by sulfonating indigo, yielding 5,5′-indigotine disulfonate. The color,
which results from the resonance hybrid of structures, is a deep
blue, compared to the greenish-blue of brilliant blue FCF. It has
low water solubility, is highly susceptible to oxidation by ultraviolet (UV) light, and fades rapidly (Coulson, 1980; Marmion,
1991; Glória, 2006).
The triarylmethane or triphenylmethane colorants consist of
three aromatic rings attached to a central carbon atom. These
are water soluble, anionic, sulfonated compounds, and are distinguished by their brilliance of color and high tinctorial strength,
but have poor light-fastness properties. They are characteristically bright green or blue (Coulson, 1980; Glória, 2006).
In the xanthene group, the chromophoric system is the xanthene or dibenzo-1,4-pyran heterocyclic ring system with amino
or hydroxyl groups in the meta position with respect to the oxygen
bridge. The xanthenes are usually water-soluble. Erythrosine is
insoluble in acids and is quite stable to alkali. The chromophoric
group imparts a brilliant red shade to erythrosine. It also exhibits
fluorescence (Coulson, 1980; Marmion, 1991; Glória, 2006).
The quinolines are derived from quinaldine by condensation
with phthalic anhydride. The chromophoric system is the quinophthalone or 2-(2-quinolyl)-1,3-indandione heterocyclic ring
system. Bright greenish yellow shades with poor light fastness
are characteristic of the group. Quinoline yellow is the only colorant in this group that is of importance for use in food coloration
(Coulson, 1980; Glória, 2000).

Free ebooks ==> www.ebook777.com
107

Synthetic Colorants
Table 8.1
Generic Names, International Numbering System (INS), Food, Drug and Cosmetic (FD&C) Number, Color Index (CI) Constitution
Number, Chemical Abstract Service (CAS) Register Number, Chemical Classes, and Names of Some Synthetic Food Colorants
FD&C No.

CI

CAS Reg

Chemical
Classb

Synthetic Colorants

INS, EECa

Chemical Name

Tartrazine, CI Food
yellow 4
Quinoline yellow, CI
Food yellow 13

102

Yellow 5

19140

1934-21-0

A

104

(D&C
yellow 10)

47005

8004-92-0

Q

Sunset yellow S or FCF,
grelborange, CI Food
yellow 3

110

Yellow 6

15985

2783-94-0

A

Disodium 6-hydroxy-5-(4-sulfonatophenylazo)-2naphthalene sulfonate

Carmoisine, azorubine,
D&C red No. 10

122

—

14720

—

A

Disodium 4-hydroxy-3-(4-sulfonato-1-naphthylazo)-1naphthalene sulfonate

Amaranth, bordeaux S,
CI acid red 27

123

Red 2

16185

—

A

Trisodium 3-hydroxy-4-(4-sulfonato-1-naphthylazo)-2,7naphthalene disulfonate

Ponceau 4R, brilliant
scarlet 4R, new coccine

124

—

16255

—

A

Trisodium-2-hydroxy-1-(4-sulfonato-1-naphthylazo)-6,8naphthalene 1,3-disulfonate

Erythrosine, CI Food red
14

127

Red 3

45430

16423-68-0

X

Disodium 2′,4′,5′,7′tetraiodo 3′,6′-dioxidospiro-[isobenzofuran-1(3H), 9′-[9H]xanthen]-3-one hydrate

Allura red AC, CI Food
red 17

129

Red 40

16035

25956-17-6

A

Disodium 6-hydroxy-5-(2-methoxy-5-methyl-4-sulfonatophenylazo)-2-naphthalene sulfonate

Patent blue V, CI Food
blue 5

131

—

42051

—

TAM

2-[(4-Diethylaminophenyl)(4-diethylimino-2,5cyclohexadien-1-ylidene)methyl]-4-hydroxy-1,
5-benzenedisulfonate

Indigotine, indigo
carmine, CI Food blue 1

132

Blue 2

73015

860-22-0

I

Disodium 3-3′-dioxo-2,2′-bi-indolylidene-5-5′disulfonate

Brilliant blue FCF, CI
Food blue 2

133

Blue 1

42090

2650-48-2

TAM

Disodium [4-(N-ethyl-3-sulfonato benzylamino)
phenyl]-[4-(N-ethyl-3-sulfonato benzyl-imino)cyclohexa2,5-dienylidene]toluene-2-sulfonate

Fast green FCF, CI Food
green 3

143

Green 3

42053

2353-45-9

TAM

Disodium 3-[N-ethyl-N-[4-[[4-[N-ethyl-N-(3-sulfonato
benzyl)-amino]phenyl](4-hydroxy-2-sulfonatophenyl)methylene]-2,5-cyclohexa-dien-1-ylidene]ammoniomethyl]-benzene sulfonate

Brilliant black N, black
PN

151

—

28440

—

A

Tetrasodium-4-acetamido-5-hydroxy-6-[7-sulfonato-4-(4sulfonatophenylazo)-1-naphthylazo]
naphthalene-1,7-disulfonate

Chocolate brown HT

156

—

20285

—

A

Disodium-4,4′-(2,4-dihydroxy-5-hydroxymethyl-1,3phenylene bisazo)di(naphthalene-1-sulfonate)

Trisodium 5-dihydro-1-(4-sulfonatophenyl)-4-(4-sulfonato
phenylazo)-H-pyrazole-3-carboxylate
Disodium 2-(1,3-dioxo-2-indanyl)-6,8-quinolinesulfates

Source: Glória MBA. In: YH Hui ed. Handbook of Food Science, Technology and Engineering. Taylor & Francis, 2006, v. 2, pp 86-1–86-15.
INS, International numbering system or European Economic Community (EEC) number.
b Chemical classes: A, Azo; I, indigoid; Q, quinoline; TAM, triarylmethane, X, xanthenes.
a

Glória (2006) summarized several chemical and physical properties of some colorants, which are relevant in a foodcoloring material to fulfill a specific application. Among these
characteristics, information was provided on the solubility in
water, alcohol, and other food ingredients and stability to light,
oxidation, heat, and in acid or alkaline environment. These data
are relevant during the analysis of food colorants. Water solubility is conferred by the presence of at least one salt-forming
moiety (–SO3H, –CO2H). The colorants are usually isolated as
their sodium salts. They have colored anions and are known as
anionic or acid colorants. Colorants containing basic groups,
such as –NH2, –NHCH3, and –N(CH3)2 form water-soluble salts
with acids. These are the cationic or basic colorants and the colored ion is positively charged. Some colorant molecules have
both acidic and basic groups, giving rise to an internal salt or

zwitterion structure. Indigotine, in particular, has many possible
zwitterionic structures besides the one shown in Figure 8.1.
Azo and triarylmethane colorants are susceptible to discoloration or precipitation in the presence of reducing agents (aldehydes, ketones, and ascorbic acid), heavy metals, exposure to
light, excessive heat, or exposure to acid or alkali. Azo colorants are subject to SO2 decolorization through HSO3 addition
to the nitrogen, resulting in the colorless hydroazo sulfonic acids
(Glória, 2000, 2006).
The stability of a colorant either by itself or in solution can be
affected by light; therefore, care must be taken during analysis.
In general, the most stable colorants to light are tartrazine, carmoisine, amaranth, allura red, chocolate brown HT, and brilliant
blue FCF. Erythrosine and indigotine are the least stable. The pH
of the solution during extraction must be considered. Indigotine
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Table 8.2
Generic Names, Chemical Formulas, Molecular and Milliequivalent Weights, Color Shade, pKa, Maximum Absorbance Wavelength, and
Extinction Coefficients of Some Synthetic Food Colorants
Synthetic Colorants

Chemical Formula

Tartrazine
Quinoline yellow
Sunset yellow FCF
Carmoisine
Ponceau 4R
Erythrosine
Allura red AC
Patent blue V
Indigotine
Brilliant blue FCF
Fast green FCF
Brilliant black N
Chocolate brown HT

C16H9O9N4S2Na3
C18H9O8NS2Na2
C16H10O7N2S2Na2
C20H12O7N2S2Na2
C20H11O10N2S3Na3
C20H6O5I4Na2
C18H14O8N2S2Na2
C27H31O6N2S2Na2
C16H8O8N2S2Na2
C37H34O9N2S3Na2
C37H34O10N2S3Na2
C28H17O14N2S4Na5
C27H18O9N4S2Na2

Molecular
Weight

Milliequivalent
Weight

Color Shade

pKa

534.39
477.38
452.37
502.44
604.48
879.92
496.42
566.66
466.37
792.85
808.85
867.69
652.57

0.1336
—
0.1131
0.1256
0.1511
—
0.1241
0.2899
0.2332
0.3964
0.4045
0.1085
0.0816

Lemon yellow
Lemon yellow
Orange
Red
Strawberry red
Bright pink/red
Orange/red
Turquoise blue
Royal, deep blue
Turquoise, greenish blue
Sea/bluish green
Violet black
Chocolate brown

3.60/5.20
9.34
11.83
11.12
11.78
6.50/7.10
11.83
5.33/10.9
7.86/8.14
3.50
3.50/8.95

λ maxa
(nm)
426
414
480
515
505
526
502
635
610
629
625
568
462

E1%1 cm
(water)
527
800
551
545
431
1154
556
2000
489
1637
1560
553
367

Source: Glória MBA. In: YH Hui ed. Handbook of Food Science, Technology and Engineering. Taylor & Francis, 2006, v. 2, pp 86-1–86-15; Chemicalyse.
www.chemicalize.org, 2013.
a Maximum absorbance at neutral media.
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Figure 8.1 Chemical structures of some synthetic food colorants (INS code is in parentheses).
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fades rapidly in acid or alkaline media; erythrosine precipitates in
an acid solution, whereas fast green FCF turns blue under alkaline
conditions. Other colors exhibit important pH-related changes in
their properties, including shifts in shade, changes in solubility, and loss of tinctorial strength. The temperature used during
extraction can affect the stability of the colorant. The most stable
of the commonly used synthetic colorants to boiling are Ponceau
4R, allura red, sunset yellow, tartrazine, chocolate brown HT, and
brilliant blue FCF (Coulson, 1980; Marmion, 1991; Glória, 2006).
There are several other synthetic colorants that have been used,
in the past, in food; however, they have been banned because of
associated adverse effects to human health. Unfortunately, some
of these colorants are still used. Sudan dyes are nonionic fatsoluble colorants used as additives in gasoline, grease, oils, plastics, printing inks, and floor polishes. They are classified by the
International Agency for Research on Cancer (IARC) as category
3 carcinogens to humans and, therefore, their use in foodstuffs
is forbidden in global food regulation acts. Unfortunately, they
were discovered recently in chili products and other foodstuffs
such as spices, tomato sauces, pastas, and sausages (Chailapakul
et al., 2008; EFSA, 2013; IARC, 2013).

8.1.2 Toxicological Aspects and Legislation
Owing to the concern regarding the safety of food colorants,
most synthetic colorants have been extensively tested in conventional toxicity studies. However, divergent views have often
been expressed on the significance of the same toxicity data.
Most of the questions have been associated with the azo colorants with respect to hypersensitive reactions. Tartrazine was
observed to provoke urticaria, asthma, rhinitis, and bronchospasms in individuals as well as irritability, restlessness, sleep
disturbance, and hyperactivity in some children. Therefore,
the use of tartrazine in a food product should be declared on
the label. After the Southampton studies, six colorants (tartrazine, quinoline yellow, sunset yellow, carmoisine, Ponceau
4R, and allura red) were associated with adverse effects on the
activity and attention in children. However, the adverse effects
could not be attributed solely to the color additives. Recently,
some studies reported on the adverse effects of products from
the interaction of colorants with other food additives. When
nerve cells were exposed to monosodium glutamate and brilliant blue or to aspartame and quinoline yellow, normal nerve
cell growth was stopped and proper signaling systems were
affected (Robinson, 1988; Glória, 2006; Szpir, 2006; McCann
et al., 2007; Colorcon, 2011).
The carcinogenic potential of some colorants has been confirmed, such as Ponceau 3R, butter yellow, methyl red, Sudan R
brown, Sudan 7B red, orange SS, and crisoidine. Nevertheless,
studies have indicated that tartrazine, indigotine, and erythrosine
are potent inhibitors of skin tumor promotion in mice treated
with 7,12-dimethylbenz[a]anthracene and with 12-o-tetradecanoylphorbol-13-acetate (Kapadia et al., 1998).
Ongoing toxicological studies have been routinely conducted worldwide and reviewed by organizations such as the
World Health Organization (WHO), the US Food and Drug
Administration (FDA), and the European Food Standards
Authority (EFSA) to assess the safety of synthetic food, drug, and
cosmetic colorants in various applications. The Joint FAO, WHO

Expert Committee on Food Additives (JECFA, 2013) reports on
the regulatory status of colorants in use throughout the world
and on safety assessment data. JECFA also evaluates and provides updated information on the acceptable daily intakes (ADI)
of colorants in mg per kg of body weight, making it accessible as
it is evaluated (Table 8.3). However, scientific and public opinion
varies on the true interpretation of safety, and these views have
impacted the development of food and drug regulations around
the world. It is important to constantly gather information on the
levels of synthetic colorants in foods to assess where the dietary
intake stands compared to the ADI. Therefore, each country,
and even regions within a country, should verify periodically the
dietary intake of colorants, and additives in general, to make sure
that intake does not exceed the ADI (Colorcon, 2011).
The types of colorants allowed vary greatly among countries
(Table 8.3). In the United States, 7 synthetic colorants are permitted for general food use, while in Canada and Japan, 8 and 12
colorants, respectively, are allowed. In Brazil and Mercosur (common trade among Brazil, Uruguay, Paraguay, and Argentina), 13
synthetic colorants are allowed for food use. Australia and New
Zealand allow 14 colorants, and the European Union (EU) allows
16. However, there is a trend toward using fewer synthetic colorants. It is hoped that the trend to international standardization
of food colorants will gain momentum (Downham and Collins,
2000; Glória, 2000; Brasil, 2013).
Although Sudan dyes are recognized as carcinogens and therefore are illegal to use as food additives, these colorants have been
found recently in several food products in some European countries. Therefore, the European Commission requires products to
have documentation confirming the absence of Sudan dyes. The
EU has set the detection limit at 0.5–1 mg kg−1 for Sudan dyes,
and any food material containing more than that should be withdrawn from the market (Chailapakul et al., 2008).

8.2 Methods of Analysis
8.2.1 Sample Preparation
Sample preparation for color analysis will depend on the type
of food sample and also on the method that will be used for the
quantification of the food colorants.

8.2.1.1 Extraction
The extraction of synthetic colorants from foods is usually not
a difficult process. Sample size and preparation depend on the
amount of colorants present and on the type of food. Liquid samples such as beverages can be filtered through a 0.45-µm-pore
membrane filter and injected directly in the high-performance
liquid chromatography (HPLC). Carbonated beverages must
be degassed prior to HPLC analysis. Beverages containing suspended solids are filtered or centrifuged. In the case of alcoholic
beverages, it is freed of alcohol prior to analysis. Water-soluble
solid or semisolid samples, such as dehydrated drinks, gelatin,
jams, and candies, are dissolved in water, warmed up to 40–50°C,
and treated as liquid beverages.
Solid foods can also be extracted by means of partition into solvents. Various buffers can be used, but ammoniacal alcohol is the
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Table 8.3
Some Synthetic Food Colorants Permitted (+) in Different Countries and the Acceptable Daily Intake (ADI, mg kg−1 Body Weight—bw)
Allocated in the Last Evaluation
Food
Color
102
104
110
122
123
124
127
129
131
132
133
142
143
151
155
121
125
153
154

ADI, mg/kg bw
Tartrazine
Quinoline yellow
Sunset yellow FCF
Carmoisine
Amaranth
Ponceau 4R
Erythrosine
Allura red
Patent blue
Indigotine
Brilliant blue FCF
Green S
Fast green FCF
Brilliant black PN
Chocolate brown HT
Citrus Red No. 2
Ponceau SX
Vegetable carbón
Brown FK
Phloxine
Rose bengale
Acid red
Orange B

Mercosur

Canada

0–7.5 (1964)
0–5 (2011)
0–4 (2011)
0–4 (1983)
0–0.5 (1984)
0–4 (2011)
0–0.1 (1991)
0–7 (1981)
Not allocated (1982)
0–5 (1974)
0–12.5 (1969)

+
+
+
+
+
+
+
+
+
+

+

0–25 (1986)
0–1 (1981)
0–1.5 (1984)

+
+
+

+

+
+
+
+
+
+

European
Union
+
+
+
+
+
+
+
+
+
+
+
+

Japan

USA

+

+

+

+

+
+
+
+

+
+

+
+

+
+

+

+

+
+

Australia
New Zealand

United
Kingdon

+
+
+
+
+
+
+
+

+a
+a
+a
+a
+a
+a
+a

+
+
+
+
+
+

+a

+a
+a
+
+
+
+
+

+a

Source: Canada. Canadian Food Inspection Agency, http://www.inspection.gc.ca/food/labelling/decisions/food-colours/eng/, 2012; Brazil. http://portal.
anvisa.gov.br/wps/wcm/connect/eacf2e004745977ea06cf43fbc4c6735/Tabela_Aditivo_GMC11-2006_LGH.pdf?MOD=AJPERES, 2013; JECFA.
Summary of evaluations performed by the Joint FAO/WHO Expert Committee on Food Additives 2001, http://jecfa.ilsi.org/evaluation.cfm? chemical. Accessed on 2013; FDA. US Food and Drug Administration. www.fda.gov/ForIndustry/ColorAdditive/ColorAddtiveInventories/ucm106626.
htm, 2013.
a Restricted use.

most widely used for acid colorants. Samples can also be macerated with aqueous acetone, methanol, or ethanol. Then, the extract
is made alkaline with sodium tetraborate and the solids are separated by filtering or centrifugation after the addition of Celite 545.
Foods can also be ground with Celite or sea sand and an aqueous phase. The mixture is packed into a column, the lipids and
oil-soluble colors are removed with chloroform, and the colorants
are removed with a compatible aqueous phase. Dilute acetic acid
is suitable for most colors. For samples containing indigotine and
erythrosine, which fades in acidic solution and is not quantitatively eluted, pH 7.5 buffer is used. The extract is evaporated to
dryness and dissolved in a solution compatible with the separation or determination technique (Glória, 2004).
A problem often encountered during the extraction stage is the
affinity or chemical binding to food constituents, especially to
proteins and carbohydrates. This problem can be overcome by
using enzymes to digest the food prior to extraction. Enzymes,
such as amyloglucosidase, papain, lipase, pectinase, cellulase,
and phospholipase, can be added to the sample and incubated
under optimum pH and temperature conditions (Boley et al.,
1980; Ashworth et al., 1982; Macchiavelli and Andreotti, 1984;
Jalon et al., 1989; Schwartz, 1998).

Protein-rich food, such as dairy products (ice cream, cheese,
yogurt), are first mixed with acetone or ethanol to precipitate the
protein. The mix can be ground up with sea sand and Celite and
the slurry placed in a column from which colorants are eluted
with an adequate phase, for example, ammoniacal methanol
(Puttemans et al., 1985; Saag, 1988; Glória, 2004).
In food products with a high fat content, the fat should be
first separated by extraction with petroleum ether. The defatted
sample is treated with water acidified with acetic acid and then
boiled for about 30 min. The solution is cooled and the precipitated sediment is filtered (Maslowska, 1996).
Special care must be taken when analyzing for indigotine, due
to its instability to heat, acids, and alkalis. The sample should be
crushed to facilitate rapid dissolution and dissolved in water on a
water bath at 55–60°C under a nitrogen atmosphere. The sample
should be concentrated by means of a rotavapor (Boley et al.,
1981; Steele, 1984).

8.2.1.2 Purification and Concentration
Synthetic colorants have been isolated, purified, or concentrated from foods or from extracts by wool-dyeing procedures;
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adsorption on different types of adsorbents; ion-pair or solvent
extraction; reversed-phase cartridges; or ion-exchange resins.
Recently, modern sample preparation techniques have been
employed for the simultaneous extraction and concentration of
synthetic colorants from food. They are advantageous as they are
more sensitive, they require reduced sample size, and they use
lesser amounts of solvents, which constitute an environmentally
friendly method.

8.2.1.2.1 Wool Dyeing
The use of wool fibers is one of the earliest methods available for
the extraction and cleanup of food samples for colorant analysis.
It is based on the fact that acid colorants have the property of dyeing wool in acid solutions. It consists of adding a defatted white
knitting wool to an acidic solution of the food, which is boiled
until the color is removed. After washing the wool with cold
water, the colorants are removed with a hot solution of diluted
ammonia. Natural colorant may also dye the wool, but the color
is not usually removed by ammonia. Basic colorants can be
extracted by alkalinization of the food with ammonia, boiling
with wool, and then stripping with acetic acid. This procedure
has been widely used for qualitative purposes and to indicate the
type of colorant present—acidic or basic.
However, the wool-dyeing procedure has disadvantages,
among them, a number of colorants are taken up slowly from the
acid solution, and the adsorbed colorants can undergo changes
due to extreme temperature and pH conditions and also during
colorant removal from the wool with ammonia. Furthermore, it
is not effective for samples with large amounts of protein, lipids,
and carbohydrates because they interfere with binding of colorants to wool (Saag, 1988; Glória, 2004).

8.2.1.2.2 Column Chromatography
Traditional column chromatography can be used as a purification, concentration, or separation technique. Glass columns can
be filled with different adsorbents, among them, polyamide,
cellulose, and aluminum oxide. Subsequently, with the help of
appropriate solvents, the colorants are eluted. Even though column chromatography can be useful as a sample preparation
technique, its use has decreased lately as it is time consuming,
requires practice to obtain good separation of the colorants, and
also uses a large volume of eluent (Kucharska and Grabka, 2010).
Adsorption on polyamide. The separation of synthetic colorants during column chromatography using polyamide is
achieved because the sulfonic acid groups form strong hydrogen
bridges with the adsorbent. It may be selective as a result of the
presence of ammonia in the solvent system and of the difference in the nature and number of functional groups forming the
hydrogen bridges.
Food sample extracts are usually dissolved in water acidified
with acetic acid and excess methanol has to be removed from
sample extracts before passing through the polyamide because
it impairs the adsorption of the colorants. The solution is stirred
with the polyamide powder, and the slurry is transferred to a
microcolumn or it is passed through the column of polyamide.
The latter is recommended since colorants are adsorbed as a narrow band at the top of the column. The column is washed with hot
water to remove sugars, acids, and flavoring materials, and with
acetone to remove basic colorants, water-soluble carotenoids,

and some anthocyanins. The acid colorants can be desorbed with
acetone–ammonia. Since some natural colors are also extracted,
the eluent is acidified to pH 5–6 with methanol–acetic acid (1:1,
v/v) and further purified by treatment on another polyamide column. Acetone–ammonia can be removed in a water bath and,
on addition of acid, no salts are formed that interfere with the
adsorption of the colorants by the polyamide (Saag, 1988; Jiin
et al., 1995; Glória, 2004).
When using polyamide for the purification of bakery product
extracts, the addition of small amounts of surfactant (polyoxythylene sorbitan mono-oleate) helps disperse coextractives and
prevent them from clogging the column (Gilhooley et al., 1972).
The use of polyamide is advantageous because it can separate
natural from synthetic coloring material, and all acid colorants
are retained without altering their chemical composition. It can
remove sugars, acids, and flavoring materials. Diluted solutions
of colorants can be concentrated as they can be absorbed onto the
column and eluted with a smaller volume of eluent. However, it
is not applicable to chocolate brown FB, chocolate brown HT, or
indigotine, as the two chocolate browns are not completely eluted
from the column and indigotine decomposes during extraction
(Gilhooley et al., 1972; Boley et al., 1980; Saag, 1988).
Adsorption on cellulose. Column chromatography using cellulose and elution with alcohol–water–salt solutions has also been
used for the purification of food colors. When cellulose is placed
in a liquid of different dielectric constant, it becomes electrically
charged. In water, it is electronegative, in alcohol, less so, but
in both liquids, it has appreciable adsorptive properties resulting
from this charge. Some aqueous salt solutions also have the effect
of reducing this polarity, enabling cellulose to adsorb substances
that it might otherwise reject (Boley et al., 1980; Glória, 2004).
These principles were used to develop column chromatographic procedures for the separation of 17 synthetic food colorants with cellulose. In the AOAC Official Method 930.38 (Bell,
1995), sodium chloride is added to a neutral aqueous solution
of the colorant to make a 20% solution and it is applied to the
SolkaFloc BW 40 cellulose powder column. The concentration
of sodium chloride starting with 20% in the elution buffer is lowered by half until a concentration is found that moves the colorants down the column at a moderate flow. The colorant is eluted,
collected, and examined spectrophotometrically.
Adsorption on alumina. Column chromatography on activated alumina has also been used. After packing the column, it
is washed with HCl (1:9). The sample is applied to the column,
and the column is washed with water. The colorants are eluted
with NH4OH (1:9). In order to elute all the colorants, two to three
column volumes are needed (Glória, 2004).

8.2.1.2.3 Ion-Pair Partition
Different types of ion-pair reagents have been used for the
isolation of synthetic colorants from foods, including tetrabutylammonium (TBA), tri-n-octylamine (TnOA), cetyltrimethylammonium bromide (cetrimide), and trimethylammonium
(TMA). In most cases, a single organic solvent is used for extraction, but mixed solvents, consisting of hexane with a modifier
(chloroform, dichloromethane, methylisobutyl ketone, butyl
acetate, or pentanol) can also be useful. The type and concentration of the counter-ion, the pH and ionic strength of the aqueous phase, and the composition of the organic phase can affect
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significantly the recovery of the colorants during isolation from
foodstuffs. The type of back extractant (sodium perchlorate solution or sodium salts of chloride, bromide, iodide, nitrate, and perchlorate) can also influence recovery (Glória, 2004).
Grape beverage containing TBA phosphate was passed through
a Sep-Pak C18 cartridge. The synthetic colors were retained on
the column while the natural colors were not. The cartridge was
then washed with water and the synthetic colorants were eluted
with methanol–water (1:1, v/v) (Lawrence et al., 1981).
Bonato et al. (1992) extracted colors from confectionery foods
and beverages with cetrimide using chloroform–n-butanol. Boley
et al. (1981) prepared samples for indigotine analysis using a cartridge conditioned with methanol–water (7.8:2.2, v/v) containing
cetrimide, the sample was applied, the column was washed with
water, and indigotine was eluted with methanol. Puttemans et al.
(1984) extracted synthetic colorants from soft drinks and juices
with 10 mM TnOA at pH 5.5 and back extracted them into an aqueous phase with 0.1 mol L−1 sodium perchlorate. Masiala-Tsobo
(1980) extracted colorants from liquid samples with TBA and
chloroform–n-propanol (5:2, v/v), pH 7.5. Oi et al. (1996) extracted
colorants from soft drinks with 0.5% octadecyl–TMA bromide at
pH 5.6, followed by extraction of the ion pair with n-butanol.
The applicability of ion-pair extraction has also been successfully demonstrated in the determination of synthetic colorants
in pickles, alcoholic beverages, rice milk and gelatin-containing
sweets, soft drinks, and lemonade syrup (Puttemans et al., 1982a,
b, 1983, 1984).
The extraction of synthetic colorants using ion pair is advantageous as it is specific, extracting only anionic colorants. Ionpair extraction has been especially valuable in the preparation
of samples for the analysis of indigotine due to its sensitivity to
heat, acids, and alkalis. The short analysis time and the mild conditions employed ensure maximum recovery of indigotine.

8.2.1.2.4 Ion-Exchange Resins
Purification of food colorants can also be accomplished by means
of ion-exchange resins. The anionic resin combines with the sulfonic acid groups in the molecule to form a complex that is more
soluble in some organic solvents than in water. Since food colorants may be adsorbed onto carbohydrates or be chemically bound
to proteins, the resin must have a greater affinity for the colorant
than for any of these food components. Usually, a liquid anionexchange resin (Amberlite LA-2), dissolved in an organic solvent
(hexane or n-butanol) and equilibrated at a specific pH, is used.
Amberlite LA-2 resins are especially useful in samples in
which the colorants are tightly bound to foods. However, some
natural colorants can also be eluted with the butanol–resin,
among them, bixin, norbixin, carotene, and caramel. In this case,
extraction of these natural colors can be accomplished by successive washes with petroleum ether and isopropyl ether. Amberlite
XAD-2 can also be used to separate water-soluble food colorants,
which are then eluted with methanol. Colorants are retained
only when the eluent is neutral. By changing the concentration
of methanolic sulfuric acid, selective elution of colorants can be
achieved (Glória, 2004).

8.2.1.2.5 Solid-Phase Extraction
A popular method for the rapid isolation, cleanup, and concentration of synthetic colors involves the use of solid-phase
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extraction (SPE). Among cartridges available, Sep-Pak C18
has been observed to exhibit great capacity for colorants. It
is adopted by AOAC 46.1.05—Methods 988.13—for a rapid
cleanup for spectrophotometric and thin-layer chromatography
(TLC) identification of several color additives (Bell, 1995). The
cartridge is prewashed with isopropanol and with aqueous 1%
acetic acid to improve retention of the sulfonic acid colorants
on the C18 packing. The sample is acidified with 1% acetic acid,
applied, and flushed through the cartridge at a moderate flow
rate. The eluent containing sugars and flavorings is discarded.
A sequence of solvent mixtures containing different proportions
of water and isopropanol is used to retain or elute the various
colorants selectively: 10 mL of aqueous solution containing 2.5%
isopropanol extracts amaranth and tartrazine; 5 mL of 13% isopropanol extracts allura red, indigotine, and sunset yellow; 5 mL
of 20% isopropanol elutes brilliant blue and fast green; and 3 mL
of 50% isopropanol extracts erythrosine. Sep-Pak separation
shortens the analysis time considerably compared to standard
methods (McKone and Ivie, 1980). Sep-Pak has been especially
valuable in the preparation of samples for the analysis of indigotine, which is unstable to heat, acids, and alkalis.
Ashkenazi et al. (1991) developed a self-contained dynamic
SPE system for the extraction and concentration of synthetic food
colorants. In this system, the flow of the mobile phase is achieved
by forcing a densely packed chromatographic column through
the eluent in a completely closed system, except for the column
outlet. Under such conditions, an intrinsic pressure develops,
which causes the mobile phase to flow through the moving chromatographic bed in a direction opposite to the movement of the
packed column. The extraction device is of polypropylene and
the column is packed with LiChroprep RP18. Conditioning of the
column is done with 0.01 M HCl followed by citrate buffer. The
liquid sample is applied, the colors are retained, and the liquid
is discarded. The analyte retained in the column is washed and
then eluted with a suitable eluent. Advantages of this technique
are smaller volumes of chemicals required for elution and total
recoveries, and reduced losses through nonspecific adsorption on
the column and through accidental spillage since it is a closed
system. Furthermore, there is no need for special equipment, and
extraction and concentration can be performed in a shorter time.

8.2.1.2.6 Modern Sample Preparation Techniques
Recently, modern sample preparation techniques have been
employed to extract and concentrate synthetic colorants from
food. They employ specially designed sorbents, which show
improved selectivity, such as molecularly imprinted polymers
(MIPs) and ionic liquids. These innovative techniques are advantageous as they are more sensitive, require reduced sample size,
and use lesser amounts of solvents, which constitute an environmentally friendly method. Furthermore, they constitute a high
enrichment factor.
MIPs have been developed and used as sorbent in both SPE
and solid-phase microextraction (SPME). MIPs are highly
cross-linked synthetic polymers especially designed to allow
enhanced selectivity toward a certain structure or to a very
closely related structure. Luo et al. (2011) developed a method
for the analysis of five water-soluble acid colorants in soft drinks
using 1-(α-methylacrylate)-3-methylimidazolium bromide as
the functional monomer. The method showed better selectivity
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and recovery compared to traditional SPE approaches. Long
et al. (2009) developed a MIP consisting of 4-vinyl pyridine as
the functional monomer and ethylene glycol dimethacrylate as
the cross-linking agent in the analysis of three water-soluble and
six fat-soluble synthetic colorants in chili products. Appropriate
mean recoveries were obtained, ranging from 72.1% to 95.6%
for chili spice and 72.1% to 92.3% for chili powder. MIPs have
also been used for Sudan colorant determination in catsup products (Qiao et al., 2011a) and egg yolks (Qiao et al., 2011b). Hu
et al. (2012) developed a MIP as SPME coating for the analysis of Sudan I–IV dyes. This support showed high selectivity,
low detection limit (2.5–4.6 ng g−1), and good recoveries for hot
chili powder (86.3%–96.3%) and poultry feed (84.6%–97.4%)
samples. Baggiani et al. (2009) developed a MIP by suspension
polymerization using 1-(4-chlorophenyl)azonaphthalen-2-ol as
the mimic template. It was selective for illicit Sudan I, II, III,
IV, Sudan red B, and Sudan red 7B, while the permitted azo
colorants allura red, Ponceau 4R, and sunset yellow were not
extracted.
Li et al. (2013) used a polymer monolith microextraction
(PMME), which is also a kind of SPME technique based on
the use of the polymer capillary monolithic column, for the
extraction of four synthetic colorants in soft drink samples. It
consisted of the synthesis of poly(N-isopropylacrylamide-coN,N′-methylene bisacrylamide) monolithic column embedded
with gamma-alumina nanoparticles.
Ionic liquids (ILs), also called molten salts, are liquids
entirely composed of organic cations and inorganic or organic
anions at or close to room temperature. They are salts with
appreciable liquid ranges, which have been used as extraction
solvent in conventional and miniaturized liquid–liquid extraction. ILs are regarded as potentially environmentally benign
because they have no detectable vapor pressures. Furthermore,
ILs have important properties such as low volatility, wide liquid range, broad range of viscosity, adequate thermal stability, nonflammability, and controlled miscibility. Furthermore,
the physical and chemical properties of ILs can be adjusted by
varying their cations or anions, making possible the synthesis of
ILs with unique properties. Although the cost of ILs compared
to conventional organic solvents is much higher, advances in
the production of ILs will gain momentum (Fan et al., 2009;
Sun and Armstrong, 2010).
Sun et al. (2011) developed a method for the determination of
Sudan dyes in red wine and fruit juice by IL-based liquid–liquid
microextraction (LLME), using 1-hexyl-3-methylimidazolium
hexafluorophosphate. When compared to conventional liquid–
liquid and ultrasonic extractions, there was a reduction in the
amounts of sample and in solvent used and on extraction time
when LLME with IL was applied. ILs were also used to extract
para red and Sudan dyes from chili powder, chili oil, and food
additive. Different parameters affecting extraction were optimized: alkyl chain length on the imidazolium ring of the IL,
volume of the IL, and extraction time. For chili powder samples,
the procedure was the following: 0.2 g of sample was weighed
into a 2-mL tube and 0.5 mL of IL was added. The mixture
was extracted for 40 min under ultrasonication and then centrifuged for 2 min at 3000 rpm. The IL phase was filtered through
a syringe filter and directly injected into the HPLC system for
analysis (Fan et al., 2009).

Other miniaturized techniques have also been used for the
extraction of synthetic colorants, but less frequently than those
previously described. Yu et al. (2008) compared two techniques, dual solvent-stir bars microextraction (DSSBME) and
U-shaped hollow fiber-liquid-phase microextraction (U-shaped
HF-LPME), for the analysis of Sudan dyes in strawberry
sauce, capsicum oil, salted egg, and two kinds of chili sauce.
In DSSBME, the organic solvent was confined to a pair of hollow fiber membrane fixed on a stir bar, which can stir by itself,
while the hollow fiber in U-shaped HF-LPME was fixed by two
microsyringes. Both techniques proved to be appropriate for
food analysis.
Accelerated solvent extraction was employed by Liao et al.
(2012) for the analysis of tartrazine, sunset yellow FCF, amaranth,
Ponceau 4R, brilliant blue FCF, erythrosine, and allura red in
meat products. For the extraction procedure, 5.0 g of the sample
was packed in the extraction cell of an accelerated solvent extractor together with a mixture of ethanol–water–ammonia (75:24:1,
v/v/v), under the following conditions: heating cell time—5 min,
time of contact of the solvent with the sample—10 min; pressure
of 1500 psi; and temperature of 85°C. The resulting extract was
evaporated to dryness and the residue was redissolved in 5.0 mL
of 0.02 mol L −1 ammonium acetate and 5.0 mL of hexane, and
then transferred to a centrifuge tube. The lower phase was submitted to chromatographic analysis.

8.2.2 Separation Techniques
The separation of synthetic food colorants is needed to ensure
proper identification and quantification, since complex mixtures
of colorants can be used in foods. The separation of food colorants has been achieved through the use of chromatographic procedures, among them, paper chromatography (PC), TLC, HPLC,
ultra-high-performance liquid chromatography (UHPLC), and
electrophoresis on polyacrylamide gels and capillary electrophoresis (CE). However, before submitting the extract to a separation technique, it is important to bring the analyte back into an
adequate phase so that it will be compatible and will not interfere
or disturb the separation.

8.2.2.1 Separation of Impurities in Synthetic
Food Colorants
During the synthesis of food colorants, the final product may
contain impurities, since the reactants can be impure and side
reactions can occur simultaneously. The impurities can be of
different types: uncombined intermediates, subsidiary dyes
(structural variants of the principal colorant), and side-reaction
products or by-products formed during synthesis. The nature and
amounts of these impurities are regulated by specifications that
are enforced by batch analysis during color additive certification.
Several TLC and HPLC procedures have been used for the determination of intermediates and subsidiaries of synthetic colorants.
However, reversed-phase ion-pair HPLC has been found particularly useful for the separation and detection of these compounds.
Some HPLC methods used for the separation of intermediates
and subsidiaries of erythrosine, amaranth, Ponceau 4R, allura
red, sunset yellow, tartrazine, and indigotine are described by
Glória (2000).
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8.2.2.2 Separation of Synthetic Colorant
Mixtures in Foods
Chromatography has been widely used for the separation of synthetic food colorants. PC was used in 1950. In the 1970s, TLC
was preferred by many laboratories. HPLC became very popular
since the 1990s and it has been widely used, mainly as reversedphase, ion-pair, and UHPLC. In the late 1990s, CE was also
applied for the determination of synthetic food colorants.

8.2.2.2.1 Paper Chromatography
Several comprehensive studies on the separation and identification of colorants by PC were undertaken. Whatman No. 1 filter
paper is the most widely used stationary phase whereas the most
commonly used solvents, especially when partition is involved,
are butanol and water (Glória, 2004).
Multidimensional PC has also been used to achieve or
improve separation. A two-dimensional method for the separation of 14 food colorants was developed. In the first direction,
the solvent used was water:methyl cellosolve acetate (1:4, v/v) or
water:ethylene glycol monomethyl ether acetate (2:3, v/v) and in
the second direction 10% ethanol + 0.125% NaCl. A rotary PC
method was also used for the complete separation of four synthetic colorants. It consisted of a Whatman No. 2 paper disk and
a solvent system of 25% NH3H2O:C2H5OH:H2O (1:2:3, v/v/v) at a
rotation of 950 rpm for 25 min (Glória, 2004).
The colorants are identified by comparison with reference colorants submitted to similar separation conditions. This will be
further detailed in the Section 8.2.3.4.1 on the identification and
quantification of colorants.
PC is suitable for the separation of colorants, but it is quite
time consuming. Furthermore, it gives poor resolution and sometimes, the spots are not well defined, showing tails that can affect
colorants with similar Rf.

8.2.2.2.2 Thin-Layer Chromatography
TLC has been widely used in synthetic colorant analysis. It is a
convenient method and provides faster and better resolution than
PC. TLC does not supersede HPLC for the separation and identification of colorants, but it is a relatively simple tool that can
be used to separate complex mixtures. Furthermore, it is inexpensive and can be used easily by the food industry and by most
laboratories (Glória, 2004).
TLC applications depend on the adsorptive properties of the
thin-layer material. As indicated in Table 8.4, the most widely
used adsorbents for the separation of synthetic food colorants
are silica gel and cellulose; however, cellulose is more selective than silica. Other types of support have also been used,
among them alumina G, silica gel DGF 254, alkaline silica gel
G, calcium carbonate, MgO, polyamide, and Sephadex G-25.
Cellulose plates are prepared by shaking 20 g cellulose powder
with 60 mL methanol for 3 min and blending at high speed for
30 s. It is spread onto plates and air-dried or dried in an oven
at 80°C. Silica gel plates are prepared by shaking 30 g silica
gel G with 60 mL water for 1–2 min, spreading onto plates and
activating the plates by heating at 105°C for 1 h. Alumina plates
are prepared by shaking 25 g alumina and 50 mL water, pouring onto plates and activating for 1 h at 105°C. Sephadex G-25
(20 g) is mixed with 10 mL aqueous sodium sulfate solution and
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spread onto plates. Polyamide–silica gel G plates are obtained
by slurring a 20 g homogeneous mixture (1:1) with 60 mL methanol, spread, and activated at 80°C for 1 h. MgO TLC plates are
prepared with 35 g MgO and 65 g water and activated at 130°C
for 1 h. The plates should be cooled and kept in desiccators until
use. Precoated plates are often preferred as they facilitate use
and provide higher reproducibility (Puttemans et al., 1982a,b;
Glória, 2004).
Different solvent systems have been used during TLC separation of synthetic food colorants (Table 8.4). The simpler ones are
mixtures of alcohol and ammonia. However, different components have also been used in the solvents, among them, pyridine,
dimethylsulfoxide (DMSO), ethyl methyl ketone, acetonitrile,
and dioxan. DMSO was used during TLC separation of 31 colorants on silica gel G. It improved separation and provided bettershaped spots as it avoided problems of tailing and streaking (De
Clercq and Massart, 1974).
Separation of colorants that are usually difficult to separate
(orange GGN and sunset yellow, fast green and green S, and
light green yellowish and brilliant blue) has been achieved on
cellulose with different solvent systems. However, no separation was possible for chocolate brown HT/chocolate brown
FB and for violet BNP/violet 5BN. Pearson (1973) reported
Rf values for 24 synthetic food colorants using Tragerplatten
HF 254 plates precoated with a 0.10 mm layer of silica gel
and 10 different solvent systems, at 20 ± 1°C. In general, the
most efficient solvents for the separation of the colorants were
isopropanol:ammonia (4:1, v/v) or n-butanol:acetic acid:water
(10:5:6, v/v/v). However, some solvents were recommended for
specific color groups such as isopropanol:ammonia (4:1, v/v) for
reds; isopropanol:ammonia:water (7:2:1, v/v) or acetone:ethyl
methylketone:ammonia:water (60:140:1:60, v/v/v/v) for browns
and blacks; saturated aqueous potassium nitrate solution, concentrated HCl:water (23:77, v/v), or isopropanol:ammonia (4:1,
v;v) for oranges and yellows; and isopropanol:ammonia:water
(7:2:1, v/v/v), 80 g phenol plus 20 g water, isopropanol:ammonia
(4:1, v/v), or n-butanol:acetic acid:water (10:5:6, v/v/v) for greens,
blues, and violets.
The identification of the colorants separated by TLC is based
on Rf values, which are affected by the type and thickness of the
adsorbent, the composition of the solvent, and the temperature.
For this reason, standardized, manufactured coated plates are
preferred. In TLC identification, greater reliability is achieved
by using more than one solvent system simultaneously (Perenich,
1982). This will be detailed in the Section 8.2.3.4.1 on the identification and quantification section.
Hoodless et al. (1971) proposed a scheme for the quick identification of a colorant or a mixture. It consisted of running the
colorants in different solvents on cellulose plates with a standard
colorant—orange G, calculating the Rf and the Rx relative to
orange G, and comparing to a reference. The identity of the food
colorant was then confirmed by running the suspected colorant
along with the unknown using suitable solvents. A few mixtures
of colorants could not be separated in any of the solvents tested,
such as chocolate brown HT/chocolate brown FB, Ponceau 3R/
Ponceau MX, and violet 5BN/violet BNP.
To improve the separation of synthetic colorants by TLC, some
approaches have been used, among them, high-performance TLC,
reversed-phase TLC, and ion-pair TLC. A high-performance
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Table 8.4

Thin-Layer Chromatographic (TLC), High-Performance, Reversed-Phase, and Ion-Pair TLC Methods for Simultaneous Determination of
Synthetic Food Colorants
Synthetic Colorants
Thin-Layer Chromatography (TLC)
Carmoisine, amaranth erythrosine, sunset
yellow, tartrazine, indigotine
49 Synthetic food colorants

Adsorbent

Solvent

Reference

Polyamide

Ammonia:methanol:water

Silica gel G, cellulose
Polyamide–silica gel
G, cellulose, alumina
G, alkaline silica gel
G, Sephadex G-25
Silica gel

5 Solvents for silica gel
10 Solvents for cellulose
24 Solvent systems

Hayes et al. (1972)

10 Solvents

Pearson (1973)

Silica gel G

DMSO–isopropanol–acetic acid

Cellulose

Ethyl acetate:n-butanol:pyridine:water (25:25:30:25)

De Clercq and Massart
(1974)
Martin et al. (1978)

Cellulose, silica gel G
Silica gel 60
MgO

24 Solvent systems
Isopropanol:0.88 ammonia:ethanol (77:13:10)
15% Sodium citrate:methanol (8:2)

Crosby (1981)
Ashworth et al. (1982)
Maslowska (1996)

Scolecite

Acetone

Silica gel G

n-Butanol:methyl ethyl ketone:NH4OH:H2O (5:3:1:1)

Shrivastava and Prakash
(1986)
Bell (1995)

High-Performance TLC
Amaranth, erythrosine, allura red, sunset
yellow, tartrazine, indigotine, brilliant
blue, fast green FCF, others

LHP-K
HERPS

Steele (1984)

Tartrazine, azorubine, sunset yellow

Nani-SIL NH2

1-Butanol:sec-butanol:acetonitrile:tetrahydrofuran:
methyl ethyl ketone–water (0.5% NaCl):ammonium
hydroxide (10:10:25:15:20:18:2)
n-Propanol:acetonitrile:tetrahydrofuran:methyl ethyl
ketone:ethyl acetate:water (0.5% NaCl):ammonium
hydroxide (20:15:25:10:10:18:2)
Isopropanol:diethyl ether:ammonia (2:2:1)
Methanol:0.1 M acetic acid (30:70) and (40:60),
pH 3.5
Methanol:water (3:1.5, 4:1, 3:1, 3.5:2.5, 3:2)
acetone–water (3:2)
Methanol:acetonitrile:5% aqueous sodium sulfate
(3:3:10)
Methanol:methyl ethyl ketone:5% aqueous sodium
sulfate (1:1:1)

Siouffi et al. (1979)

14 Synthetic food colorants

5 Red, 3 orange, 4 yellow, 1 green, 4 blue,
2 violet, 3 brown, 2 black
31 Synthetic food colorants
Amaranth, erythrosine, allura red, sunset
yellow, tartrazine, indigotine, brilliant
blue, fast green, Ponceau SX
24 Synthetic food colorants
Carmoisine, tartrazine, brilliant blue
Ponceau 4R, amaranth, tartrazine,
indigotine, orange yellow S
Carmoisine, amaranth, tartrazine, brilliant
blue
Amaranth, erythrosine, allura red, sunset
yellow, tartrazine, indigotine, brilliant
blue, fast green

Reversed-Phase TLC
Sunset yellow × orange GGN,
tartrazine × patent blue V
34 Colorants
Ponceau 4R, amaranth, erythrosine, sunset
yellow, tartrazine, indigotine, brilliant
blue, fast green FCF, rose bengal, acid red,
phloxine
Ion-Pair TLC
Ponceau SX, amaranth, erythrosine,
tartrazine, indigotine, brilliant blue, fast
green FCF, wool violet
17 Colorants

Ponceau 4R, amaranth, erythrosine, sunset
yellow, tartrazine, allura red, indigotine,
brilliant blue
Carmoisine, Ponceau 4R, amaranth,
erythrosine, sunset yellow, tartrazine,
quinoline yellow, indigotine, brilliant blue,
brilliant green, brilliant black, patent blue

RP-18
KC 18
C18

Davidek and Davidkova
(1967)
Hoodless et al. (1971)

Soponar et al. (2008)

Perenich (1982)
Oka et al. (1987)

Cellulose

n-Propanol–water–triethylamine (62:28:10)

Martin and Figert (1974)

Silica gel + cetrimide

Methanol:acetone (9:1) + 1% glacial acetic
acid + 0.1 M cetrimide, methanol:acetone
(1:1) + 0.1 M cetrimide
Butanol:chloroform (1:8) + acetic
acid + tri-n-octylamine

Van Peteghem and Bijl
(1981)

Silica gel, cellulose

Silica gel + cetrimide

Methanol:acetone:acetic acid:cetrimide
(90:10:2:3.6),
n-butanol:ethyl acetate:NH3:cetrimide

Note: DMSO, dimethyl sulfoxide.
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TLC procedure using two solvent systems for the separation
and identification of 12 colorants and Whatman-Linear highperformance LHP-K with preabsorbent interface and Analtech
prescored high-performance TLC plates was developed by Steele
(1984). The method was convenient, rapid, and highly selective
for the separation and identification of synthetic food dyes in
alcoholic beverage products (Table 8.4).
RP TLC procedures were developed by Siouffi et al. (1979),
Perenich (1982), and Oka et al. (1987) for the separation of
up to 34 colorants (Table 8.4). RP TLC is advantageous as it
can tolerate higher polar solvent systems that are needed for
improved separation; it is rapid and convenient; and it requires
only a two-component mixture—water and an organic solvent miscible with water. Another advantage is that the sample
needs only to be diluted in methanol, which is much simpler
than having to extract it. Furthermore, it can be used for the
analysis of colorants that are very difficult to separate, among
them orange GGN/sunset yellow and tartrazine/patent blue V.
Perenich (1982) separated 34 acid dyes using RP-TLC precoated
plates with octadecylsilane bonded to a silica gel support. For
development, six solvent systems, five different proportions of
methanol:water, and one proportion of acetone:water were used.
The general shape of the spots was good, not diffuse and only
slight tailing occurred. Oka et al. (1987) investigated the influence of the solvent system composition and the pH on the separation of 13 synthetic food colorants on a C18 stationary phase.
They observed that the higher the concentration of sodium sulfate (up to 5.0%) in the solvent system, the better the shape of
the spot and the separation. They also observed that best results
were observed at pH values between 6.0 and 7.0 for the aqueous
sodium sulfate solution.
Ion-pair TLC can also be used for the separation and identification of synthetic food colorants by means of TLC. The
counter-ions used, as indicated in Table 8.4, are triethylamine
(TEA), tri-n-octylamine, and cetrimide. According to Van
Peteghem and Bijl (1981), the counter-ion should be present
both in the eluent system and in the adsorbent layer. This can
be achieved by dipping the precoated plates for 1 min in a
dilute solution of the counter-ion in an adequate solvent (0.1 M
in methanol, in the case of cetrimide) followed by careful
drying in hot air. When using cetrimide, well-defined, sharp,
circular spots were obtained in a shorter time compared to
conventional methods.
TLC methods for the analysis of synthetic colorants have
advantages as they do not require laborious preparation of the
samples. They are rapid and low cost and enable simultaneous
assay of several samples. They are adequate for screening and
qualitative determination. However, quantitative determination
brings more difficulty.

8.2.2.2.3 High-Performance Liquid Chromatography
Initial attempts in the separation and quantification of synthetic
colorant mixtures by HPLC were disappointing when conventional techniques were used. Then, RP columns were employed;
however, because of their sulfonic and, in some cases, carboxylic acid functions, synthetic colorants have short retention times
in an RP HPLC system. Another problem encountered during
RP HPLC is the tailing observed for compounds with sulfonic
groups (Puttemans et al., 1981; Gratzfeld-Husgen and Schuster,
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1995). Nevertheless, adequate pH and solvent composition have
allowed the separation of some colorants in an RP system.
Several methods were successfully used in the separation and quantification of the most commonly used synthetic
colorants (Table 8.5). Recently, Feng et al. (2011) developed a
method for the screening of 40 legal and illegal colorants in
soft drinks by RP HPLC coupled with electrospray ionizationtandem mass spectrometry-MS/MS using an Ultimate XB
C18 column (100 × 2.1 mm, 3 µm) and a gradient elution of
methanol:acetonitrile (7:3, v/v) and 20 mM ammonium formate
buffer containing 0.1% formic acid (v/v) pH 3.8. In the last 6
years, methods have been developed for the determination of
Sudan I, II, III, and IV dyes in foodstuffs. Yu et al. (2008) analyzed four Sudan dyes in foods using RP HPLC and a mobile
phase of methanol:tetrahydrofuran:water (40:30:10, v/v/v),
whereas Fan et al. (2009) analyzed the same four Sudan dyes and
para red in chili powder and oil by RP HPLC and a gradient of
methanol and water. Botek et al. (2007) determined six Sudan
dyes along with other banned colorants (para red, tropaeolin, and
rhodamine) in spices using RP HPLC and a gradient elution of
acetonitrile and 5% acetic acid.
To overcome problems associated with RP HPLC, inorganic
electrolytes or ion-pairing reagents can be added to the mobile
phase (Schwartz, 1998). A method was developed for the separation of 15 synthetic colorants using a mobile phase containing
orthophosphoric acid. The presence of the electrolyte improved
separation and provided lower variation in response and in retention over a period of time and shortened analysis time (Chaytor
and Heal, 1986; Minioti et al., 2007).
Ion-pair reagents have been particularly useful in the separation and detection of several colorants. When a hydrophobic
ion of opposite charge (counter-ion) is added, hydrophobic ion
pairs are formed. The retention of the ionized substances on a
nonpolar RP is enhanced, which promotes higher selectivity and
peak symmetry. The retention of the solutes and the selectivity
during analysis can be controlled by adjusting the type and concentration of the ion-pair reagent added and by selection of the
type and concentration of the organic solvent in the mobile phase
(McKone and Ivie, 1980; Puttemans et al., 1981, 1982b; Saag,
1988).
The use of ion-pair HPLC in the analysis of food colorants is
summarized in Table 8.6. The ion-pair reagents most commonly
used are TEA, tetra-n-butylammonium (TBA), cetyltrimethylammonium (cetrimide), and tetraheptylammonium (THA).
Puttemans et al. (1981) and Lawrence et al. (1981) determined
10 of the most commonly used synthetic colorants by RP HPLC
and the ion-pair TBA. Boley et al. (1980) analyzed 23 colorants
in foods using cetrimide as the ion pair. Some illegal colorants
(Sudan I–IV, red G, and para red) along with some commonly
used colorants in chili products were analyzed by RP HPLC
using the ion-pair dodecyltrimethylammonium chloride (Long
et al., 2009). In every one of these methods, the detection of the
colorants was undertaken by UV and visible spectrophotometry.
Fuh and Chia (2002) used TEA as the ion-pair reagent for the
separation of 10 sulfonated azo colorants. This volatile ion pair
was suitable for electrospray MS application.
When using ion-pair HPLC and a gradient mobile-phase elution, a large number of synthetic colorants can be separated.
However, the mobile-phase programming should include a return
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Table 8.5
Reversed-Phase (RP) HPLC Methods for the Simultaneous Determination of Synthetic Food Colorants
Synthetic Colorant
Amaranth, erythrosine, allura red,
sunset yellow, tartrazine,
indigotine, brilliant blue, fast
green, Ponceau SX
Ponceau 4R, amaranth,
erythrosine, allura red, sunset
yellow, tartrazine, indigotine,
brilliant blue, orange I, eosine,
acid red, auramine, orange II,
ploxine, rhodamine, rose bengal
Ponceau 4R, amaranth, sunset
yellow, tartrazine
Carmoisine, Ponceau 4R,
amaranth, erythrosine, sunset
yellow, tartrazine, quinoline
yellow, indigotine, brilliant blue,
green S, yellow 2G, brown HT,
red 2G, black PN, patent blue
Erythrosine, eosin S-13, phloxin
B, eosin S-10, dinitrofluorescein,
fluorescein, di-iodofluorescein
Carmoisine, Ponceau 4R, sunset
yellow, tartrazine, erioglaucine
Ponceau 4R, amaranth, Ponceau
6R, fast red E
Ponceau 4R, amaranth, allura red,
sunset yellow, tartrazine
Azophloxine, brilliant black BN,
green S, tartrazine, quinoline
yellow, allura red, brilliant blue
FCF, sunset yellow, azorubine,
amaranth, cochineal red,
erythrosine, patent blue V,
brilliant black
Sudan I, II, III, and IV

Column

Mobile Phase

Detection

Reference

HP RP-8
10 µm, 250 × 4.6 mm

10%–90% methanol in 10 mM
KH2PO4, flow rate 2.0 mL min−1

290 nm

Martin et al.
(1978)

Zorbax ODS C8
250 × 4.6 mm

0%–100% B (acetonitrile:methanol,
2:8, v/v) in A (1% ammonium
acetate, pH 8)

254 nm

Tonogai et al.
(1983)

LiChrosorb RP-18
10 µm, 250 × 4 mm
Ultrasphere ODS
3 µm, 75 × 4.6 mm

30%–60% methanol in phosphate
buffer (pH 4.5)
0.4%–100% B in 20 min, 100% B
for 10 min
A—0.1 M sodium sulfate (pH 2.5)
with ortho phosphoric acid
B—solvent A:water:methanol
(1.5:7:22, v/v), flow rate
1.5 mL min−1
30%–100% acetonitrile in acetic
acid solution (pH 3) 25°C, flow
rate 2.5 mL min−1
Methanol:water (8:2, v/v), flow rate
1.0 mL min−1
0%–30% acetonitrile in 0.02 M
ammonium acetate
0%–40% acetonitrile in 0.02 M
ammonium acetate
0%–100% acetonitrile in 100 mM
sodium acetate buffer (pH 7.0),
flow rate 0.5–1.3 mL min−1

254 nm

Puttemans et al.
(1984)
Chaytor and Heal
(1986)

0.1% Formic acid in
water:acetonitrile 85:15 and 0.1%
formic acid in acetonitrile:acetone
80:20 gradient elution, flow rate
5 µL min−1
10%–75% Methanol in 40 mM
ammonium acetate (pH 5), flow
rate 1 mL min−1
20%–100% Methanol in 20 mM
acetate buffer, flow rate
1 mL min−1
43%–98% Acetonitrile in 5% acetic
acid in water, flow rate
0.5 mL min−1
Water:methanol (7:3, v/v) + 0.1 M
ammonium acetate, flow rate
0.7 mL min−1

ESI-Q-TOFMS and
ESI-Q-TOFMSMS

Calbiani et al.
(2004)

414 nm

García-Falcón and
Simal-Gándara
(2005)
Ma et al. (2006)

Methanol:aqueous ammonium
acetate 0.08 M (45:55)
methanol:aqueous solution
containing EDTA 0.005 M (45:55)
and sodium acetate 0.03 M pH 3.5,
flow rate 1 mL min−1

Ultrasphere Altex C18
5 µm, 150 × 4.6 mm
Val-U-Pak-5 C18
250 × 4.6 mm
ODS 250 × 4.6 mm
ODS 250 × 4.6 mm
Purospher RP 18
5 µm, 125 × 4.0 mm

Symmetry C18 capillary
column, 150 × 0.32 mm,
5 μm

Tartrazine, quinoline yellow,
yellow orange S, azo rubine,
Ponceau 4R
Tartrazine, amaranth, Ponceau 4R,
sunset yellow FCF, Sudan I–IV

Tracer Analítica ODS
5 μm, 150 × 4.0 mm

Sudan I–IV, Sudan red 7B, para
red, Sudan orange G, tropaeolin
000, rhodamine B
Tartrazine, sunset yellow,
amaranth, allura red, Ponceau
4R, erythrosine, brilliant blue,
indigotine
Sunset yellow, tartrazine,
amaranth, brilliant blue, and
red-40

Purospher Star RP-18
5 µm endcapped,
125 × 3 mm
Spherisorb C18
5 µm, 150 × 4.6 mm

Spherigel C18
5 µm, 250 × 4.6 mm

Zorbax ODS
5 μm, 250 × 4.6 mm

All dyes—254 nm,
yellow—430 nm,
red—520 nm,
blue/green—640 nm

475 and 525 nm

Gagliardi et al.
(1988)

254, 390, 430, 430,
590 nm, respectively
510 nm

Ashkenazi et al.
(1991)
Yamada et al.
(1995)
Ishmitsu et al.
(1997)
Kirschbaum et al.
(2003)

510 nm
430 and 608 nm

UV—254 nm and
ESI-MS/MS
APCI-MS/MS

Botek et al. (2007)

Blue—595 nm,
red—525 nm,
yellow—450 nm

Prado and Godoy
(2007)

Brilliant blue—632 nm,
amaranth—524 nm, red
40—508 nm, sunset
yellow—484 nm,
tartrazine—454 nm

Alves et al. (2008)

(Continued )
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Table 8.5 (Continued )
Reversed-Phase (RP) HPLC Methods for the Simultaneous Determination of Synthetic Food Colorants
Synthetic Colorant

Column

Sudan I, II, III, and IV

Lichrospher C18
5 µm, 200 × 4.6 mm
Zorbax C18
3.5 µm, 150 × 2.1 mm

Sudan I, II, III, and IV

Inertsil ODS-3

Sudan I, II, III, and IV and para
red
Sudan I, II, III, IV, Sudan red B,
and Sudan red 7B, allura red,
sunset yellow, Ponceau 4R
40 dyes

Eclipse XDB-C18
5 μm, 150 × 4.6 mm
Onyx monolithic RP C18
100 × 4.6 mm

Tartrazine, quinoline yellow,
sunset yellow, carmoisine,
Ponceau 4R, allura red, indigo
carmine, brilliant blue
Basic orange, acid orange 52,
basic orange 21, acid orange 7,
acid orange 6, acid orange 20,
basic orange 22
Ponceau 4R, sunset yellow, allura
red, Ponceau sylidine,
erythrosine, orange II

Ultimate XB C18
3 µm, 100 × 2.1 mm

Eurospher100 C8
5 μm, 250 × 4.6 mm

Zorbax Eclipse plus C18
3.5 μm, 150 × 2.1 mm

Atlantis T3
3 μm, 150 × 2.1 mm

Mobile Phase
Methanol:tetrahydrofuran:water
(40:30:10, v/v/v), flow rate
1 mL min−1
1% v/v Formic acid in
water:acetonitrile (5:95, v/v), flow
rate 0.2 mL min−1
Acetonitrile:20 mM acetate buffer
(90:10, v/v), flow rate 1 mL min−1
Gradient methanol and water, flow
rate 0.8 mL min−1
Acetonitrile:water (4 + 1, v/v) and
methanol:water (1 + 1, v/v)

Detection

Reference

478 and 520 nm and
ESI-Q-TOFMS

Yu et al. (2008)

Electrochemical detector

Chailapakul et al.
(2008)
Fan et al. (2009)

506 nm
476 nm

Baggiani et al.
(2009)

10%–85% Methanol:acetronitrile
(7:3) in 20 mM ammonium
formate buffer containing 0.1%
formic acid (v/v) pH 3.8, flow rate
0.3 mL min−1
50 mM phosphate buffer at pH 7
containing triton X-100 (0.25%
v/v), flow rate 1.0 and
1.5 mL min−1
45%–95% Methanol in water (pH 9
adjusted with ammonia), flow rate
0.3 mL min−1

ESI-MS/MS

Feng et al. (2011)

450, 515, 600, and
630 nm

Khanavi et al.
(2012)

ESI-MS/MS

Fang et al. (2013)

20 mM ammonium acetate and
acetonitrile

DAD-484 and 526 nm
and ESI-MS/MS

Zou et al. (2013)

Note: ESI, electrospray ionization; APCI, atmospheric-pressure chemical ionization; TOF, time of flight; MS, mass spectrometry.

to initial conditions as well as reequilibration of the column by
maintaining the initial composition for a period of time. This
procedure helps in obtaining reproducible results (Glória, 2004).
High-performance ion chromatography (HPIC) can also
be used. It consists of using a special column with functional
groups and constant charge bounded ions. In the surrounding,
there are specified counter-ions, which ensure inertness of the
system. Ions of the sample are exchanging counter-ions and
bonds with the stationary phase for a specific time, depending on the ion’s affinity. HPIC should not be used for organic,
multivalent hydrophobic ions because they bind strongly to the
stationary phase, resulting in long elution times. However, satisfactory separation can be obtained by using an anion exchange
column with slight hydrophobic properties and strong acidic eluent. Chen et al. (1998) obtained good results on the separation of
eight colorants using Dione IonPac AS11 and a mobile phase of
2 M HCl:acetonitrile:water in a gradient elution.
A method based on capillary liquid chromatography (microLC)
was developed and validated by Calbiani et al. (2004) for the
determination of four Sudan azo-dyes as food contaminants
in hot chili. By using a C18 capillary column (150 × 0.32 mm,
5 µm) and gradient elution (0.1% formic acid in water:acetonitrile
85:15, v/v, and 0.1% formic acid in acetonitrile:acetone 80:20,
v/v), improved sensitivity was obtained compared to LC.
As indicated in Tables 8.5 and 8.6, in most liquid chromatography methods, organic solvents are used. These solvents negatively

affect the environment and human health. To reduce this problem,
there is a tendency to use green methods and to reduce the use of
solvents. This can be accomplished by using a surfactant in the
mobile phase, for example, 4-(1,1,3,3-tetramethylbutyl)phenylpolyethylene glycol (Triton X-100). This surfactant changes the
polarity of water and the column becomes more polar while the
charges of the colorants are stabilized. The optimum surfactant
concentration is 0.25%–1% and the pH should be 7.0 (Vidotti
et al., 2006).
According to Tables 8.5 and 8.6, quantification of the synthetic
colorants was possible by means of diode array detectors (DADs)
and MS detectors (quadrupole, triple quadrupole, time-of-flight,
and orbitrap detectors) coupled to the HPLC system. These
detection systems are described in the next section.

8.2.2.2.4 Ultra-High-Performance Liquid
Chromatography
Another efficient way to reduce the use of organic solvents is
by means of UHPLC. This system uses stationary phases of
very small particles (<2 µm). The columns are also shorter
(50–100 mm) and thinner (2.1 mm diameter) compared to
HPLC columns. These characteristics provide high separation
efficiency, reduced solvent requirement, and speed of analysis.
Therefore, UHPLC has been extensively used in the last decade
for the determination of several food components, additives,
and contaminants, including synthetic colorants. Licit and illicit
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Table 8.6
Ion-Pair HPLC Methods for the Simultaneous Determination of Synthetic Food Colorants
Synthetic Colorant

Column

Mobile Phase

Detection

Reference

Red—520,
Chudy et al.
yellow—430, orange/ (1978)
brown—480, green
and blue—640,
black—600 nm
505 nm
Aitzemuller and
Arzberger
(1979)
254 nm
Mckone and Ivie
(1980)

14 Red, 9 orange and yellow, 5 green
and blue, and 5 brown and black

SAS-Hypersil
5 µm, 120 × 4.6 mm

Isopropanol:water:cetrimide:glacial acetic
acid (41:59:0.25:0.25, v/v/w/v), flow rate
1.0 mL min−1

Ponceau 4R, sunset yellow,
orange GGN

Nucleosil 10 C18
LiChrosorb RP-8

Acetone:water (8:2, v/v) with 0.2 g L−1 TBA
chloride

Amaranth, allura red, sunset yellow,
tartrazine, indigotine

µBondapak C18
10 µm, 300 ×
3.9 mm
SAS Hypersil RP-8
5 µm, 120 × 4.6 mm

2-Propanol:5 mM TBA hydrogen sulfate, pH
6.5 (1:6, v/v), flow rate 10 mL min−1

Carmoisine, Ponceau 4R, amaranth,
erythrosine, allura red, sunset yellow,
tartrazine, quinoline yellow,
indigotine, black PN, and others
Amaranth, erythrosine, allura red,
sunset yellow, tartrazine, indigotine,
brilliant blue, fast green, Ponceau SX,
fast red, benzyl violet
Carmoisine, Ponceau 4R, amaranth,
allura red, sunset yellow, tartrazine,
indigotine, brilliant blue, brown FK,
orange GGN, and others
Ponceau 4R, amaranth, erythrosine,
allura red, tartrazine, sunset yellow,
indigotine, brilliant blue, brilliant
green
126 Colorants

RSILC18
10 µm, 250 × 3 mm

0%–100% B (methanol:5 mM TBA, 6:4, v/v)
in A (methanol:5 mM TBA, 4:6, v/v), flow
rate 1 mL min−1

LiChrosorb RP-18
10 µm, 250 × 4.6 mm

Methanol:water (45:55, 6:4, or 7:3, v/v) with
5 mM TBA phosphate, flow rate 1 to
1.5 mL min−1

Red, orange,
Lawrence et al.
yellow—450 nm;
(1981)
blue, green—610 nm

µBondapak C18
10 µm, 300 + 3.9 mm

50%–60% acetonitrile in ammonium acetate
(0.5%) + acetic acid (0.5%) + THA (0.2%),
flow rate 1.5 mL min−1

Brown—450 nm;
blue—320 nm, other
colors—360 nm

Love (1982)

Altex C18
5 µm, 250 × 4.6 mm

280 nm

Weaver and
Neale (1986)

DAD (200–600 nm)

Wegener et al.
(1987)

Ponceau 4R, amaranth, allura red,
sunset yellow, tartrazine, orange GGN
Ponceau 4R, amaranth, erythrosine,
sunset yellow, tartrazine, scarlet red

µBondapak C18
10 µm, 300 × 3.9 mm
Hypersil BDS
3 µm, 125 × 3 mm

280 nm

Carmoisine, Ponceau 4R, amaranth

ODS-2 Spherisorb
5 µm, 250 × 4.6 mm

Ribeiro-Cunha
et al. (1996)
GratzfeldHusgen and
Schuster (1995)
Gennaro et al.
(1997)

Carmoisine, Ponceau 4R, amaranth,
erythrosine, sunset yellow
Tartrazine, amaranth, new coccine,
sunset yellow FCF, allura red AC,
Ponceau R, Ponceau 3R, orange I,
orange II, metanil yellow
Tartrazine, quinoline yellow, sunset
yellow, carmoisine, amaranth, new
coccine, patent blue violet, and brillant
blue FCF
Acid yellow 36, acid orange 10, acid
blue 40, acid red 118, acid red 357,
acid violet 90, direct blue 78, direct
green 26

Nova Pak C18
4 µm, 150 × 3.9 mm
Cosmosil C18
5 µm, 125 × 2.0 mm

45%–100% B (TBA hydrogen
phosphate:methanol, 2:8, v/v) in TBA
hydrogen phosphate solution, flow rate
1 mL min−1
25%–100% B (0.5 M TBA hydroxide, pH
7.0:methanol, 7.7:3.3, v/v) in A (water),
30°C, flow rate 2 mL min−1
Methanol:phosphate buffer (pH 6.0) + 1 mM
TBA hydroxide (41:59, v/v)
15%–90% Acetonitrile in 10 mM
NaH2PO4 + 1 mM TBA dihydrogen
phosphate, pH 4.2
Water:acetonitrile (70:30, v/v) 5 mM
octylamine, pH 6.4, ortho phosphoric acid,
flow rate 1 mL min−1
Methanol:NaH2PO4/Na2HPO4, pH 7, 0.05 M
TBA
5%–70% methanol in 3 mM triethylamine,
pH 6.2, flow rate 0.2 mL min−1

23 Dyes

Microspher C18
3 µm, 100 × 4.6 mm

Lichrospher 100
RP-18
5 µm endcapped,
250 × 4.0 mm
LiChrospher C18
5 µm, 125 × 4.0 mm

Methanol:water:cetrimide (77:23:0.25,
v/v/w), flow rate 1.0 mL min−1

Tetrabutylammonium bromide 5.0 mM, pH
5.6, and acetonitrile 44%, flow rate
1.0 mL min−1

Red—520,
yellow—430, orange/
brown—580, green/
blue—640,
black—600 nm
254 and 280 nm

350, 465, 600, and
750 nm
520 nm

520 nm
DAD-430 nm and
ESI-MS

290 nm

Methanol and water containing
254 nm
tetrabutylammonium hydrogen sulfate,
triethylammonium acetate, dibutylammonium
acetate, dihexylammonium acetate,
tributylammonium acetate, or
trihexylammonium acetate, flow rate
1.0 mL min−1

Boley et al.
(1980)

Puttemans et al.
(1981)

Berzas-Nevado
et al. (1997)
Fuh and Chia
(2002)

Gianotti et al.
(2005)

Vanerková et al.
(2007)

(Continued )

www.ebook777.com

Free ebooks ==> www.ebook777.com
120

Handbook of Food Analysis

Table 8.6 (Continued)
Ion-Pair HPLC Methods for the Simultaneous Determination of Synthetic Food Colorants
Synthetic Colorant
Fancy red, amaranth, Ponceau 4R,
Sudan I–IV, Sudan red G, para red

Column
TC-C18
5 μm, 250 × 4.6 mm

Mobile Phase

Detection

45%–100% acetonitrile in acetate buffer
solution containing 0.02 M ammonium
acetate and 0.01 M
dodecyltrimethylammonium chloride, flow
rate 1.0 mL min−1

480 and 520 nm

Reference
Long et al.
(2009)

Note: DAD, diode array detector ESI, electrospray ionization; MS, mass spectrometry.

colorants in different matrices have been analyzed by UHPLC
coupled to spectrophotometric and mass spectrometric detectors
as indicated in Table 8.7.
Ji et al. (2011) and Liao et al. (2012) developed UHPLC
methods for the quantification of synthetic colorants allowed
in foodstuffs. Liao et al. (2012) developed an UHPLC method
for the separation of seven commonly used synthetic colorants
in meat products. A C18 column (100 × 2.1 mm, 1.7 µm) and a
gradient elution of 0.02 M ammonium acetate and acetonitrile
were used and allowed appropriate resolution of the colorants in
3.5 min. Ji et al. (2011) developed a method for the determination

of 10 commonly used synthetic colorants (tartrazine, amaranth,
indigo carmine, Ponceau 4R, sunset yellow, allura red, brilliant
blue FCF, carmoisine, patent blue V, and erythrosine) in shrimp
flakes and drinks by means of UHPLC-MS/MS. A C18 column
(100 × 2.1 mm, 1.7 µm) and a gradient elution of ammonium formate buffer pH 3.8 and methanol allowed adequate resolution in
less than 3 min.
Several UHPLC methods have been reported for the analysis of
synthetic colorants, which are not allowed in foods. Para red and
three Sudan dyes were determined in egg yolk by UHPLC-MS/
MS. A C18 column (50 × 2.1 mm, 1.7 µm) and a mobile phase

Table 8.7
Ultra-High-Performance Liquid Chromatography (UHPLC) Methods for the Simultaneous Determination of Synthetic Food Colorants
Synthetic Colorant
Sudan red G, Sudan I, Sudan II,
Sudan III, Sudan red 7B, Sudan
IV, para red
Sudan red G, Sudan I, Sudan II,
Sudan III, Sudan red 7B, Sudan
IV, para red
Para red, Sudan 1, Sudan 2, Sudan
3, Sudan 4
Tartrazine, amaranth, indigo
carmine, Ponceau 4R, sunset
yellow FCF, allura red, brilliant
blue FCF, azorubine, patent blue
V, erythrosine, carminic acid
Sudan I, Sudan II, Sudan II, Sudan
IV, Sudan B, Sudan G, Sudan 7B,
Sudan
Orange G, para red, toluidine red,
rhodamine B, rhodamine 6G,
malachite green, leucomalachite
green, and canthaxanthin
Acid yellow 17, acid red 14, acid
red 26, acid red 73, acid orange
52, acid orange 7, acid orange 12,
acid yellow 36, acid orange 5, acid
red 88, and acid red 9
Tartrazine, sunset yellow FCF,
amaranth, Ponceau 4R, brilliant
blue FCF, erythrosine, allura red
Sudan I, Sudan II, Sudan III,
Sudan IV

Column

Mobile Phase

Detection

Chromatographic
Run (Min.)

Reference

Acquity BEH C18
1.7 µm, 100 × 2.1 mm

0.1% formic acid (v/v) and
acetonitrile (gradient elution)

480 and
500 nm

5.0

Li et al. (2009)

Acquity BEH C18
1.7 µm, 50 × 2.1 mm

Acetonitrile:0.2% (v/v) formic
acid in water 85:15 (v/v), flow
rate 0.15 mL min−1
Acetonitrile:water:formic acid
(80:20:0.1, v/v/v), flow rate
0.3 mL min−1
20 mM ammonium formate
buffer with 0.1% formic acid,
pH 3.8 and methanol (gradient
elution), flow rate 0.3 mL min−1

ESI-MS/MS

3.0

Li et al. (2010)

ESI-MS/MS

5.0

Hou et al.
(2010)

DAD and
ESI-MS/MS

<3.0

Ji et al. (2011)

Eclipse XDBC18
1.8 µm, 50 × 2.1 mm

20 mM ammonium acetate with
0.1% aqueous formic acid
solution and acetonitrile
(gradient elution), flow rate
0.4 mL min−1

ESI-MS/MS

16.0

Liu et al.
(2011b)

Acquity BEH C18
1.7 µm, 100 × 2.1 mm

0.1% ammonia in water (v/v)
and methanol (gradient elution),
flow rate 0.3 mL min−1

ESI-MS/MS

<10.0

Liu et al.
(2011a)

Acquity BEH C18
1.7 µm, 100 × 2.1 mm

20 mM ammonium acetate and
acetonitrile (gradient elution),
flow rate 0.3 mL min−1
Acetonitrile with 0.1% formic
acid and water with 0.1% formic
acid, flow rate 0.4 mL min−1

220–700 nm

3.5

Liao et al.
(2012)

ESI-MS/MS

8

Schummer
et al. (2013)

Acquity BEH C18
1.7 µm, 50 × 2.1 mm
Acquity BEH C18
1.7 µm, 100 × 2.1 mm

Acquity BEH C18
1.7 µm, 100 × 2.1 mm

Note: DAD, diode array detector; ESI, electrospray ionization; MS, mass spectrometry.
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consisting of acetonitrile:water:formic acid (80:20:0.1, v/v/v)
were used for colorants separation in 5 min (Hou et al., 2010).
Six Sudan dyes (Sudan red G, Sudan I, II, III, IV, and Sudan red
7B) and para red were determined in duck meat and egg samples
using UHPLC with spectrophotometric detection at 480 and
500 nm. Gradient elution allowed resolution of all the seven analytes in less than 5 min (Li et al., 2009). The same colorants were
also investigated in duck meat and pepper sauce using UHPLC
and tandem mass spectrometric (MS/MS) detection. Only 3 min
were required for the analysis (Li et al., 2010).
Eleven water-soluble azo colorants (acid orange 5, acid orange
7, acid orange 12, acid orange 52, acid red 9, acid red 14, acid red
26, acid red 73, acid red 88, acid yellow 17, and acid yellow 36)
were simultaneously evaluated in soft drinks with an UHPLCOrbitrap MS system. The separation was achieved in less than
10 min using a C18 column (100 × 2.1 mm, 1.7 µm) and a gradient elution of ammonia in water (0.1%) and methanol as mobile
phase (Liu et al., 2011a).
Liu et al. (2011b) reported the determination of 15 illegal colorants in animal feeds and poultry products. Chromatography was
performed in a shorter C18 column (2.1 × 50 mm, 1.7 µm) and a
gradient elution of 20 mM ammonium acetate with 0.1% formic
acid and acetonitrile. All of the analytes were satisfactorily separated in 16 min.
Based on these results, UHPLC is advantageous compared to
HPLC methods because it uses less solvent and the analysis can
be accomplished in shorter periods of time. It is also very sensitive, with limits of quantification in the range of ng g−1 (lower than
HPLC, which provides results in the range of µg g−1). However,
higher operation pressures are required, which requires the use
of more robust equipment, whose cost is higher, compared to an
HPLC system.
According to Table 8.7, quantification of the synthetic colorants has been assessed by means of DADs and MS detectors
(ESI) coupled to the UHPLC system.

8.2.2.2.5 Electrophoresis and Capillary Electrophoresis
Synthetic colorant mixtures can also be separated by electrophoresis. This is possible because some synthetic colorant molecules
contain functional dissociating groups, which, upon dissociation
present electric charges, which migrate in an electric field. The
separation is based on differences of electrophoretic mobilities,
expressed as a function of the ratio of net charge to molecular
size, which is dependent upon the dissociation constants of the
colorants (Glória, 2004).
Perez-Urquiza and Beltran (2001) reported the dissociation
constants of 10 sulfonated azo food colorants, among them,
tartrazine (pKa = 9.43), sunset yellow (pKa = 10.36), Ponceau
4R (pKa = 11.19), patent blue (pKa = 7.63), and allura red
(pKa = 11.38). A more detailed list of pKa values is provided in
Table 8.2. During separation, a buffer is used at a pH, which
ensures dissociation of the carboxylic and sulfonic acid groups
of the molecules, resulting in multiple charged ions. The ionic
strength is also an important factor affecting migration (Frazier
et al., 2000). This information is relevant for analysis involving
electrophoresis.
Yeh (1977) investigated the applicability of electrophoresis
on polyacrylamide gel on the separation of 14 water-soluble
colorants. Tartrazine was used as reference as it had the highest

mobility. Increasing the monomer content up to 20% or the
bisacrylamide-to-acrylamide ratio had little or no effect. A
chamber containing 0.1%–1.0% of salt (sodium or ammonium
chloride) was needed to obtain good separation of the colorants.
Lately, CE or capillary zone electrophoresis (CZE) has been
described as a satisfactory technique for the simultaneous determination of synthetic colorants in foods. It is an extension of
electrophoresis and represents a powerful and flexible tool for
the separation and quantification of colorant mixtures in a single
run. It is advantageous in terms of high efficiency, low waste
production, and fast separation (Huang et al., 2002; Mejia et al.,
2007; Fukuji et al., 2011).
Several factors may affect analysis by EC, such as equipment
used, type of capillary column, mobile phase, and detection system. Different types of columns are available. The mobile phase
consists of a buffer, whose pH must be chosen to ensure dissociation of the carboxylic and sulfonic acid groups in the colorant molecules, resulting in multiple charged anions. To improve
separation using CE, a micellar phase can be added to the mobile
phase in a technique named micellar electrokinetic chromatography (MEKC). Micellar phases such as sodium dodecyl sulfate
(SDS) and cetrimide act as anionic surfactants. Bile salts (e.g.,
sodium cholate, sodium deoxycholate, sodium taurodeoxycholate) can also be used as anionic surfactants. These compounds
exhibit different structural and aggregation properties to the
other anionic surfactants and so affect the separations differently.
The separation is based on partition of the molecules between the
micellar phase and the running buffer. They have been successfully applied to the analysis of colorants in foodstuffs (Suzuki
et al., 1994; Thompson and Trenerry, 1995; Frazier et al., 2000;
Perez-Urquiza and Beltran, 2001).
Another approach to improve separation of synthetic colorants by CE is the addition of modifiers to the mobile phase.
Cyclodextrins are examples of these compounds and they are
a successful carrier electrolyte additive and a chiral selector.
They can enhance the resolution, improve separation efficiency
and reproducibility, and decrease analysis time (Thompson and
Trenerry, 1995). Razee et al. (1995) improved the resolution
between the isomeric pair amaranth and Ponceau 4R by selective complexation with beta-cyclodextrin. Suzuki et al. (1994)
observed that by substituting SDS by beta-cyclodextrin in the
electrolyte buffer, there was effective separation of amaranth
and Ponceau 4R. Kuo et al. (1998) investigated the efficiency
of alpha-, beta-, and gamma-cyclodextrins by themselves or as
a mixture on the separation of eight synthetic colorants. They
observed that beta-cyclodextrin alone provided the best results.
The method developed was used for the analysis of synthetic
colorants in ice cream and fruit soda drinks.
The application of CE in the analysis of synthetic colors in
foods is summarized in Table 8.8 according to chronological order. The first study was published by Suzuki et al. (1994)
and described the separation of seven legal synthetic colorants.
Several studies were conducted afterward to improve the separation of different colorants by using different columns (coating, length), different composition and pH of the mobile phase,
and different operating conditions. Up to 13 synthetic colorants
were separated by CE and the developed methods were applied
to different foodstuffs: confectionery and cordial, ice cream,
beverages, jellies, syrups, soft drinks, alcoholic beverages, milk
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Table 8.8
Capillary Zone Electrophoresis and Micellar Electrokinetic Chromatography Methods for Simultaneous Determination
of Synthetic Food Colorants
Synthetic Colorants

Column

Voltage/
Temperature

Erythrosine, allura red, phloxine,
rose bengal, acid red, amaranth,
Ponceau 4R
Ponceau 4R, amaranth,
erythrosine, sunset yellow,
tartrazine, fast green, light
green, SF yellow
Ponceau 4R, amaranth, sunset
yellow, tartrazine, indigotine,
brilliant blue
Carmoisine, Ponceau 4R,
amaranth, erythrosine B, allura
red, sunset yellow, tartrazine,
indigotine, brilliant blue, green
S, quinoline yellow, brilliant
black
Ponceau 4R, erythrosine, allura
red, Tartrazine, sunset yellow,
brilliant blue FCF, indigo
carmine, fast green FCF
Carmoisine, Ponceau 4R, sunset
yellow, quinoline yellow,
brilliant blue, brilliant green,
black PN (and artificial
sweeteners and preservatives)
Ponceau 4R, amaranth, allura red,
sunset yellow, tartrazine, orange
GGN
Tartrazine, fast green, brilliant
blue, allura red, indigo carmine,
sunset yellow, new coccine,
carminic acid
Carmoisine, Ponceau 4R, sunset
yellow

Synthetic fused silica
50 cm × 75 µm I.D.

10 kV/25°C

Fused silica
60 cm × 50 µm I.D.

25 kV/25°C

Fused silica
60 cm × 75 µm I.D.

Tartrazine, sunset yellow,
carmoisine, Pounceau 4R, allura
red, brilliant black, amaranth,
green S, brilliant blue FCF,
patent blue, erythrosine, red 40,
indigo carmine
Brilliant blue FCF, indigo
carmine, sunset yellow,
tartrazine, erythrosine, allura
red, Ponceau 4R, bordeaux S,
fast green FCF, patent blue V,
carmoisine
Tartrazine, sunset yellow,
azorubine, Bordeaux S, Pounceau
4R, erythrosine, red 40, patent
blue V, indigo carmine, brilliant
blue FCF, fast green
Carmoisine, amaranth, Ponceau
4R, red 2G
Sudan dyes

Electrophoretic Buffer

Detection

Reference

25 mM sodium phosphate,
25 mM sodium borate (1:1)
pH 8.0 and 10 mM SDS
20 mM sodium tetraborate,
pH 7.5, 15 mM
beta-cyclodextrin

200 nm

Suzuki et al. (1994)

245 nm

Razee et al. (1995)

25 kV/18°C

20 mM borate buffer, pH 9.0

220 nm

Liu et al. (1995)

Uncoated fused silica
65 cm × 50 µm I.D.

30 kV/25°C

15% acetonitrile and 85% 0.05 M
potassium dihydrogen
orthophosphate/0.05 M sodium
borate buffer/0.05 M sodium
deoxycholate, pH 8.6

214 nm

Thompson and
Trenerry (1995)

Fused silica capillary,
47 cm × 50 µm I.D.
HPCE

20 kV/25°C

Ph 9.5 borax—NaOH buffer
Alpha-, beta-, and
gamma-cyclodextrin

DAD

Kuo et al. (1998)

Uncoated fused silica,
56 cm × 50 µm

20 kV/25°C

20 mM carbonate buffer, pH 9.5
and 62 mM sodium dodecyl
sulfate

200 nm

Frazier et al.
(2000)

BareCElect FS75 CE
fused silica,
50 cm × 70 µm I.D.
Uncoated fused silica
capillary,
50.2 cm × 50 µm I.D.

20 kV/25°C

10 mM phosphate buffer, pH 11.0

280 nm

Perez-Urquiza and
Beltran (2000)

25 kV/25°C

200 nm

Huang et al. (2002)

Fused silica
50 cm × 70 µm I.D.

30 kV/30°C

15 mM disodium tetraborate
(borax) in 20 mM sodium
hydroxide, pH 10 + 7.0 mM
β-cyclodextrin
25 mM sodium phosphate, 25 mM
sodium borate (1:1), pH 8.0

200 nm

Quartz capillary
56 cm × 75 µm I.D.

20 kV

5 mM Na2CO3 ⋅ 10H2O and
10 mM phosphate buffer, pH 6
and borate buffer pH 9.18

254 nm

Del Giovine and
Piccioli Bocca
(2003)
Patsovskii et al.
(2004)

Uncoated fused-silica
capillary
40.0 cm, 75 µm ID

25 kV/25°C

7.5 mM sodium tetraborate (pH
10.1), 10 mM Brij 35, and 15%
(v/v) acetonitrile

DAD

Jager et al. (2005)

Fused silica capillary
73 cm × 50 µm I.D.

25 kV/35°C

10 mM phosphate buffer with
10 mM SDS, pH 11

450, 525, and
625 nm

Prado et al. (2006)

Fused silica capillary
38.5 cm × 50 µm I.D.
Polyimide coated
capillaries
50 µm ID, 57 cm

17 kV

20 mM phosphate buffer, pH 11

20 kV/25°C

5 mM borate (pH 9.3), 20 mM
sodium dodecyl sulfate and 20%
acetonitrile

Laser-induced
fluorescence
214 nm

Ryvolová et al.
(2007)
Mejia et al. (2007)
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Table 8.8 (Continued )
Capillary Zone Electrophoresis and Micellar Electrokinetic Chromatography Methods for Simultaneous Determination
of Synthetic Food Colorants
Synthetic Colorants

Column

Voltage/
Temperature

Electrophoretic Buffer

8 Textile dyes

Fused silica capillary
60 cm × 75 µm I.D.

20 kV

Acetonitrile:methanol (75:25,
v/v) with 1 M acetic acid and
10 mM sodium acetate

Sudan dyes (I, II, III, and IV)

Uncoated fused silica
50 cm × 50 µm I.D.

25–30 kV

23 Color photograph dyes

Fused silica capillary
60 cm × 50 µm I.D.

20 kV/20°C

40 mM ammonium bicarbonate,
25 mM SDS, and 32.5% (v/v)
acetonitrile
50 mM ammonium acetate with
15% (v/v) acetonitrile, pH 9

Detection

Reference

UV (200 nm)
and
electrochemical
detection
UV and MS

Pelaez-Cid et al.
(2008)

ESI-ITMS

Lopez-Montes
et al. (2013)

Fukuji et al. (2011,
2012)

Note: UV, ultraviolet; ESI, electrospray ionization-mass spectrometry; IT, ion trap; MS, mass spectrometry; SDS, sodium dodecyl sulfate.

beverages, cherry syrup, and compote. In some methods, it was
possible to simultaneously determine colorants, artificial sweeteners, and preservatives used as additives in carbonated soft
drinks (Frazier et al., 2000).
Although CE was widely employed for synthetic food colorants in the 1990s, in the last few years, most of the applications
are regarding illegal food colorants (Mejia et al., 2007; Fukuji
et al., 2011) and also colorants of interest in the textile and color
photography industry (Pelaez-Cid et al., 2008; Lopez-Montes
et al., 2013). Fast and sensitive methods for the simultaneous
determination of Sudan dyes (I, II, III, and IV) in chili tomato
sauces and products were developed (Mejia et al., 2007; Fukuji
et al., 2011), using partial filling micellar electrokinectic chromatography-mass spectrometry (MEKC-MS). The use of MEKC
was essential to achieve the separation of these neutral analytes,
while the partial filling technique was necessary to avoid the
contamination of the ion source with nonvolatile micelles.
As indicated in Table 8.8, the most commonly used detection systems are UV, visible and diode array detection; however,
lately, fluorescence, electrochemical detection, and MS have also
been used. These last systems have incorporated higher selectivity and lower matrix effects in the analysis. The use of CE-MS
can provide important advantages due to the combination of the
great separation power of CE and the identification and confirmation capabilities from MS. Moreover, MS/MS experiments
can offer a significant increase of the signal/noise ratio, improving the sensitivity and selectivity of the analysis, while providing
additional confirmatory probes for analyte identification based
on its fragmentation pattern.
Therefore, CE is a promising technique as it has many advantages over HPLC and other chromatographic techniques; it is
versatile, rapid, simple, and easy to set up, it has numerous modes
for varying the selectivity, it uses columns with higher durability,
it used smaller volume of solvents and produces less hazardous
wastes, it has shorter analysis time and lower costs (Suzuki et al.,
1994; Thompson and Trenerry, 1995; Liu et al., 1995; Frazier
et al., 2000; Del Giovine and Piccioli Bocca, 2003). However,
it has a lower sample capacity and optical path; therefore, it has
sensitivity problems. In addition, this technique is still not well
accepted in routine laboratories for food analysis (Fuh and Chia,
2002; Huang et al., 2002).

8.2.3 Identification and Quantification
There are very simple methods specific for the identification of
synthetic colorants, among them, solubility and color change
reactions. They involve solubility of the colorant in different solvents and color-change reactions as a response to pH changes. A
simple way to quantify synthetic colorants is the titration with
titanous chloride. These techniques do not require equipment at
all; however, they are subjective.
UV–Vis spectrophotometry can be used for the identification
and quantification of isolated colorants. When there is a mixture
of a few colorants, ratio spectral derivative spectrophotometry
can be used without the need for analytes separation. It can also
be used coupled to chromatographic methods.
Enzyme-linked immunosorbent assays (ELISA) have been
used for screening purposes to determine the presence of illegal
Sudan dyes in foods.
Several different techniques can be used for the simultaneous
identification and quantification of the synthetic colorants after
separation by different means. When using PC or TLC, the identification is based on Rf values. When using HPLC, UHPLC,
and CE, the most commonly used techniques are UV–Vis spectrophotometry and MS.

8.2.3.1 Simple Methods for Isolated Synthetic
Colorants
8.2.3.1.1 Solubility
An easy and simple method based on solubility can be used to
determine whether a colorant is natural or synthetic. It is based
on the fact that most natural colorants are soluble in alcohol and
ether while most synthetic ones are water soluble. A mixture of
alcohol and water alkalinized with 3 or 4 drops of ammonium
hydroxide is added to the sample. It is allowed to rest for 1 h
agitating occasionally. An aliquot of the supernatant is collected
and acidified with 10% acetic acid, and the alcohol is evaporated.
Part of the extract is transferred to a test tube and an equal volume of diethyl ether is added. The tube is agitated and the phases
are allowed to separate. If the color remains in the aqueous layer,
it is synthetic and if it goes to the diethyl ether layer, it is natural
(Lanara, 1981).
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Table 8.9
Color Changes of Some Synthetic Colorants in the Presence of Specific Reagents
Reagents

Synthetic
Colorants
Tartrazine
Quinoline yellow
Sunset yellow
Carmoisine
Amaranth
Erythrosine
Indigotine
Brilliant blue FCF
Fast green FCF

Conc. HCl

Conc. H2SO4

10% NaOH

12% NH4OH

Slightly darker
Slightly darker
Redder
Little change
Slightly darker
Orange–yellow
Slightly darker
Yellow
Orange

Slightly darker
Brownish yellow
Redder
Violet
Violet to brownish
Orange–yellow
Deep blue
Yellow
Green to brown

Little change
Slightly paler
Browner
Red
Dull brownish to orange red
No change
Greenish yellow
No change
Blue

Little change
Little change
No change
Red
Little change
No change
Greenish blue
No change
Blue

Source: AOAC. Official Methods of Analysis, 11th ed. Washington, DC: Association of Official Analytical
Chemists, 1970, p 581.
Note: Conc., concentrated.

To identify whether the synthetic colorant is basic or acidic,
the method of Arata can be used. The colorants are extracted
from the food sample with 80% ethanol followed by 70% ethanol
alkalinized with 2 mL of NH4OH. The extracts are mixed and
ethanol and ammonia are allowed to evaporate in a water bath.
After cooling to room temperature, HCl and wool are added to
an aliquot of the extract, which is boiled for 10 min. In the presence of acidic colorant, the wool will become colored. In another
aliquot of the extract, wool, NH4OH, and NaOH up to pH 9–10
are incorporated. It is allowed to boil for 10 min. If the colorant
is basic, it will color the wool (Lanara, 1981).

8.2.3.1.2 Color-Change Reaction
The simplest method for the identification of colorants is based
on color changes in the presence of specific reagents, among
them HCl, H2SO4, NaOH, and NH4OH, and the observed color
changes are compared with those indicated in Table 8.9 (AOAC,
1970).

8.2.3.1.3 Tritation with Titanous Chloride
Classical methods for the quantitative analysis of colorants, such
as titanous chloride titration, are still used on a routine basis for

the determination of colorant content and the quality assurance
of colorants (Coulson, 1980; Maslowska, 1996). This method is
based on the fact that azo, indigoid, and triarylmethane colorants can be readily reduced with TiCl3 solution (AOAC Method
46.1.08, Bell, 1995).

8.2.3.2 Methods for a Single or a Mixture
of Synthetic Colorants
8.2.3.2.1 Ultraviolet and Visible Spectrophotometry
UV and visible spectrophotometry is a commonly used, convenient, and reliable technique for the identification and confirmation of the identity of synthetic colorants. The colorants can
be analyzed individually after separation by chromatography.
All colorants are characterized by intense absorption bands
within the visible spectrum. Colorants with pure and bright
hues show relatively narrow and sharp absorption bands with
distinct maxima and steep slopes. The molar absorption coefficients (Table 8.10) are high, which point to a high sensitivity
of the method. Yellow colorants show absorption bands within
the range 400–435 nm; oranges, within 417–476 nm; and reds

Table 8.10
Molar Absorption Coefficients at Wavelengths of Maximum Absorption of Characteristic
Bands of Aqueous Solutions of Some Synthetic Food Colorants
Synthetic
Colorant
Ponceau 4R
Amaranth
Erythrosine
Sunset yellow
Tartrazine
Brilliant black PN

Band I

Band II

λ (nm)

εa

λ (nm)

217
219
262
235
257
208

5.50 × 104
6.00 × 104
9.00 × 103
3.21 × 104
2.43 × 104
5.10 × 104

248
322
309
315
428
575

Band III
εa

2.26 × 104
0.91 × 104
3.30 × 103
1.06 × 104
2.45 × 104
4.05 × 104

λ (nm)

εa

332
521
525
482

0.90 × 104
2.42 × 104
2.60 × 104
2.22 × 104

Source: From Maslowska, J. In: LML Nollet, ed. Handbook of Food Analysis, vol. 2. Residues and
Other Food Component Analysis. New York: Marcel Dekker, 1996, pp 1723–1743.
a Molar absorption coefficient—dm3(mol cm).
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within 500–526 nm. Blue, violet, and green are characterized by
bands at higher wavelength ranges. However, the shape and position of absorption bands of colorants depend to a great extent on
the type of solvent used (Maslowska, 1996).
The effect of the pH on the colorant spectrum is also used
for spectrophotometric identification. The major changes are
observed in alkaline systems (pH 12–13), in which there is usually a change in color (Maslowska, 1996). A simple method
consists of using neutral–acid–basic combination spectra of
the colorant solution at a suitable concentration. The solution
is divided into three portions. The neutral solution is prepared
by adding several crystals of ammonium acetate. The acid and
alkali are prepared by adding HCl and NaOH, respectively, to
make 0.1 N solutions. The absorption spectra of all three solutions are recorded from 350 to 750 nm and compared with those
of standard solutions of the colorants under the same conditions.
If the spectrophotometric data cannot be correlated with those of
a known color, the tested sample may be a mixture of colorants
and should be separated prior to the analysis (AOAC, 1970). As
an aid to identification, Freeman (1950) and Wadds (1984) reproduced the UV–Vis absorption spectra in neutral, acidic, and alkaline media of 16 commonly used synthetic colorants.
A mixture of colorants can also be analyzed by UV–Vis spectrophotometry. Data are taken on wavelengths of maximum
absorbance and the contribution of each colorant to the mixture
is determined mathematically. Derivative techniques and multivariate calibration methods are playing a very important role
in the multicomponent analysis of colorant mixtures by UV–Vis
spectrophotometry (Berzas-Nevado et al., 1994, 1995). Both
approaches provide satisfactory results to resolve accurately
overlapped absorption spectra of mixtures of colorants in complex matrices like foods.
Derivative techniques have proved to be very useful in the
resolution of binary and ternary mixtures of colorants, whereas
multivariate calibration has been found to be the method of
choice for more complex mixtures. Methods have been proposed
to quantify colorants in binary mixtures, among them, tartrazine
and Ponceau 4R, tartrazine and sunset yellow, sunset yellow and
quinoline yellow, and amaranth and Ponceau 4R (Berzas-Nevado
et al., 1994a; Capitan Vallvey et al., 1997; Berzas et al., 1999).
Altinoz and Toptan (2002) described two different methods
for determining binary mixtures of tartrazine and Ponceau 4R.
The method allowed the simultaneous determination of these
colorants in various commercially available foods, which contained sucrose and citric acid. Good correlation was observed
between these two methods and HPLC. It was concluded that the
developed Vierordt’s and ratio spectra first-order derivative UV
spectrophotometric methods were accurate, sensitive, precise,
reproducible, and could be easily and directly applied to routine
analysis of food samples. The determination of colorants in ternary mixtures was investigated by Berzas et al. (1999) for tartrazine, indigotine, and patent blue; by Berzas-Nevado et al. (1994a)
for amaranth, Ponceau 4R, and carminic acid; and by BerzasNevado et al. (1995) for tartrazine, curcumin, and erythrosine.
Classical least squares (CLS), principal component regression (PCR), net analyte signal (NAS), and partial least squares
(PLS) are multivariate methods that have received considerable
attention in the chemometric literature to overcome problems of
interference due to spectral overlapping. Calibration methods

based on hybrid linear analysis (HLA) have also been used with
satisfactory results (Al-Degs, 2009). Al-Degs et al. (2008) used
an UV–Vis spectrophotometric and PCR method for the simultaneous separation of five synthetic colorants (reactive blue 2, reactive yellow 2, brilliant red E-4BA, reactive red 4, and brilliant
blue-4BA). Results were comparable to HPLC. Later, Al-Degs
(2009) used a multivariate calibration technique—HLA—for the
quantification of allura red, sunset yellow, and tartrazine in soft
drinks. The method provided appropriate recoveries that were
comparable with HPLC results. It allowed analysis of the sample
without the need for solutes separation. Minimum sample preparation resulted in a simple and rapid method.
The analysis of Sudan dyes has also been performed by UV–
Vis spectrophotometry and multivariate analysis (Di Anibal
et al., 2009). Three classification techniques, among them,
K-nearest neighbor (KNN), soft independent modeling of class
analogy (SIMCA), and partial least-squares discriminant analysis (PLS-DA), were used in the simultaneous separation of Sudan
dyes (I, II, III, IV) in 27 commercial spices. The results were
compared to HPLC and every classification method used provided satisfactory results.
These methods are recommended due to the simplicity of the
determination, the inexpensive instrumentation, the easy treatment of commercial samples, and the suitable results obtained in
the analysis of colorants (Berzas et al., 1999).

8.2.3.2.2 Other Techniques
Recently, Sorouraddin et al. (2011) developed a simple, portable,
and cheap multicolor light-emitting-diode-based photocolorimeter for the simultaneous determination of tartrazine, quinoline
yellow, sunset yellow, carmoisine, and brilliant blue in food
products. The method was validated against an HPLC method
and showed good agreement. Coelho et al. (2010) compared first
derivative spectrophotometry with photoacoustic spectroscopy
(PAS) as a tool for the determination of food colorants (brilliant
blue, sunset yellow, and tartrazine). PAS showed advantages such
as greater sensitivity, reduced number of analytical steps, less
chemical waste, and its nondestructive characteristic.

8.2.3.3 Immunoassay Methods for Screening
Synthetic Colorants in Foods
The use of ELISA was first reported for the detection of Sudan
I in some food samples, after the warnings regarding the use of
this illegal synthetic colorant in a variety of food products. At
that time, two hapten derivatives were prepared and used to synthesize the immunogen and the coating antigen. The optimized
indirect competitive ELISA showed to be sensitive and specific
for Sudan I. No cross-reactivity was found for six edible colorants sunset yellow, amaranth, kermes, indigotine, bright blue,
and lemon yellow. This method was successfully used for tomato
juice and chili sauce. However, owing to dilution of the extracts,
which was needed to offset matrix interference, the detection
limits were higher than comparative chromatographic methods
(Han et al., 2007).
In the ELISA system developed by Anfossi et al. (2009), the
antibodies in three different formats were also able to partially
recognize Sudan II, III, and IV. Chili powder, paprika, ketchup,
and egg were extracted by simple sample preparation and very
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limited dilution. There was adequate correlation of ELISA
results with those obtained by HPLC.
Later, a monoclonal antibody toward Sudan I, II, and para red
was prepared and used in the development of a sensitive competitive indirect ELISA. The method was used for chili tomato
sauce and the limit of detection was 0.5 ng g−1 (Ju et al., 2008).
Recently, Chang et al. (2011) developed a heterologous ELISA
for the simultaneous determination of para red and five Sudan
dyes in egg, with limits of detection of 0.2–0.6 ng g−1.
ELISA methods are advantageous compared to instrumental
methods, as it is a low-cost, rapid, high-throughput, and sensitive method capable of screening large amount of samples in a
single test.

8.2.3.4 Methods for Synthetic Colorants Separated by
Paper and Thin-Layer Chromatography
8.2.3.4.1 Paper Chromatography
When using PC, the colorants are identified by comparison with reference colorants submitted to similar separation
conditions. The identification is based on comparison of the
Rf of standards and of samples in different solvent systems
(Rf = distance traveled by the component from the starting
point divided by the distance from start to solvent front). After
drying the chromatograms, the distance run by the colorant
and by the solvent system are measured and the Rf values are
calculated. The Rf values are affected by the composition, pH,
and age of the solvent, the quality of the paper, concentration
of the colorant, and the temperature. Therefore, it is always
important to compare an unknown with a set of known colorants on the same running conditions. For identification and
confirmation of the identity of the separated colorants, after
drying the chromatograms, the color changes of the spots after
spraying with HCl and NH3 are observed. The spots on the
paper can also be cut out, immersed in 1–2 mL of 60%–70%
ethanol, and vapor heated until the paper is totally discolored.
After cooling to room temperature, the UV–Vis spectra are
determined (Glória, 2004).

8.2.3.4.2 Thin-Layer Chromatography
After the separation of synthetic colorants by TLC, the identification of the colorants is based on Rf values. As in PC, these
values are affected by the type and thickness of the adsorbent, the composition of the solvent, and the temperature.
For this reason, standardized, manufactured coated plates
are preferred. In TLC identification, greater reliability is also
achieved by using more than one solvent system simultaneously (Perenich, 1982).
Rf values for synthetic colorants when using different stationary and mobile phases have been described. Hoodless et al.
(1971) described Rf values for 49 synthetic colorants on cellulose
and silica gel plates using 10 different solvent systems. Crosby
(1981) listed the Rf values of 24 water-soluble colorants using
two types of 0.25 mm thick adsorbent (silica gel G and cellulose)
coated plates, activated at 100°C and 80°C, respectively, and 10
different development solvent systems. Glória (2004) listed Rf
values for several colorants using two adsorbents (cellulose and
silica gel) and several solvent systems.
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However, when using TLC, quantitative determination of the
colorants brings difficulty to recover the components from the
stationary phase. The spot can be scratched and the colorant can
be extracted with an appropriate solvent and be quantified by
means of a spectrophotometer. However, this is very laborious
and the precision is low.
Scanning densitometry is the classical method for the quantitative evaluation of chromatographic plates. It is based on
measuring the absorbance or fluorescence of different zones
on the plate exposed to a monochromatic source of light.
Spectrodensitometric scanning of TLC plates at 480 nm shows
individual peaks permitting integration for the colorants (Steele,
1984). The drawback of the method is that it takes long scanning
times (30 min to 2 h) and involves expensive apparatus.
Better results can be achieved by using digital processing
of images. The developed plates are scanned or photographed
and the pictures are processed using appropriate software. The
dimensions of the spots are determined and compared to standards. This procedure improves significantly the precision of the
method (Soponar et al., 2008; Kucharska and Grabka, 2010).

8.2.3.5 Methods for Synthetic Colorants Separated
by HPLC, UHPLC, and CE
The most widely used technique for the quantitative analysis of
food colorants after separation by HPLC, UHPLC, and CE is
UV–Vis spectrophotometry by means of a variable wavelength
or a DA detector. It is a well-established technique for the analysis of colorants and it is also a convenient and reliable method.
Today, MS has been widely used. It provides the ultimate technique for the structural elucidation and confirmation of the identity of synthetic colorants.
Other methods have also been used, among them, Raman
spectroscopy, polarographic methods, nuclear magnetic resonance (NMR), and infrared (IR) in the quantitative analysis of
food colorants. These methods will not be described here as they
are rarely used.

8.2.3.5.1 Ultraviolet–Visible Spectrophotometry
UV–Vis spectrophotometry is a convenient and reliable technique for the quantification of synthetic colorants after chromatographic separation. During HPLC and CE analysis of
colorants, the column eluate is usually monitored by a UV–Vis
detector at different wavelengths, depending on the investigated
color. According to Wegener et al. (1987), when analyzing a
large number of colorants, four detection wavelengths should
be selected to achieve selectivity and near-to-optimum sensitivity: 400–430 nm for the yellow colorants, 475–480 nm for the
orange–red, 520–525 nm for the purple-red, and 600–640 nm
for the blue, green, and black colorants. Ultraviolet detection at
254 or 280 nm can also be used (Hurst et al., 1981), especially
when several colors are under investigation (Chaytor and Heal,
1986).
The replacement of a conventional variable-wavelength detector by rapid-scanning DAD has been beneficial, because it allows
the entire UV–Vis absorption spectra to be recorded rapidly and
stored digitally in a microprocessor, from where they can be
recalled or handled in several ways (Wegener et al., 1987). Major
uses include peak identification by having UV–Vis spectra of each
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HPLC peak; determination of peak purity by absorbance rationing at two wavelengths; and multiple chromatographic recording
at several wavelengths, which can be displayed after the run to
maximize sensitivity or minimize interference. Limitations of
the photodiode-array detector include the high cost and the possibility of sample photodegradation while in the cell (Saag, 1988;
Weaver and Neale, 1986).

8.2.3.5.2 Mass Spectrometry
MS has become one of the most important detection techniques
for the online coupling of liquid-phase separation techniques
such as HPLC and CE (Smyth et al., 1999). However, conventional HPLC methods for the separation of ionic species usually employ nonvolatile additives such as ion-pair reagents in
the mobile phase, or a high concentration of inorganic salts
(Holcapek et al., 1999). Nonvolatile salts are not compatible with
MS detection due to the deposition of salts in the ion source.
The use of the more volatile ammonium acetate at concentrations up to 30 mM and of the ion-pair reagent TEA is often possible, without a significant decrease in the separation selectivity
(Rafols and Barcelo, 1997; Fuh and Chia, 2002).
Tandem systems (MS/MS), which employs two or more stages
of mass spectrometric analysis, has been particularly used.
Different scanning methods can be used in tandem systems
allowing a diversity of MS experiments. According to Lemière
(2001), in the product ion scan mode, the first mass analyzer is
used to select an ion (parent ion), which is provided with extra
energy to induce fragmentation. Afterward, the product ions
are sampled into the next mass filter scanning over the massto-charge (m/z) range of interest and detected creating a product ion spectrum. In the precursor ion scan mode, the first mass
filter scans while the second one is fixed at a chosen m/z value.
In the “constant neutral loss mode,” first and second analyzers
are scanned with a fixed mass difference, and only those ions
that lose that specific mass in the collision cell will be detected.
Finally, in the single/multiple reaction monitoring (SRM/MRM)
mode, the first mass analyzer selects an ion of specific m/z ratio
that, after fragmentation, produces a product ion characteristic for the analyte of interest using the second mass analyzer.
SRM and MRM have been widely used in food analysis since
it can distinguish and identify targets from background matrix
ions, which can increase sensitivity due to the reduction of background signals (Fang et al., 2013). Typical precursor and product
ions for the most common allowed synthetic colorants are presented in Table 8.11.
Feng et al. (2011) reported the development of a method to
determine 40 colorants in soft drinks employing liquid chromatography coupled to tandem mass spectrometry. By using flow
injection analysis, the precursor ions and representative product ions were appropriately selected for the studied colorants.
One transition was used for the qualification and quantification
while the other was used as a supplemental data for qualification.
Therefore, some isomers with the same SRM transitions could
be identified and quantified by the difference in another SRM
transition. Banned Sudan dyes in chili and hot chili food samples
were also determined employing tandem MS in the MRM mode.
Appropriate parent ions and the two most abundant transitions for
each analyte were selected for qualitative and quantitative analysis. The limit of quantification was in the range 0.05–0.36 ng g−1

Table 8.11
Typical Precursor and Product Ions by ESI-MS/MS for Some
Synthetic Colorants
Synthetic Colorant

Precursor Ion (m/z)

Tartrazine
Quinoline yellow
Sunset yellow FCF
Azorubine
Amaranth
Ponceau 4R
Erythrosine
Allura red AC
Patent blue V
Indigo carmine
Brilliant blue FCF
Fast green FCF

467.2
352.2
407.1
457.1
537.2
537.2
834.8
451.2
559.2
421.1
747.4
763.3

Product Ions (m/z)
198.1a/423.1
288.2a/244.2
207.1a/327.1
377.2a/171.0
317.0a/457.1
302.0a/429.2
663.0a/537.0
207.1a/371.1
435.3a/479.5
341.1a/261.1
170.1a/561.2
683.5a/421.6

Source: From Ma, M et al. J Chromatogr A 1103:170–176, 2006; Feng, F
et al. J Chromatogr B 879:1813–1818, 2011; Ji, C et al. J Liq
Chromatogr Rel Technol 34:93–105, 2011; Zou T, He P, Yasen A,
Li Z. Food Chem 138:1742–1748, 2013.
a Quantification ion.

(Pardo et al., 2009). Other prohibited colorants have been analyzed in MRM mode in different food samples with appropriated
sensitivity (Murty et al., 2009; Zhao et al., 2012).
Electrospray ionization (ESI) has been the most common ionization technique used in food colorant analysis. However, less
usual techniques, such as atmospheric pressure photoionization
(APPI) have also been employed as an alternative. Murty et al.
(2009) have analyzed illicit colorants in chili powder and tomato
sauce. The results showed that the main ionization process
was a proton transfer reaction between either the protic solvent
impurities or the moisture and the analyte molecules. The fragmentation pathways in APPI-MS/MS were similar to that under
ESI-MS/MS.
Recently, different mass analyzers have also been utilized in
synthetic colorant analysis instead of the more usual quadrupole
mass filter. Time of flight (TOF), a mass analyzer with high mass
resolution, high sensitivity for total ion or product ion scan, and
capability for accurate mass measurements, have been applied
in the analysis of Sudan dyes in food samples. The developed
methods showed to be adequate to determine these colorants in
chili powder, chili oil (Zheng et al., 2011), strawberry sauce, capsicum oil, salted egg, and chili sauce (Yu et al., 2008). Orbitrap,
an unsurpassed resolution technique, has also been employed in
colorant analysis. Liu et al. (2011a) have used an Orbitrap MS
system to analyze water-soluble azo dyes in soft drinks. The
developed method was able to baseline separate three pairs of
isomers and four disulfonic acid colorants. Accurate mass measurement, coupled with sufficient resolution, reduced the matrix
effects in the Orbitrap MS, simplifying the sample preparation
procedure.
Another approach that has become commonplace in food
colorant analysis is the use of UHPLC coupled to tandem MS
detectors (UPLC-MS/MS). High speed and separation efficiency
provided by UPLC and selectivity and sensitivity generated
by MS/MS make this powerful approach appropriate for real
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complex matrices such as foodstuffs. Licit and illicit colorants
have been determined by UPLC-MS/MS systems (Hou et al.,
2010; Ji et al., 2011; Li et al., 2010; Liu et al., 2011a,b).
MS provides the most promising technique for structural elucidation or confirmation of identity of colorants. However, the
costs associated with the equipments still limit its use.
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9.1 Introduction
Food preservation generally includes all those processes carried
out in order to keep the quality of foods at a high standard. Its
role is actually to prevent some undesirable reactions (e.g., oxidative rancidity, nonenzymatic browning, discoloration, proteolysis, spoilage) or physical processes (deterioration, changes in the
texture or other sensory properties, evaporation of volatile flavors) that often occur in foods, extending in this way their shelflife and assuring the quality of food products.
Preservation methodologies should be performed in the early
stages of food production, including suitable postharvest handling
prior to processing (Gould and Russell 2003, Sancho-Madriz and
Caballero 2003). The unwanted processes that are responsible for
food spoilage can be minimized or even eliminated by using various methodologies and strategies such as formulation, processing, packaging, and the usage of additives in order to preserve the
quality of a food product (Gould and Russell 2003).

According to the U.S. Food and Drug Administration
(USFDA), the term “food additive” is defined as “any substance,
the intended use of which results or may reasonably be expected
to result, directly or indirectly, in its becoming a component or
otherwise affecting the characteristics of any food” (FDA 2012).
Based on the above statement, food additives are generally categorized as follows:
•
•
•
•
•

Preservatives
Taste enhancers
Antioxidants
Emulsifiers and stabilizers
Coloring agents

The USFDA has also built a database—called the prioritybased assessment of food additives (PAFA)—that involves all
related information (chemical, administrative, toxicological, etc.)
133
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for more than 2000 compounds that are added directly to food,
including substances regulated by USFDA as direct, “secondary”
direct, food colorants, and generally recognized as safe (GRAS)
and prior-sanctioned substances. This list contains ingredients added directly to food that the FDA has either approved
as food additives or defined as GRAS (U.S. Food and Drug
Administration 2012). Essentially, any substance with potential
harmful effects to humans or animals has to be first investigated
and approved by the FDA prior to its release in the market.
The knowledge of the concentration level of an additive (e.g.,
preservative) in foodstuffs is essential. This information designates the acceptable daily intake (ADI) and therefore it must be
in compliance with the guidelines defined by the European Union
Scientific Committee on Food (Jordan 2003, Wood et al. 2004).
On this basis, the development and validation of robust analytical
methods for the determination of these compounds in a variety of
foods is of importance in terms of food quality and safety.
Typically, there are no procedures or protocols that are generally applicable to the analysis of preservatives as a class of food
additives, but the procedures are specific to the preservatives
being analyzed. The lowest amount of a preservative in foods is
about a few mg g−1 but in some cases, official methodologies are
specified to measure a preservative in the range of 10 to higher
than 1000 mg kg−1 (Wedzicha 2003a).

and conserving (Surekha and Reddy 2000). Except for natural
preservatives, the majority of the synthetic ones were first introduced as food preservatives at the beginning of the twentieth
century (Shibamoto and Bjeldanes 2009).
The most common preservatives that are used for food preservation are discussed in detail in the following sections.

9.2 Food Preservatives

9.3 Sample Preparation

In principle, the preservatives are compounds that are used
against the growth of fungi, bacteria, yeast, and mold, or even to
bind the oxygen in foods. Some benefits of their use in foodstuffs
include the increase of the shelf-life of food products during storage, the preservation of their natural characteristics and appearance, and the prevention against spoilage during distribution or
storage (Bleitz et al. 2009).
The desirable characteristics of a preservative are the following (Surekha and Reddy 2000):

An analytical method usually goes through a series of steps,
which leads to the analytical results. These stages consist of
(i) sample collection and handling, (ii) sample preparation
(extraction, cleanup), (iii) analyte determination (analytical separation, detection), and (iv) reporting of results. From these steps,
the sample preparation procedure is—in many circumstances—
the most critical and challenging task as it becomes a major part
of the analysis cycle, consuming up to 80% of the total time of the
complete separation-based analytical process (Chen et al. 2008).
Sample preparation is in most cases the isolation and/or (online or off-line) concentration of some components of interest or
target analytes from various matrices, making the analytes more
suitable for separation and detection. Chemical modification of
the analytes of interest could be involved in the procedure of
sample preparation for easy isolation, facile later separation and/
or detection, group protection, or molecular structure elucidation
(Chen et al. 2008).
Such procedures usually involve a series of steps and depend
on the nature of the analytical technique to be used. In most of
the cases, an analyte/preservative of interest is accommodated
within a complex food matrix and therefore its isolation is of
great importance. In general, typical processes may include sample filtration, centrifugation, distillation, dilution, and extraction. Successful implementation of these processes is required
to ensure that the analyte is present in a form compatible with
the analytical technique (Chen et al. 2008). Since the concentration level of a preservative in food is relatively high (few
mg kg−1), preconcentration approaches to increase the sensitivity
of method are rather limited.
Apart from simple techniques (such as filtration, centrifugation, ultrafiltration, dilution, etc.), the most commonly used

• It should be adequately resistant to heat and to other
miscellaneous reactions in food.
• It should have the ability to destroy a wide range of
microorganisms, not just to inhibit their growth.
• There should be a methodology for the determination
of its amount in foods.
• It should be economical.
• It should be nonirritant with low or ideally no toxicity.
• Its metabolites in human body should be nontoxic.
Food preservatives are classified as natural (or traditional),
synthetic, and antibiotics (see Figure 9.1).
Natural preservatives such as salt, sugar, vinegar, smoke, or
even various spices have been employed for centuries. Sulfur
dioxide was used by the ancient Assyrians, Greeks, and Chinese
as a preservative and it was utilized much later in wine preservation throughout Europe. Smoke and salt were the first preservative agents for meat and other foods (e.g., smoking prevents
bacteria growth on the surface of foods). Salts and sugars are
readily soluble in the water phase of foods prior to their curing

Food
preservatives

Natural
preservatives

Synthetic
preservatives

Antibiotics

Salt, sugar,
smoke, spices
vinegar, etc.

Sorbates, borates,
benzoates, CO2,
NO2–, PO43–, etc.

Nisin, pimaricin,
etc.

Figure 9.1 Classification of food preservatives.
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sample preparation procedures for the determination of preservatives in foodstuffs include traditional techniques based
on extraction such as liquid–liquid extraction (LLE), solidphase extraction (SPE), and so on and/or modern miniaturized
approaches called microextraction. Furthermore, in some cases,
derivatization is also employed to improve the method selectivity
and sensitivity.

9.3.1 Extraction
The oldest and most basic sample preparation method is extraction, in which the analyst aims to separate the analyte of interest
from a sample matrix using a solvent, with an optimum yield
and selectivity, so that as few potential interfering species as
possible are carried through to the analytical separation stage
(Smith 2003). The extraction steps in the analytical protocol may
include the cleanup of extracts and an analytical separation, but
some sample preparation approaches incorporate the clean-up
step and analyte separation into the extraction procedure.
Solid-phase extraction (SPE): Commonly referred to as
liquid– solid extraction, it is a widely accepted technique for
the isolation and separation of analytes from a liquid matrix
(Lehotay and Schenck 2000). SPE microcolumns are cartridges packed with various sorbents (analogous to the chromatographic stationary phases). SPE columns may contain
polar sorbents such as silica, florisil, or alumina for normalphase separations, and polymers with nonpolar behavior such
as bonded silica phases (reversed-phase separations) (Poole
2003). One of the most widely used types of SPE columns is
packed with nonpolar octadecylsilyl-derivatized silica, or C18.
The basic principle is based on the absorption of the nonpolar
analyte on the hydrophobic sorbent when a sample (e.g., water,
plasma, milk) is loaded on the cartridge. These analytes can be
later eluted from the column with a relatively small amount of
solvent (Augusto et al. 2013).
Liquid-phase extraction: One of the most common sample
preparation techniques in an analytical method involves liquid–
liquid extraction (LLE) that could be used, for instance, to
increase selectivity, by isolating the analyte from matrix interfering species, or to enhance selectivity, by concentrating the
analyte from a large sample volume (Silvestre et al. 2009).
However, the manual manipulation of this technique is usually
labor-intensive and time-consuming, demanding usually large
amounts of organic solvents that could be harmful to the operator, expensive, and environmentally hazardous.
The principle of liquid–liquid extraction is that the sample
is distributed or partitioned between two immiscible solvents
in which the analyte and matrix have different solubilities. The
main advantage of this approach is the wide availability of pure
solvents and the use of low-cost apparatus. Typical examples
of organic solvents used in LLE include chlorinated solvents
(dichloromethane, chloroform, tetrachloroethylene, chlorobenzene), hexane, xylene, toluene, benzene, and so on.
In the last few years, the development of effective, convenient,
miniaturized, and environmentally friendly sample preparation
methods was the trend in analytical chemistry. Liquid-phase
microextraction (LPME) was developed in 1996 and has become
an effective sample pretreatment technique in analytical chemistry. In this technique, a drop, a very small volume, of an organic

solvent (immiscible with water) is immersed or exposed in
the headspace of the sample (Jeannot and Cantwell 1996, Liu
and Dasgupta 1996). The analyte of interest is dissolved in the
organic solvent prior to the analysis. A few years later, a novel
LPME technique known as dispersive liquid–liquid microextraction (DLLME) was introduced by Assadi et al. (Rezaeeet al.
2006) and its recent applications have been reviewed by Rezaee
(Rezaee et al. 2010). DLLME is based on a ternary component
solvent scheme. Briefly, a cloudy mixture (microdroplets) is
formed when a mixture of an extractant (typical nonmiscible
organic solvent used in classical LLE or ionic liquids) and disperser solvents (miscible organic solvents, e.g., methanol, acetone, acetonitrile) is rapidly injected into an aqueous sample.
Owing to the large contact surface area of the two immiscible
phases, a high extraction efficiency is achieved in a relatively
short time. After extraction and phase separation (centrifugation,
solvent-based de-emulsification, solidification, etc.) the organic
solvent is collected and analyzed. Some of the advantages of the
DLLME include simplicity in operation, low cost, rapidity, and
high enrichment factors, and it has attracted much attention by
many research groups.

9.3.2 Derivatization
Many substances of interest cannot be detected in high-
performance liquid chromatography (HPLC) because they do not
contain the necessary chromophoric, fluophoric, or redox groups.
However, this problem can be overcome by inducing derivatization reactions that add one of the above groups to the molecule
investigated. The general concept of analytical derivatization
involves the conversion of the analyte(s) to a form that is more
suitable for analysis. The most easiest way to carry out a sample
derivatization step is to use a reagent that is capable of reacting
with a characteristic moiety of the analytes (e.g., amino, thiolic, carboxylic groups), forming a new compound, the “derivative.” Analytical derivatization for sample preparation has been
applied in combination with practically all analytical techniques
and it can be generally categorized as batch (nonautomated) and
automated (Zacharis and Tzanavaras 2013).
An overview of some representative sample preparation methodologies for the analysis of preservatives in foods is tabulated
in Table 9.1.

9.4 Benzoic Acid and Its Salts (E210–E213)
9.4.1 General
Benzoic acid is one of the first chemical food preservatives that
was allowed by law since 1925 under Public Health Regulations
in the United Kingdom (Ogbadu 1999). From the toxicological
point of view, the Select Committee on GRAS Substances concludes that “there is no evidence in the available information to
show that benzoic acid and sodium benzoate as food ingredients
constitute a hazard to the general public when used at levels that
are now current or that might reasonably be expected in future”
[Generally Recognized as Safe (GRAS) 2012].
These compounds are produced through organic synthesis in
the laboratory but benzoic acid occurs naturally in some plants
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Table 9.1
Representative Sample Preparation Methodologies for the Determination of Preservatives in Foodstuffs
Analytes
Benzoic acid, sorbic acid,
methyl-paraben,
propyl-paraben
Methyl-, ethyl-, propyl-,
butyl-, benzyl-paraben
Benzoic, sorbic acid

Sample Pretreatment
Conditions

Analytical
Technique

Soft drinks, jams, sauces,
canned fruit and
vegetables, dried fruit
and vegetables
Milk

Extraction with CH3OH, dilution

HPLC

UV at 254 nm

Saad et al. (2005)

On-line SPE C18

HPLC

MSa/MS

Ye et al. (2008)

Soft drinks, fruit juice,
margarine, yogurt

Soft drinks and fruit juice:
Dilution
Margarine: LLE with diethyl
ether
Yogurt: Extraction with CH3CN,
dilution
Cheese: Extraction with ethanol,
dilution
Dilution

HPLC

UV at 228,
260 nm

Tfouni and Toledo
(2002)

HPLC

Dehydrated soup: LLE with
hexane/2-propanol
Toothpaste: Extraction with
phosphate buffer/CH3CN
96/4% v/v
Extraction with acetonitrile
Salting-out-based extraction with
NaCl

Flow
injection—
monolithic
column

UV at 225,
255 nm
UV at 254 nm

Pylypiw and Grether
(2000)
Garcia-Jimenez et al.
(2007)

MS
Fluorescence
(λext = 280 nm,
λext = 340 nm)
UV at 214 nm
Amperometry

Abe-Onishi et al. (2004)
Pellegrino and Tirelli
(2000)

Sample

Detection

Reference

Sodium benzoate,
potassium sorbate
Methyl-, ethyl-, propyl-,
butyl-paraben

Apple juice and sauce,
peanut butter, and so on
Sweeteners, cola drinks,
dehydrated soups

Benzoic acid
Lysozyme

Wheat flour
Milk, dairy products

Benzoic acid, sorbic acid
Methyl-, ethyl-, propyl-,
butyl-paraben, potassium
sorbate
Benzoic acid, sorbic acid,
methyl benzoate, methyl-,
ethyl-, propyl-, and
butyl-paraben
Sorbic acid, benzoic acid

Soy sauce, soft drinks
Soy sauce, soft drinks

Headspace LPME
Soft drinks: Dilution
Soy sauce: SPE on C18

CZEb
CZE

Cake, soy sauce, vinegar,
jam, ham, beverages,
pickles, and bean paste

Ultrasound-assisted emulsification
microextraction using mixture of
CH2Cl2/ethyl acetate

GCc

MS

Yang et al. (2012)

Beverages

DLLME using mixture of ethanol
and chloroform
SPE based on the
Ti-polydimethylosiloxane
modified
Headspace solid-phase
microextraction (SPME)
Stir-bar sorptive extraction
(SBSE)

GC

FIDd

Kokya et al. (2012)

GC

FID

Wang et al. (2006)

GC

FID

Dong et al. (2006)

GC

MS

Ochiai et al. (2002)

Carbonated soft drinks
Soft drinks, skim yogurts,
ketchup, jams

Dilution
SPE based on XAD-2 polymeric
sorbent

MEKCe
GC

DADf
FID

Frazier et al. (2000)
Gonzalez, Gallego and
Valcarcel (1998)

Bakery products
Feed
Grapefruit juice, cheese,
yogurt, baked products
and pasta, soft drinks,
seafood, mayonnaise
Pickles, vinegar, sauces,
fruit juices, carbonated
water

LLE with CH2Cl2
Headspace SPME
Derivatization with BSTFAg

GC
GC
GC

FID
MS
MS

Al Azzam et al. (2010)
Ibanez (2003)
De Luca et al. (1995)

Derivatization with isobutyl
chloroformate

GC

FID

Jain et al. (2013)

Sorbic acid, benzoic acid,
methyl-, ethyl-, propyl-,
butyl-paraben
Sorbic acid, benzoic acid
Sorbic acid, benzoic acid,
p-hydroxybenzoic acid
ethyl, isopropyl, propyl,
isobutyl, and butyl esters
Sorbic acid, benzoic acid
Sorbic acid, benzoic acid,
methyl-, ethyl-,
propyl-paraben
Propionic acid, propionates
Propionic acid
Sorbic acid, benzoic acid,
parabens

Methyl-, ethyl-, propyl-,
butyl-paraben

Soft drinks, yogurts,
sauces
Salad dressing, tomato
ketchup
Beverages, vinegar,
aqueous sauces,
quasi-drug drinks

HPLC
HPLC

Ling et al. (2010)
Wang et al. (2010)
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Table 9.1 (Continued )
Representative Sample Preparation Methodologies for the Determination of Preservatives in Foodstuffs
Analytes
Sulfur dioxide

Sample Pretreatment
Conditions

Sample
Preserved foods (plum,
sweet potato), dried
vegetables (lily flower,
mushroom), vermicelli
(rice, potato), wines (dry
red, white)

a

MS: mass spectrometry.

b

CZE: capillary zone electrophoresis.

c

GC: gas chromatography.

d

FID: flame ionization detector.

e

MEKC: micellar electrokinetic chromatography.

f

DAD: diode array detector.

g

BSTFA: N,O-bis-trimethylsilyl-trifluoroacetamide.

h

IC: ion chromatography.

Distillation using vapor and CO2
stream released from the
reaction between Na2CO3 and
H2SO4

and animal products such as milk at levels that do not exceed
40 mg kg−1 (International Programme on Chemical Safety—
Concise International Chemical Assessment Document No. 26
2012). The specific acid and its sodium salts (E210–E213) are
the predominant preservatives in acidic foods typically at a pH
below 4.5. Its mechanism is based on the absorption of benzoic
acid into the cell where the anaerobic fermentation of glucose via
phosphofructokinase is reduced by 95%. The members of this
category have antimycotic and antibacterial properties and their
action results in the inhibition of bacteria growth that causes food
spoilage (Krebs et al. 1983). The benefits of the use of benzoic
acid—among others—are the low toxicity and the lack of color.
However, the most important disadvantage is its limited solubility
in the aqueous phase but its sodium or potassium salts are readily
soluble in such systems. Practically, potassium salt is preferable in
order to minimize the sodium level in a food product.
Some typical examples include alcoholic beverages (<15%
content in ethanol), coffee substitutes, fruit juices, water-based
flavored drinks, dairy-based desserts, dried fruit, fruit in vinegar,
oil, or brine, chewing gums, jams, tomato puree, ketchup, butter
and margarines, and so on. Effective concentration levels of benzoates in foodstuffs range between 200 and 5000 mg kg−1 (GSFA
2012) while the ADI by the Food and Agriculture Organization
and the World Health Organization (FAO/WHO) was set at
5 mg kg−1 for humans. The pH of its antimicrobial action ranges
between 2.5 and 4.0 (Ogbadu 1999).
In terms of the mechanism, the effectiveness of benzoic acid
is based on the nonionized form of the acid which is favored at
low pH values. At this stage, the molecule of benzoic acid being
more lipophilic moves freely across the membrane cell changing
its fluidity (Ogbadu 1999).

9.4.2 Analytical Techniques
Liquid chromatography (LC) is the predominant technique
for the analysis of benzoic acid and its salts in food samples.
Among others, this technique offers separation and multicomponent analysis and this is the reason why the majority of LC

Analytical
Technique
IC

h

Detection
Conductivity

Reference
Zhong et al. (2012)

methodologies are focused on the simultaneous determination
of several classes of preservatives. In terms of the stationary
phase, the reversed phase (e.g., C18) is typically employed for
such separations while the buffered mobile phases are usually
mildly acidic in order to suppress the dissociation of the benzoic acid.
When it comes to the detection of these compounds, a UV
detector is preferred due to the strong UV absorptivity of the benzoic ring of benzoate species in the range 260–280 nm. However,
mass spectrometry provides better sensitivity and selectivity
compared to UV detection especially when the sample matrix is
rather complicated.
Less common methodologies report the usage of capillary electrophoresis (CE) for the separation and quantification
of this class of compounds. It is also known as capillary zone
electrophoresis (CZE) and it can be used for the separation of
ionic species by their charge and hydrodynamic radius. In principle, electrically charged analytes move in a conductive liquid
medium (buffer solution) under the influence of an electric field.
This technique has gained much attention due to its well-known
advantages such as versatility, high resolving power, usage of
very small volumes of reagents, and minimal waste generation
(Geiger et al. 2012). In addition, the hyphenated technique flow
injection-capillary electrophoresis (FI-CE) could be the state-ofthe-art system for such analyses (Han et al. 2008).
In the literature, there are very few gas chromatographic methodologies for the determination of these compounds. To overcome the volatility obstacle, typically a derivatization step is
required prior to separation. However, this stage is not preferred
since it practically increases the number of sample preparation
steps and the experimental errors.
Batch UV spectrophotometry is a less sophisticated technique
compared to the above-mentioned techniques and it can be a useful tool for the simultaneous determination of several preservatives. However, in this circumstance, chemometrics is typically
required for UV spectra interpretation (Chen and Ni 2009).
Another technique that has been utilized for such analyses is
sequential injection chromatography (SIC). This technique was
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introduced by Chocholous et al. and it employs a short monolithic column composed of a single piece of porous silica gel
(Huclova et al. 2003). This system provides high performance
possibly equivalent to a typical C-18 5-μm particulate HPLC conventional column (Satinsky et al. 2004). The SIC system offers
miniaturization, rapidity, high sensitivity, and waste reduction. It
involves the low usage of organic solvent as compared to HPLC.
An interesting approach has been reported as an Application
Note by Dionex for the analysis of benzoate ion in liquid foods by
reagent-free ion chromatography (Application Note 165 2004).
According to the authors, the specific approach requires only
deionized water to electrolytically produce KOH that is used
as the mobile phase. The separation of the analyte was carried
out using an IonPac AS18 analytical column. A simple gradient
elution program was followed using different concentrations of
KOH solutions at a flow rate of 1.0 mL min−1. The analyte was
monitored on a suppressed conductivity detector. The pretreatment of carbonated soft drinks involves degassing and 1:100
dilution except for diet soda specimens which are diluted 1:20.
The calibration curve was linear in the studied concentration
range (1–20 mg L −1) while the detection limits are estimated to
be 4.9 μg L −1. In the studied sample matrixes (flavored soda, diet
soda, soy sauce, and lemon juice), the accuracy of the method
was satisfactory ranging between 90.2% and 101.2%.
An isocratic HPLC approach was proposed by Yildiz et al.
for the determination of benzoic acid in yogurt, ayran, and
cheese (Yildiz et al. 2011). The specific preservative was analyzed using a mobile phase consisting of acetate buffer (pH
4.4)/CH3OH, 65/35% v/v at a flow rate of 0.8 mL min−1 while
the retention time of the analyte was 3.75 min. In the analyzed
samples, the mean concentration of benzoic acid was found to
be 9.36–26.21 mg kg−1 in yogurts, 9.12–9.79 mg kg−1 in fruit, and
3.03–55.60 mg kg−1 in white cheese samples.
Altiokka et al. developed an isocratic HPLC method for the
quantification of benzoic acid in soft drinks and jams (Altiokka
et al. 2007). Except for the analyte, the authors utilized amoxicillin as the internal standard while the separation time was less than
13 min. Excellent linearity was observed—during three consecutive days—in the concentration range of 50–450 pg mL −1 while
the average recoveries ranged between 97.24 and 99.95. Prior to
the analysis, the beverages and carbonated samples were diluted
10-fold and solid samples (jams, ketchup) were blended with
the mobile phase for analyte extraction. The proposed method
offers adequate sensitivity for the specific analysis and the LOD
achieved was 61 pg mL −1.
A detailed list of the reported analytical approaches for the
determination of benzoic acid and its salts in food samples is
shown in Tables 9.2 through 9.5.

9.5 Sorbic Acid and Its Salts (E200–E203)
9.5.1 General
The name “sorbic acid” is derived from Sorbus aucuparia, and
this compound was first isolated from the berries of this plant in
1859. Its microbiological properties were discovered much later
and this substance has become a common preservative for a variety of foods in many countries (Thomas 1999).

Handbook of Food Analysis
Sorbic acid and its salts are mainly synthesized in the laboratory but they may exist in many fruits as endogenous compounds.
They are white solids and are mostly utilized against bacterial
growth in foodstuffs. Compared to other analogous preservatives such as benzoates, propionates, and so on, sorbates are considered to be more efficient. Apart from its sodium, potassium,
or calcium salts, other derivatives with antimicrobial activities
include sorboyl palmitate, sorbamide, ethyl sorbate, sorbic anhydride, and so on. However, these chemicals have limited use due
to high insolubility, toxicity, and unpalatability.
Typical usage levels range between 0.025% and 0.3% depending on the food category, but these concentrations typically do
not change the taste or odor of the food product (GSFA 2012).
Some characteristic examples include baked products (cake,
pies, packaged bread, doughnuts, etc.), fruit products (jams,
juices, dried fruit, wine, etc.), vegetables (packaged fresh salads,
pickles, olives, etc.), and dairy products (natural or processed
cheese, yogurt, etc.). Following through the toxicological testing of sorbates, these have very low acute or chronic toxicity in
experimental animals. Although no metabolic or toxicological
investigations have been carried out in humans, sorbates have a
similar metabolic pathway as fatty acids (β-oxidation forming
CO2 and water) and consequently no harmful effects are expected
even at higher concentration levels than typical ones [Generally
Recognized as Safe (GRAS) 2012]. Its ADI is about 25 mg kg−1
body weight, higher than that of other analogous preservatives.

9.5.2 Analytical Techniques
The analytical methods reported in the literature usually aim
toward the simultaneous determination of both sorbic acid and
benzoic acid. On this basis, the information related to the particular analysis has already been discussed in the previous section.
Experimental details of analytical approaches for the analysis of
sorbic acid in foods can be found in Tables 9.2 through 9.5.

9.6 Propionic Acid and Its Salts (E280–E283)
9.6.1 General
Propionic acid and its salts with sodium, potassium, and calcium
are typically used against mold growth and especially against
the microorganism Bacillus mesentericus in baked products.
Predominantly calcium propionate is included in processed meat
and cheese, mustards, vinegar, whey, and dairy products as well
[Generally Recognized as Safe (GRAS), 2012].
Propionic acid is a member of the aliphatic monocarboxylic
acid series containing 1–14 carbon atoms all of which have
antimicrobial activity. Propionates have been chosen among
the other members of this category because their taste and odor
become evident in baked foods. It is also found to the extent of
1% in Swiss cheese due to the growth and metabolism of the
genus Propionibacterium, where it also acts as a preservative
(Singhal and Kulkarni 1999a,b).
The antimicrobial action of propionic acid (and generally
of all carboxylic acid/preservatives) depends on the concentrations of both the ionized and unionized forms. The undissociated form of the acid generally has better antimicrobial
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Analytes

Sample

Analytical
Technique

Tfouni and
Toledo (2002)

UV at 225, 255 nm

Pylypiw and
Grether (2000)

HPLC

Column: Agilent HC-C18(2) (250 × 4.6 mm i.d. 5 μm)
Mobile phase: Gradient elution using 20 mM acetate buffer (pH 4.2)
and CH3CN
Flow rate: 1 mL min−1

UV at 230, 260 nm

10 mg L−1 (in juice
samples)
50 mg L−1 (in solid
matrixes)
NMa

Wheat flour

HPLC,
LC-MS

UV at 235 nm
MS: scan mode
(50–300 m/z)

20, 30 ng mL−1

Abe-Onishi et al.
(2004)

Soft drinks, jams, sauces,
canned fruit and
vegetables, dried fruit
and vegetables
Foodstuffs

HPLC

Column: Inertsil ODS-80A (250 × 4.6 mm i.d. 5 μm)
Mobile phase: Isocratic elution H2O/CH3CN 55/45% v/v, gradient
elution using 0.1% v/v CH3COOH and 0.1% v/v CH3COOH in
CH3CN
Flow rate: 1 mL min−1 (isocratic elution), 1.2 mL min−1 (gradient elution)
Column: Supelco 516 C18 (150 × 4.6 mm i.d. 5 μm)
Mobile phase: Gradient elution using acetate buffer (pH 4.4) and
CH3OH
Flow rate: NM
Column: Eurospher 100-5 C8 (125 × 4.0 mm i.d. 5 μm)
Mobile phase: Gradient elution using ammonium formate and CH3OH
Flow rate: 1.2 mL min−1

UV at 254 nm

0.1–0.5 mg L−1

Saad et al.
(2005)

UV at 235, 255 nm

NM

Marten (2010)

Quince jam

HPLC

UV at 235 nm

0.5, 2 μg mL−1

Ferreira et al.
(2000)

Table olives, jams,
jellies, spreadable fats,
sauces, fruit juices,
table wines
Thai rice wines,
distillates

HPLC

UV at 235 nm

0.5, 2 μg mL−1

Mota et al.
(2003)

UV at 235 nm

0.1, 0.2 mg L−1

Soft drinks

HPLC

UV at 230 nm

0.2, 0.6 mg L−1

Techakriengkrai
and
Surakarnkul
(2007)
Kritsunankul
and Jakmunee
(2011)

Sodium benzoate,
potassium sorbate

Apple juice and sauce,
peanut butter, and so on

HPLC

Benzoic acid, sorbic
acid, methyl-, ethyl-,
isopropyl-, n-propyl-,
isobutyl-,
butyl-paraben
Benzoyl peroxide,
benzoic acid

Glace fruit

Benzoic acid, sorbic
acid

Benzoic acid, sorbic
acid

Reference

0.05–0.2 μg mL

HPLC

Benzoic acid, sorbic
acid

LODs

UV at 228, 260 nm

Soft drinks, fruit juice,
margarine, yogurt

Sorbic acid, benzoic
acid, p-hydroxybenzoic
acid, methyl-, ethyl-,
propyl-, butyl-paraben
Benzoic acid, sorbic
acid

Detection

Column: Nova-Pak C18 (300 × 3.9 mm i.d. 4 μm)
Mobile phase: 81/17/2% v/v/v H2O/CH3CN/5 mM CH3COONH4 (pH 4.2)
Flow rate: 1 mL min−1
Column: Supelcosil LC-18 (250 × 4.6 mm i.d. 5 μm)
Mobile phase: 90/10% v/v CH3COONH4 (pH 4.2)/CH3CN
Flow rate: 0.8 mL min−1

Benzoic, sorbic acid

Benzoic acid, sorbic
acid, methyl-,
propyl-paraben

Separation Conditions

HPLC

HPLC

Column: Spherisorb S 10
ODS2 (10 μm)
Mobile phase: Acetate buffer (pH 4.4)/CH3OH, 65/35% v/v
Flow rate: NM
Column: Spherisorb S 10
ODS2 (250 × 4.6 mm i.d. 10 μm)
Mobile phase: Acetate buffer (pH 4.4)/CH3OH, 65/35% v/v
Flow rate: 1.4 mL min−1
Column: Spherisorb S 10
ODS2 (250 × 4.6 mm i.d. 10 μm)
Mobile phase: 10 mM ammonium acetate/CH3OH, 60/40% v/v
Flow rate: 1 mL min−1
Column: Aquasil C18 (250 × 4.6 mm i.d. 5 μm)
Mobile phase: 25-mM phosphate buffer (pH 3.25)/CH3OH/CH3CN,
65/30/5% v/v
Flow rate: 1 mL min−1

−1

Fu and Xu
(2005)
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Table 9.2 (Continued)
Liquid Chromatographic Methods for the Determination of Preservatives in Foodstuffs
Analytes

Sample

Analytical
Technique

Separation Conditions

Filata cheese

HPLC

Column: Aquasil C18 (250 × 4.6 mm i.d. 5 μm)
Mobile phase: 25-mM phosphate buffer (pH 3.25)/CH3OH/CH3CN,
65/30/5% v/v
Flow rate: 1 mL min−1

Benzoic acid, sorbic
acid

Instant power drinks,
cola drinks

HPLC

Benzoic acid

Yogurt, ayran, cheese

HPLC

Sodium benzoate

Soft drinks, jams

HPLC

p-Hydroxybenzoic acid,
benzoic acid, ethyl-,
propyl-, butyl-paraben

Soy sauce

HPLC

Sodium benzoate,
potassium sorbate

Yogurt, cakes, cucumber
pickles

HPLC

Sodium benzoate,
potassium sorbate

Soft drinks, herbal
extracts

HPLC

Benzoic acid, sorbic
acid

Sauces, carbonated
drinks, juice drinks,
jams, succade
Flavored soda, diet soda,
soy sauce, lemon juice

HPLC

Benzoic acid, sorbic
acid lysozyme,
natamycin, nisin

Cheese

HPLC

Benzoic acid, sorbic
acid

Cola drinks, fruit juice,
fermented milk drinks,
preserved fruit
Soft drinks, nectars

HPLC (IC)

Column: YMC ODS-PAC AM (250 × 4.6 mm i.d. 5 μm)
Mobile phase: 5-mM ammonium acetate (pH 4.0)/CH3CN 85/15% v/v
Flow rate: 0.8 mL min−1
Column: ACE C18 (250 × 4.6 mm i.d. 5 μm)
Mobile phase: Acetate buffer (pH 4.4)/CH3OH 65/35% v/v
Flow rate: 0.8 mL min−1
Column: Phenomenex Luna C18 (150 × 4.6 mm i.d. 5 μm)
Mobile phase: Acetic acid (pH 3.45)/CH3OH 70/30% v/v
Flow rate: 0.45 mL min−1
Column: Lichrospher RP-18 (250 × 4.0 mm i.d. 5 μm)
Mobile phase: 30-mM NaH2PO4/CH3CN (isocratic elution),
gradient elution using CH3CN and 30-mM Na2HPO4
Flow rate: 1.2 mL min−1
Column: C18 (250 × 4.6 mm i.d. 5 μm)
Mobile phase: CH3COONH4 buffer (pH 4.2)/CH3CN, 80/20% v/v
Flow rate: 0.8 mL min−1
Column: ACE C18 – A3681 (250 × 4.6 mm i.d.)
Mobile phase: CH3COONH4 buffer (pH 4.2)/CH3CN, 60/40% v/v
Flow rate: 0.8 mL min−1
Column: Kromasil ODS (150 × 4.6 mm i.d. 5 μm)
Mobile phase: 20 mM CH3COONH4/CH3OH, 70/30% v/v
Flow rate: 0.8 mL min−1
Column: IonPac AS18 (250 × 4.0 mm i.d. 5 μm)
Mobile phase: Gradient elution using 35–40 mM KOH
Flow rate: 1 mL min−1
Column: Zorbax 300SB-C8 (150 × 4.6 mm i.d. 5 μm)
Mobile phase: Gradient elution using 0.05% TFAd trifluoroacetic acid
in H2O and 0.05% TFA in CH3CN
Flow rate: 1 mL min−1
Column: Shimadzu Shim-pack IC-A3 (150 × 4.6 mm i.d. 5 μm)
Mobile phase: 5 mM NaH2PO4 (pH 8.2) + 4% v/v CH3CN
Flow rate: 1 mL min−1
Column: Hi Chrom (250 × 4.6 mm i.d. 5 μm)
Mobile phase: 20 mM KH2PO4 (pH 4.2)/CH3CN, 90/10% v/v
Flow rate: 1 mL min−1

Benzoate

Benzoic acid, sorbic
acid

HPLC (ICc)

HPLC

LODs

Reference

UV at 303 nm
(natamycin),
227 nm (benzoic
acid),
FLDb: λext = 280 nm,
λem = 340 nm
(lysozyme)
UV at 225, 256 nm

0.4–4 µg g

2.4 μg g−1

Demiralay et al.
(2006)

UV at 226 nm

Yildiz et al.
(2011)

UV at 245 nm

0.05 mg L−1 (ayran)
0.08 mg L−1 (yogurt)
0.09 mg L−1 (cheese)
61 pg mL−1

UV at 215 nm

NM

Chu et al. (2003)

UV at 225 nm

1 and 2 mg L −1

Mahboubifar
et al. (2011)

UV at 254 nm

0.05, 0.005 mg L−1

Khosrokhavar
et al. (2010)

UV at 230 nm

0.9, 1.2 ng mL−1

Wen et al.
(2007)

Suppressed
conductivity

20 μg L−1

Dionex (2011)

MS/MS (positive
ionization mode,
selected reaction
monitoring)
UV at 205, 227 nm

0.02–0.26 mg kg−1

Fuselli et al.
(2012)

10 and 20 ng mL−1

Chen and Wang
(2001)

UV at 220 nm

NM

Lino and Pena
(2010)

−1

Guarino et al.
(2011)

Altiokka et al.
(2007)

Handbook of Food Analysis

Benzoic acid, sorbic
acid, natamycin,
lysozyme

Detection
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MS/MS

0.1 ng mL−1

Ye et al. (2008)

UV at 280 nm
FLD: λext = 280 nm,
λem = 340 nm

NM

Pellegrino and
Tirelli (2000)

Conductivity

NM

Niszczynska
et al. (2011)

UV at 233 nm

0.15–3.00 μg g−1

Chen and Fu
(1995)

UHPLCf

Column: Acquity BEH C18 (50 mm × 2.1 mm i.d. 1.7 μm)
Mobile phase: Gradient elution using 20-mM phosphate buffer
(pH 4.29) and CH3CN
Flow rate: 0.4 mL min−1

UV at 224, 254 nm

0.0063–
0.0126 μg mL−1

Xiu-Qin et al.
(2008)

Tomato ketchup, soy
sauce

HPLC

Column: Lichrosorb ODS (250 mm × 4.6 mm i.d. 5 μm)
Mobile phase: H3PO4 (pH 3) + 2% Brij-35/propanol, 80/20% v/v
Flow rate: 1 mL min−1

UV at 254 nm

25–250 ng mL−1

Memon et al.
(2005)

Ham, sausages

HPLC

UV at 230 nm

0.13 and
0.32 mg kg−1

Yan et al. (2012)

Jam, candied chestnuts,
carbonated drinks, black
olives, green olives,
pickles, white bread,
brown bread
Grapefruit
seed extract

HPLC

Column: Eclipse XDB-C18 (250 mm × 4.6 mm i.d. 5 μm)
Mobile phase: 20 mM CH3COONH4 (pH 6)/CH3OH, 70/30% v/v
Flow rate: 0.7 mL min−1
Column: Macherey-Nagel C18 (250 mm × 4.6 mm i.d. 4 μm)
Mobile phase: CH3COONH4 buffer (pH 4.74)/CH3OH, 70/30% v/v
Flow rate: 0.7 mL min−1

UV at 230, 254 nm

0.19 mg kg−1

Koyuncu and
Uylaser (2009)

HPLC

Column: Zorbax Eclipse XDB-C8 (150 mm × 4.6 mm i.d. 5 μm)
Mobile phase: Gradient elution using 0.05% TFA v/v in H2O and
0.05% v/v TFA in CH3CN/propanol 50/50% v/v
Flow rate: 1 mL min−1

MS/MS

2.4–12.1 ng

Ganzera et al.
(2006)

Wines

HPLC

UV at 210 nm

0.06–0.31 mg L−1

Zhao et al.
(2013)

Soft drinks

HPLC

Column: Gemini C18 (250 mm × 4.6 mm i.d. 5 μm)
Mobile phase: Gradient elution using 2.5 mM CH3COONH4 + 0.01%
v/v TFA and CH3CN
Flow rate: 1 mL min−1
Column: LiChrosorb C18 (250 mm × 4.0 mm i.d. 5 μm)
Mobile phase: Isocratic elution using phosphate buffer (pH 4.5)/
CH3CN, 85/15% v/v
Flow rate: NM

UV at 215, 230 nm

NM

Moors et al.
(1991)

Human milk

HPLC

Cheese, dairy products

HPLC

Propionic acid

Feed

HPLC (IC)

Methyl-, ethyl-,
propyl-, n-butyl-,
isopropyl-, isobutylparaben, sorbic acid,
benzoic acid
Methyl-, ethyl-,
propyl-, isopropyl-,
butyl-, isobutylheptyl- paraben, sorbic
acid, benzoic acid
Benzoic acid,
p-hydroxy benzoic
acid, methyl-, ethyl-,
propyl-, iso-propyl-,
butyl-paraben
Benzoate, sorbate

Sugared fruit, dried roast
beef

HPLC (IPCe)

Cola beverages,
fruit-ﬂavored carbonate
beverages, fruit juice
beverages

Benzoic acid, sorbic
acid

Sorbic acid, benzoic
acid, methyl-, butyl-,
propyl-paraben,
propyl-, benzyl-,
butyl-benzoate
Benzoic acid, sorbic
acid

Sorbic acid, benzoic
acid
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Column: Agilent Zorbax Eclipse XDB-C8 (150 mm × 4.6 mm i.d.
5 μm)
Mobile phase: Gradient elution using H2O and CH3OH
Flow rate: 0.5 mL min−1
Column: PLRP-S (250 mm × 4.6 mm i.d. 5 μm)
Mobile phase: Gradient elution using 0.1% v/v TFA in H2O, 0.1% v/v
TFA in CH3CN
Flow rate: 1 mL min−1
Column: IonPac AG.
Mobile phase: Gradient elution using KOH solution
Flow rate: NM
Column: Shoko C18 (250 mm × 4.6 mm i.d. 5 μm)
Mobile phase: 50 mM a-hydroxyisobutyric acid (pH 4.5) + 2.5 mM
hexadecyltrimethylammonium bromide/CH3CN, 2.2:3.4 or 2.4:3.6 v/v)
Flow rate: 1 mL min−1

Methyl-,
ethyl-,
propyl-, butyl-,
benzyl-paraben
Lysozyme
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Table 9.2 (Continued)
Liquid Chromatographic Methods for the Determination of Preservatives in Foodstuffs
Analytes

Sample

Analytical
Technique

Red wines

HPLC

Borates

Caviar

HPLC (IC)

Methyl-, ethyl-, propyl-,
butyl-paraben

Fish

HPLC

Nitrite, nitrate

Ham

HPLC (IPC)

Nitrate

Beet sugar

HPLC (IC)

Nitrite, nitrate

Cured meat, vegetables

HPLC (IPC)

Nitrite, nitrate

Canned vegetables

HPLC (IPC)

Nitrite, nitrate

Vegetables

HPLC (IPC)

Nitrite, nitrate

Vegetables, vegetablebased baby food

HPLC (IC)

Column: Shim-pack XR-ODSII (100 mm × 2.0 mm i.d. 2.2 μm)
Mobile phase: Gradient elution using 2.5-mM CH3COONH4 + 0.01% v/v
TFA in CH3CN and 2.5-mM CH3COONH4 + 0.01% v/v TFA in H2O
Flow rate: 0.45 mL min−1
Column: IonPac ICE-AS1 (200 mm × 9 mm i.d. 7.5 μm)
Mobile phase: Isocratic elution using 1 mM heptafluorobutyric
acid + 50 mM sorbitol (pH 3.0)
Flow rate: 0.8 mL min−1
Column: Ascentis Express C18 (100 mm × 2.1 mm i.d. 2.7 μm)
Mobile phase: Gradient elution using 0.1 mM formic acid, 10 mM in
CH3OH
Flow rate: 0.2 mL min−1
Column: HyPurity C18 (150 mm × 3 mm i.d. 5 μm)
Mobile phase: Isocratic elution using 10 mM n-octylamine/5 mM
tetrabutylammonium hydrogensulfonate (pH 6.5)
Flow rate: 1 mL min−1
Column: AS11 (250 mm × 4 mm i.d. 13 μm)
Mobile phase: Gradient elution using 1 mM NaOH and 21 mM NaOH
Flow rate: 1 mL min−1
Column: Gemini C18 (250 mm × 4.6 mm i.d. 13 μm)
Mobile phase: Gradient elution using 1 mM NaOH and 21 mM NaOH
Flow rate: 1 mL min−1
Column: Spherisorb C18 (250 mm × 4.6 mm i.d. 5 μm)
Mobile phase: Isocratic elution using 10 mM octylamine + 20% v/v
CH3OH
Flow rate: 0.5 mL min−1
Column: Luna C18 (250 mm × 4.6 mm i.d. 5 μm)
Mobile phase: Isocratic elution using 10 mM octylammonium (pH
7.0) + 30% v/v CH3OH
Flow rate: 0.8 mL min−1
Column: Waters IC-PAK HC (150 mm × 4.6 mm i.d. 5 μm)
Mobile phase: Isocratic elution using 5 mM phosphate (pH 6.5)
Flow rate: 1.2 mL min−1

Detection

LODs

Reference

MS/MS

0.03–15 μg L−1

Chen et al.
(2012)

Conductivity

0.065 μg mL−1

Carlson and
Thompson
(1998)

MS/MS

1–15 pg g−1

Kim et al. (2011)

NM

0.0126,
0.0318 mg L−1

Ferreira and
Silva (2008)

Conductivity

NM

Magne et al.
(1998)

UV at 214 nm

NM

Hsu et al. (2009)

UV at 230 nm

0.3 mg L−1

Cheng and
Tsang (1998)

UV at 213 nm

0.05 mg L−1

Chou et al.
(2003)

UV at 214 nm

7, 20 mg kg−1

Pardo-Marin
et al. (2010)
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HPLC (IC)

Column: IonPac AG-9SC (150 mm × 4.6 mm i.d. 5 μm)
Mobile phase: Isocratic elution using 1.8 mM Na2CO3/1.7 mM sodium
bicarbonates
Flow rate: 1.5 mL min−1

Conductivity

0.013 mg L−1

Zhong et al.
(2012)

HPLC (IC)

Conductivity

2.7 mg kg−1

Iammarino et al.
(2010)

Sulfite

Fruit juice

Electrochemistry

0.01 mg L−1

Theisen et al.
(2010)

Sulfite

Grape must

HPLC with
immobilized
enzyme
reactor
HPLC

Column: IonPac AG-9HC (250 mm × 4.0 mm i.d. 9 μm)
Mobile phase: Gradient elution using 8 mM Na2CO3 + 2.3 mM
NaOH/24 mM Na2CO3
Flow rate: 1.0 mL min−1
Column: CarboPac PA (50 mm × 4.0 mm i.d.)
Mobile phase: NM
Flow rate: 0.6 mL min−1

UV at 280 nm

0.42 ng

Pizzoferrato
et al. (1998)

Sulfite

Commercial fruit,
vegetable products

Column: Supelcosil LC-SAX (250 mm × 4.6 mm i.d. 5 μm)
Mobile phase: Isocratic elution using potassium hydrogen phthalate
(0.15 g L−1) (pH 5.7)
Flow rate: 3.0 mL min−1
Column: HPX-87H (300 mm), fast acid (10 cm)
Mobile phase: Isocratic elution using diluted sulfuric acid
Flow rate: 1.0/0.8 mL min−1

UV at 210, 276 nm

0.5, 1.5 mg L−1

McFeeters and
Barish (2003)

Sulfites

a
b
c
d
e
f

HPLC

Preservatives

Preserved foods (plum,
sweet potato), dried
vegetables (lily flower,
mushroom), vermicelli
(rice, potato), wines
(dry red, white)
Cow hamburger, pork
and horse sausage,
shrimp

Sulfur dioxide

NM: not mentioned.
FLD: fluorescence detection.
IC: ion chromatography.
TFA: trifluoroacetic acid.
IPC: ion-pair chromatography.
UHPLC: ultrahigh-pressure LG.
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Table 9.3
Determination of Preservatives in Foodstuffs Using Capillary Electrophoresis
Analytes

Sample

Analytical
Technique

Milk beverages, fruit jam,
soy sauce

Flow
analysis-CE

p-Hydroxybenzoic acid methyl
ester, p-hydroxybenzoic acid
ethyl ester, benzoic acid,
sorbic acid
Benzoic, sorbic acid

Cola beverages, low-joule
jam

MEKC

Beverages

MEKC

n-Butyl p-hydroxybenzoate,
methyl p-hydroxybenzoate,
n-propyl p-hydroxybenzoate,
ethyl p-hydroxybenzoate,
isobutyl p-hydroxybenzoate,
isopropyl p-hydroxybenzoate,
sorbic acid, benzoic acid,
p-hydroxybenzoic acid
Sorbic acid, benzoic acid

Plum preserve, dried bean
curd, soy sauce

CE

Soft drinks, soy sauce

CE

Methyl-, ethyl-, propyl-,
butyl-paraben, potassium
sorbate, sodium lactate
Sorbic acid, benzoic acid

Soy sauce, soft drinks

CE

Carbonated soft drinks

MEKC

Propionates, benzoates, sorbates

White and red wine, health
drinks, yogurt, pickled
ginger

CE

Propionates

Bread

CE

Sorbic acid, benzoic acid

Fruit juice, apple juice,
orange juice, cordial, diet
cordial, soft drinks,
low-alcohol wine, cheese,
low-joule energy

MECCc

Capillary length: 70 cm (Ltot)./40 cm (Leff)
BGE: 20 mM sodium tetraborate buffer (pH
11.5) + 0.04 mM CTABa
Voltage: 15 kV
Capillary length: 60 cm (Ltot)./52 cm (Leff) (75 μm i.d.)
BGE: 20 mM sodium tetraborate buffer (pH 9.3) + 15 mM
SDSb + 35 mM sodium cholate + 10% v/v CH3OH
Voltage: 18 kV
Capillary length: 75 cm (Ltot)./50 cm (Leff) (75 μm i.d.)
BGE: 50 mM sodium deoxycholate + 10 mM potassium
dihydrogenorthophosphate + 10 mM sodium borate
Voltage: 20 kV
Capillary length: 47 cm (Ltot)./40 cm (Leff) (50 μm i.d.)
BGE: 1–5 mM α- or β-cyclodextrin in a 35 mM borax—
NaOH (pH 10.0)
Voltage: 20 kV

Capillary length: 65 cm (Ltot)./50 cm (Leff) (50 μm i.d.)
BGE: 50 mM tetraborate (pH 9.2)
Voltage: 22 kV
Capillary length: 75 cm (Ltot)./(25 μm i.d.)
BGE: 1.8 × 10−2 mM 3,4-dihydroxybenzylamine
Voltage: 16 kV
Capillary length: 48.5 cm (or 64.5 cm) (Ltot)./40 cm (or
56 cm) (Leff) (50 μm i.d.)
BGE: 20 mM carbonate buffer (pH 9.5) + 62 mM SDS
Voltage: 20 kV
Capillary length: 64.5 cm (Ltot)./50 cm (Leff) (50 μm i.d.)
BGE: 200 mM Tris buffer (pH 9.0) + 10 mM trimellitic
acid + 0.1% w/w poly vinyl alcohol
Voltage: −30 kV
Capillary length: 46.7 cm (Ltot)./40 cm (Leff) (75 μm i.d.)
BGE: 5 mM Tris buffer (pH 4.6) + benzoic acid
Voltage: 10 kV
Capillary length: 68 cm (Ltot)./43 cm (Leff) (75 μm i.d.)
BGE: 20 mM disodium hydrogen orthophosphate (pH
9.2) + 50 mM SDS
Voltage: +25 kV

Detection

LODs

Reference

UV at 214 nm

0.01, 0.02 μg mL

Han et al.
(2008)

UV at 214 nm

NM

Boyce (1999)

UV at 220 nm

NM

Thompson
et al. (1995)

UV at 195 nm

0.4–2.2 μg mL−1

Kuo and
Hsieh
(1997)

UV at 214 nm

0.01, 0.03 μg mL−1

Ling et al.
(2010)

Amperometry
(voltage
+1100 mV)
UV at 200 nm

1.5 × 10−6 g mL−1
1.06–
5.45 × 10−8 g mL−1
NM

Wang et al.
(2010)

Indirect UV at
350 nm

0.84–2.12 mg L−1

Yoshikawa
et al. (2011)

Indirect UV at
214 nm

0.0848 mM

Ackermans
et al. (1992)

UV at 230 nm

0.1 mg L−1

Pant and
Trenerry
(1995)

−1

Frazier et al.
(2000)
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Beverages

2D-ITPd

Benzoate, sorbate

Lemon juice concentrated,
rum–cola drink, ketchup,
chilli sauce, light
margarine, mayonnaise

Column
coupling—
ITP

Benzoate, sorbate

Soft drinks

CE,
microchip
CE

Nitrites, nitrates

Spinach, fresh chard, carrot

CE

Nitrites, nitrates

CE

Sulfites

Meat products (salami, ham,
sausage, etc.) spinach,
parsley, dill, leek
Wine

Sulfites

Mustard

ITP

a
b
c
d

CTAB: cetyltrimethylammonium bromide.
SDS: sodium dodecyl sulfate.
MECC: micellar electrokinetic capillary chromatography.
ITP: isotachophoresis.
ZE: zone electrophoresis.

UV at 254 nm

3.25 mg L−1

Jastrzebska
et al. (2012)

Conductivity

NM

Bodor et al.
(2001)

Countactless
conductivity

3–10 mg L−1

Law et al.
(2005)

UV at 214 nm

0.3, 0.8 mg L−1

Merusi et al.
(2010)

UV at 210 nm

0.099,
0.105 μg mL−1+

Oztekin et al.
(2002)

Conductivity

90 μg L−1

Masar et al.
(2005)

Conductivity

6 mg kg−1

Kvasnicka
and Mikova
(2002)
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ZEe–ITP

Capillary length: PTFE preseparation capillary
(90 mm × 0.8 mm), PTFE analytical capillary
(160 mm × 0.3 mm i.d.)
Leading electrolyte 1: 10 mM HCl + β-alanine (pH
3.9) + 0.1% hydroxyethylcellulose
Leading electrolyte 2: 10 mM HCl + aminocaproic acid
(pH 5) + 0.1% hydroxyethylcellulose
Terminating electrolyte: 5 mM caproic acid
Preseparation current: 200 mA
Driving current: 50–30 μA
First separation channel: (52 × 0.2 × 0.2 mm)
Second separation channel: (42 × 0.2 × 0.2 mm)
Leading anion 10 mM Cl−
Terminating anion: 8 mM morpholinoethane sulfonic acid
(or 10 mM propionate)
Capillary length: 60 cm (Ltot)./52 cm (Leff) (50 μm i.d.)
BGE: 10 mM histidine/0.135 mM tartaric acid
buffer + 0.1 mM CTAB + 0.25% HP-beta-cyclodextrin
Voltage: −15 kV
Capillary length: 32.5 cm (Ltot)./21.5 cm (Leff) (75 μm i.d.)
BGE: 50 mM phosphate buffer (pH 2.5)
Voltage: −25 kV
Capillary length: 75 cm (Ltot)./60 cm (Leff) (75 μm i.d.)
BGE: 20 mM Tris buffer (pH 7.5)
Voltage: 28 kV
C-ITP separation channel (4.5 μL volume; 59 mm ×
0.2–0.5 mm × 0.14–0.2 mm)
Leading anion: 10 mM Cl− /15 mM citrate
Counter ion: 4 mM β-alanine/11.8 mM β-alanine
Terminating anion: 20 mM citrate
EOF suppressor: 0.05% w/v methylhydroxyethylcellulose
Capillary length: PTFE pre-separation capillary
(90 mm × 0.8 mm), PTFE analytical capillary
(90 mm × 0.3 mm i.d.)
Leading electrolyte 1: 10 mM HCl + 20 mM glycylglycine +
0.05% hydroxymethylpropylcellulose, pH 3.10
Leading electrolyte 2: 5 mM HCl + 10 mM
glycylglycine + 0.05% hydroxymethylpropylcellulose,
pH 3.15
Terminating electrolyte: 10 mM NaH2PO4
Driving current: Preseparation capillary—250 mA;
analytical capillary—50 mA decreased to 25 mA during
the detection

Preservatives

Benzoate, sorbate
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Table 9.4
Gas Chromatographic Methodologies for the Determination of Preservatives in Foodstuffs
Analytes

Sample

Analytical
Technique

Margarine, cheese,
mayonnaise, oil, pale

GC

Sorbic acid, benzoic acid

Jam, marmalade,
smoked cuttlefish,
concentrated orange
juice, cheese

GC

Sorbic acid, benzoic acid,
methyl-, ethyl-, propyl-,
butyl-paraben

Soft drinks, yogurts,
sauces

GC

Sorbic acid, benzoic acid

Salad dressing, tomato
ketchup

GC

Sorbic acid, benzoic acid,
methyl p-hydroxybenzoic
acid, ethyl
p-hydroxybenzoic acid,
propyl p-hydroxybenzoic
acid
Propionic acid, propionates

Soft drinks, skim
yogurt, ketchup, jam

GC

Bakery products

GC

Propionic acid

Feed

GC

Propionic acid

Corn

GC

Column: HP-5 dimethylpolysiloxane 95%-diphenyl 5%, 30 × 0.32 mm i.d.
1 μm film thickness
Thermal gradient program staring from 125°C to 315°C
Carrier: He (1 mL min−1)
Injector temperature: 250°C
Column: Neosorb NS, 200 cm × 2 mm i.d. pyrex glass packed with 5%
diethylene glycol succinate
Isothermal separation at 160°C or 170°C
Carrier: He (10 mL min−1)
Injector temperature: NM
Column: Ultra ALLOY-17 (30 m × 0.25 mm i.d.), 0.25 μm film thickness,
50% diphenyldimethylpolysiloxane
Thermal gradient at 40–250°C
Carrier: N2 (1 mL min−1)
Injector temperature: 280°C
Column: AT. FFAP (20 m × 0.32 mm i.d.), 0.5 μm film thickness
Thermal gradient at 150–240°C
Carrier: N2 (2.2 mL min−1)
Injector temperature: 260°C
Column: HP-5 (15 m × 0.53 mm i.d.), 3 μm film thickness, 5%
diphenyl-95% dimethylsiloxane
HP-50 (15 m × 0.53 mm i.d.), 50% diphenyl-50% dimethylsiloxane
Thermal gradient from 70°C to 160°C
Carrier: N2 (14.7 mL min−1)
Injector temperature: 250°C
Column: Econo-Cap-Carbowax (30 m × 0.32 mm i.d.), 0.25 μm film
thickness
Isothermal analysis at 170°C
Carrier: N2 (20 mL min−1)
Injector temperature: 220°C
Column: HP-FFAP (50 m × 0.32 mm i.d.), 0.52 μm film thickness,
Thermal gradient from 60°C to 230°C
Carrier: He (1.5 mL min−1)
Injector temperature: 250°C
Column: U-shaped glass column packed with Chromosorb 101, Carbopack
C (60–80 mesh), (75 m × 4 mm i.d.)
Isothermal conditions: 119°C
Carrier: N2 (41 mL min−1)
Injector temperature: 121°C

Detection
FID, MS

LODs

Reference

0.15 and
0.2 μg mL−1
(FID)
0.8 and 1 μg mL−1
(MS)
200–500 pg

Gonzalez and
Gallego
(1999)

FID

0.08 (benzoic
acid, 0.2 (sorbic
acid), 0.002–0.1
(parabens)
mg L−1

Wang et al.
(2006)

FID

1.22 and 2 μg L−1

Dong et al.
(2006)

FID

0.07–0.2 mg L−1

Gonzalez et al.
(1998)

FID

9.1 μg mL−1

Al Azzam et al.
(2010)

MS

1.5 mg L−1

Ibanez (2003)

FID

0.2 mg L−1

Lamkin et al.
(1984)

MS

Kakemoto
(1992)
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Beverages, vinegar,
aqueous sauce,
quasi-drug drinks

GC

Propionic acid, propionates

Bread, bread products

GC

Sorbic acid, benzoic acid,
parabens

Grapefruit juice,
cheese, yogurt, baked
products and pasta,
soft drinks, seafood,
mayonnaise
Cake, soy sauce,
vinegar, jam, ham,
beverage, pickles, and
bean paste
Tomato paste, sauce

GC

Methyl-, ethyl-, propyl-,
butyl- paraben

Pickles, vinegar,
sauces, fruit juices,
carbonated water

GC

Nitrates, nitrites

Cheese, salami,
sausage

GC

Benzoic acid, sorbic acid,
methyl benzoate,
methyl-, ethyl-, propyl-,
butyl-paraben
Methyl-, ethyl-,
propyl-paraben

GC

GC

Column: HP-INNOWax (30 m × 0.25 mm i.d.), 0.25 µm film thickness
Thermal program from 40°C to 250°C
Carrier: He (1 mL min−1)
Injector temperature: programmed from 150°C to 250°C
Column: Durabond FFAP (15 m × 0.32 mm i.d.), 0.25 µm film thickness
Thermal program from 50°C to 230°C
Carrier: H2 (2 mL min−1)
Injector temperature: 220 °C
Column: Ultra 1 (25 m × 0.2 mm i.d.), 0.33 µm film thickness
Thermal program from 90°C to 270°C
Carrier: He
Injector temperature: 220°C

MS

0.016–3.3 μg mL−1

Ochiai et al.
(2002)

FID

10 mg kg−1

Scotter et al.
(1994)

MS

100–200 pg

De Luca et al.
(1995)

Column: DB-FFAP 1 (30 m × 0.25 mm i.d.), 0.25 µm film thickness
Thermal program from 50°C to 230°C
Carrier: He (1 mL min−1)
Injector temperature: 250°C
Column: SPB-50 (30 m × 0.22 mm i.d.), 0.25 µm film thickness
Thermal program from 130°C to 230°C
Carrier: He (30 cm s−1)
Injector temperature: 270°C
Column: Elite-5 (5% diphenyl-95% dimethyl polysiloxane; thickness
(30 m × 0. 25 mm i.d.), 0.25 µm film thickness
Thermal program from 100°C to 250°C
Carrier: N2 (1 mL min–1)
Injector temperature: 250°C
Column: ZB-5MS (30 m × 0. 25 mm i.d.), 0.25 µm film thickness
Thermal program from 140°C to 290°C
Carrier: NM
Injector temperature: NM

MS

0.025–1.530

Yang et al.
(2012)

FID

5–15 ng mL−1

Farajzadeh
et al. (2010)

FID

0.029–0.102 μg
mL–1

Jain et al.
(2013)

MS

0.02, 0.03 pg mL−1

Akyuz and Ata
(2009)

Preservatives

Ethyl-, propyl-, n-butyl-,
isopropyl-, isobutyl-, sorbic
acid, benzoic acid

147

www.ebook777.com

Free ebooks ==> www.ebook777.com
148

Table 9.5
Determination of Preservatives in Foodstuffs Using Nonseparation Techniques
Analytes
Benzoic, sorbic
acid, methyl-,
propyl-paraben
Methyl-, ethyl-,
propyl-,
butyl-paraben

Analytical
Technique

Sample

Chen and Ni (2009)

Cola drinks, dehydrated
soup

Column: Chromolith Guard Cartridge RP-18 e (5 mm × 4.6 mm i.d.)
Sample volume: 125 μL
Mobile phase: Stepwise gradient elution 10 mM phosphate buffer (pH
6.0) + 4% v/v CH3CN, H2O/CH3OH 70/30% v/v
Flow rate: 3.5 mL min−1
Column: Chromolith Flash RP-18e (5 mm × 4.6 mm i.d.)
Sample volume: 5 μL
Mobile phase: 10 mM CH3COONH4 (pH 4.5) + 1% v/v CH3CN
Flow rate: 1.2 mL min−1
Selective reaction of o-phenylenediamine with nitrite in acidic medium
to form benzotriazole, which exhibited strong ﬂuorescence in alkaline
medium. Hydroxypropyl-b-cyclodextrin was added to improve the
sensitivity of the method
Diazotization reaction of dapsone and (naphthyl)ethylenediamine with
nitrite in acidic medium, yielding a colored compound on the surface
of a ﬁlter paper
Reaction of Lauth’s violet with bromate in the presence of nitrite to
produce a colorless product. Nitrite has a strong catalytic effect on the
oxidation of Lauth’s violet with bromate in acidic media.

UV at 254 nm

0.02–
0.35 μg mL−1

Garcia-Jimenez
et al. (2007)

UV at 235 nm

0.34–
1.87 mg L−1

Jangbai et al. (2012)

λext = 420 nm,
λem = 568 nm

13.6 ng mL−1

Guo et al. (2013)

Vis at 545 nm

0.09 mg L−1

Luis et al. (2012)

Vis at 617 nm

8.3 ng mL−1

Ensafi and Amini
(2012)

Catalytic effect of nitrite on the redox reaction between sulfonazo III
and potassium bromate in acidic media. The reaction was monitored by
measuring the decrease in the absorbance of sulfunazo III
Reaction of nitrates with sulfanilamide and N-(1-napthyl)
ethylenediamine
Choline chloride was covalently immobilized onto the glassy carbon
electrode surface forming a planted choline mono-layer, which is a
suitable supporting material for the construction of Au nanoparticles
A glassy carbon (GC) electrode modiﬁed with Fe(III) tetra-(N-methyl-4pyridyl)-porphyrin and copper tetrasulfonated phthalocyanine
–

Vis at 570 nm

6 ng mL−1

Nooroozi and
Mirshafian (2009)

Vis at 520 nm

0.042 mg L−1

–

1 × 10−7
mol L−1

Chetty and Prasad
(2009)
Wang et al. (2009)

–

0.1 μmol L−1

Santos et al. (2009)

V = −1.43 V (pH 5)

NM

Chemiluminescence reaction of luminol with ferricyanide that is the
product of the reaction of ferrocyanide with nitrite in acidic medium

Chemiluminescence

4 μg L−1

Yilmaz and Somer
(2008)
He et al. (2007)

FIAa

Batch
spectrofluorimetry

Nitrite

Meat products

Diffuse reflectance
spectroscopy

Nitrite

Sausage, spinach,
squash, parsley, dill,
carrot, radish, potato,
cucumber
Sausage

Spectrophotometry

Root vegetables (potato,
sweet potato)
Sausage

FIA

Sausage, pickled
vegetables
Sausages

Anodic voltammetry

Nitrites
Nitrites

Cucumber, radish, onion,
celery, strawberry,
garlic, ginger,
rice, instant noodles,
preserved pork, pork
sausage, ham

FIA

Electrochemical
sensor

Differential pulse
polarography
FIA on a chip
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0.085–
0.22 mg L−1

Sausage

Nitrite

Reference

UV spectra
200–320 nm

Nitrite

Nitrite

LODs

Based on the UV absorption of the analyte

Foods, fruit juice, syrup, SICb
soft drinks

Nitrate

Detection

Carbonated drinks, jelly, Batch
tofu, vinegar
spectrophotometry

Sorbic acid,
benzoic acid,
salicylic acid

Nitrite

Method Principle/Experimental Conditions
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Vegetables, fruit juices,
milk powder

Batch
spectrophotometry

2-Aminobenzoic acid is used as an amine in diazocoupling reaction to
form an azo dye

Vis at 550 nm

0.056 μg mL−1

Nitrites

Chicken ham, sausage,
pickled vegetables

Voltammetry

0.690 V

2.9 × 10−9
mol L−1

Nitrites

Fresh cabbage, preserved
Szechuan pickle
Vegetable, meat
products, dairy
products, baby foods

Batch
spectrophotometry
Batch
spectrophotometry

Vis at 636 nm

4 × 10 −6
g mL−1
3–5 mg kg−1

Jiang et al. (2010)

Nitrites

Mustard tuber, cabbage,
sausage, ham

Solid-phase
fluorescence

Fluorescence
(λext = 353 nm,
λem = 592 nm)

0.04 μg

Li and Jiang (2007)

Sulfite

Pickled mustard greens,
bean sprouts, pickled
cabbage, sultana
raisins, pickled
eggplant, and so on
Bean sprouts,
pickled cabbage,
pickled bamboo shoot,
pickled ginger
Sesame crackers,
crackers, ready soup,
vinegar
White and red wines

FIA pervaporation

A [5,10,15,20-tetrakis (4-methoxyphenyl) por-phyrinato] manganese
(III)chloride-modified gold electrode sensor was developed for the
determination of nitrite
The method is based on the oxidation of brilliant cresyl blue (BCB) by
nitrite in acidic medium, which results in the decrease in absorbance
Nitrate is reduced to nitrite in the presence of zinc powder. The nitrite
is determined by diazotizing with sulfanilamide and coupling with
N-(1-naphthyl)-ethylenediamine dihydrochloride to form a colored
azo dye
The method is based on that rhodamine B (RhB) which is used as an
emission reagent and is included by β-cyclodextrin polymer, reacts
with nitrite in the presence of I− to form a nonﬂuorescence compound
in acidic medium
Sulfite is converted to SO2 and react with sodium hexametaphosphate
and rhodamine B

Chemiluminescence

0.2 mg L−1

Satienperakul et al.
(2010)

FIA pervaporation

Determination of the analyte using a copper hexacyanoferrate-carbon
nanotube (CuHCF-CNT)-modiﬁed carbon paste

Amperometry

0.4 mg L−1

Alamo et al. (2010)

Sulﬁte oxidase
biosensor

The principle of the biosensor was based on monitoring decrease in the
peak current due to the depletion in dissolved oxygen concentration
according to the reaction of sulﬁte oxidase
The principle is based on the inhibitory effect of sulfite on the activity of
polyphenol oxidase in the reduction of o-quinone to catechol and/or
the reaction of o-quinone with sulfite
1. The modiﬁed PRA-formaldehyde method is based on the reaction of
sulfite with formaldehyde and p-rosaniline in basic medium
2. The DTNB method is based on the reaction of sulfite with
5,5′-dithiobis(2-nitrobenzoic acid)

Electrochemistry

NM

Dinckaya et al.
(2007)

Voltammetry

0.4 μ mol L−1

Sartori, Vicentini,
and Fatibello-Filho
(2011)
Li and Zhao (2006)

The method is based on the chemiluminescence reaction of sulfate with
Ru(bipy)32 + -KMnO4

–

Sulfite oxidase, oxidates sulfite and produces H2O2 which itself is
reduced by excess sulfite. The current at the downstream detector
electrode is proportional to the concentration of sulﬁte
The method was based on formation of SO2 in HCl and its diﬀusion
through a membrane into an acceptor stream (deionised water). The
change in the conductivity was measured

Nitrites, nitrates

Sulfite

Sulfite

Sulfite

Sulfite

Sulfite
Sulfite

Sulfite

Polyphenol oxidase
biosensor

Dictyophora
Batch
mushrooms, preserved
spectrophotometry
almonds, bean sprouts,
granulated sugar,
yanjing beer, vermicelli
Sugar
Batch
chemiluminescence
Beer
Flow channel
biosensor
Wine, fruit juice

FIA gas diffusion

Vis at 540 nm

UV at 575, 412 nm

NM

Pandurangappa and
Venkataramanappa
(2011)
Thomas et al.
(2012)

Preservatives

Nitrites, nitrates

Merino (2009)

Meng et al. (1999)

Electrochemistry

2.5 × 10−8
mol L−1
NM

Conductivity

0.03 μg mL−1

Tavares et al. (2005)

Zhao et al. (2006)
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Table 9.5 (Continued)
Determination of Preservatives in Foodstuffs Using NonSeparation Techniques
Analytes

Sample

Analytical
Technique

Sulfite

Lemon juice

FIA gas diffusion

Sulfite

Treated sugar, dried
apricots
Beer, white and red
wine
Wine

Voltammetry,
amperometry
FIA

Milk, fermentation
broth

FIA immunoassay

Sulfite
Sulfite

Nisin
a
b

FIA gas diffusion

Method Principle/Experimental Conditions
Sulfite is reacted with H2SO4. The evolved SO2 is purged to the
segments of N2 flow through the mixing coil. The gaseous phase is
separated from the liquid stream by the use of gas–liquid separator.
The absorbance of the gaseous phase is measured
The method is based on the oxidation of sulfite on a nickel
pentacyanonitrosylferrate ﬁlm modiﬁed/Al electrode
The principle of the method is based on reaction of the analyte with the
acidic rhodamine 6G and Tween 80
The method involves separation of the analyte using a gas diffusion unit,
with an amperometric detector consisting of a glassy carbon electrode
modiﬁed with electrostatically assembled ﬁlms of a tetraruthenated
porphyrin
Monoclonal-antibody-based sequential competitive-ﬂow-injection
immunoassay system

Detection

LODs

Reference

UV at 200 nm

0.8 μg

Safavi and Haghighi
(1997)

–
–

2 × 10−5
mol L−1
0.03 mg L−1

Pournaghi-Azar
et al. (2003)
Huang et al. (1999)

Amperometry

3 μmol L−1

Azevedo et al.
(1999)

Vis at 540 nm

3 μmol L−1

Nandakumar et al.
(1999)

FIA: flow injection analysis.
SIC: sequential injection chromatography.
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properties. The minimum concentration of an undissociated
acid required to inhibit microorganisms is generally 1–2
orders of magnitude lower than that of the corresponding
anion (Wedzicha 2003b). Its action is relatively weak in comparison with other preservatives. In practical food preservation, propionic acid has to be therefore employed in relatively
high dosages (Luck and Jager 1995).
Propionates are quickly absorbed by the digestive track due
to their good solubility in the water phase. It has been proved
that there is no risk of their accumulation in the human body
since propionic acid is metabolized in a manner analogous
to fatty acids. Even after the administration of large doses in
the diet, none is excreted in the urine (Luck and Jager 1995).
According to the Codex Alimentarius Commission, the maximum permitted level of this class of preservatives (E280,
E281, and E282) in whey protein cheese is 3000 mg kg−1
(GSFA 2012). Concentrations between 0.2% and 0.4% sodium
propionate are typically used against the growth of molds on
the surface of malt extract. Additionally, it hinders the spoilage of fresh figs, apple sauce, syrup, berries and cherries,
lima beans, peas, and so on (Singhal and Kulkarni 1999a,b).
Propionates are often used instead of benzoates in bakery
products because they do not require an acidic environment
to be effective.
From the toxicological point of view, propionates are not carcinogenic and teratogenic, and they have low acute toxicity. Their
use—as preservatives—by food manufacturers is considered to
be safe (FDA 2012).
(c)

9.6.2 Analytical Techniques
Tormo et al. developed a reversed-phase liquid chromatographic
methodology for the simultaneous quantification of 11 organic
acids (including propionic acid) in dairy products (Tormo and
Izco 2004). The analytes are extracted from the sample under
acidic conditions with sulfuric acid prior to their separation. A
simple gradient elution program employing phosphate buffer at
pH 2.2 and acetonitrile was performed on a C18 stationary phase.
All organic acids are successfully analyzed in less than 18 min
at a flow rate of 1.5 mL min−1. The accuracy of the method was
satisfactory ranging between 96% and 113%. According to the
researchers after the analysis of milk samples, no propionic acid
was found.
Ion-pair chromatography coupled with a conductivity detector was utilized by Zhang et al. for the analysis of 10 organic
acids (including propionic acid) during apple cider fermentation (Zhang et al. 2008). Successful separation of all analytes
was achieved using p-toluenesulfonic acid and boric acid as
the mobile phase at a column temperature of 45°C and flow
rate of 0.8 mL min−1. The LOD achieved ranged from 4.5 to
22.3 mg L −1 which are adequate for the study of fermentation
processes. A set of representative chromatograms of the analysis
of the organic acids in standard solution, at the beginning of the
alcoholic fermentation and after a period of 18 days are depicted
in Figure 9.2.
Ackermans et al. proposed a capillary electrophoretic method
for the determination of propionic acid in bread (Ackermanset
al. 1992). The separation and analysis of the preservative was
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Figure 9.2 (a) Chromatogram of the separation of 10 organic acids in standard solution, (b) in apple cider at the start of alcoholic fermentation, and
(c) after 18 days of alcoholic fermentation (where 1 = citric acid; 2 = pyruvic acid; 3 = malic acid; 4 = succinic acid; 5 = lactic acid; 6 = formic acid; 7 = acetic acid; 8 = adipic acid; 9 = propionic acid; 10 = butyric acid). (Adapted from Zhang, H. et al. Eur. Food Res. Technol., 227, 2008: 1183–1190.)
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carried out on a capillary column with an effective length of
40 cm while the background electrolyte (BGE) was a Tris buffer
solution (5 mM) which adjusted the pH to 4.6 with benzoic acid.
Owing to the presence of benzoic acid in the BGE, the detection
of the analyte was performed in indirect UV mode at 214 nm.
The bread sample was soaked ultrasonically in a certain volume
of water and the extractant was filtrated prior to its analysis. The
analytical approach showed adequate linearity in a specific concentration range while the LOD achieved (0.0848 mmol L −1) was
quite satisfactory for this type of analysis.
Bahruddin’s research group of published a simple analytical
method for the determination of propionic acid in bakery products using gas chromatography (GC) (Al Azzam et al. 2010).
The authors followed a simple LLE protocol in which the sample was first acidified by adding glacial acetic acid (to form the
nonionized form of the propionic acid) and then extracted with
a certain volume of dichloromethane. Finally, a portion of the
chlorinated organic solvent was centrifuged and a volume of
1 μL was directly injected to the GC inlet. The calibration curve
was linear in the range of 50–2000 μg mL −1 while the LOD of
the method was 9.1 μg mL −1. The methodology was applied for
the analysis of 112 bakery products, including bread, cake, rolls,
burgers, hot dog buns, and pita, where 40.9% of the samples were
positive in the propionates being in the concentration range of
197–1273 μg mL −1. The reproducibility of the retention times
and the peak areas of the repetitive injection of the analyte were
0.53% and 2.55%, respectively.
Carlos Ibanez took advantage of the volatility of propionic
acid and developed a headspace SPME-GC (solid-phase microextraction-gas chromatography) approach for its analysis (Ibanez
2003). A simplex methodology was followed for the optimization of SPME parameters resulting in a vial temperature of 80°C
while the polyacrylate SPME fiber was chosen as optimum. Prior
to SPME the sample was acidified in order to transform the propionates to free propionic acid and the sample was saturated with
NaCl to enhance the extraction of the analyte from the sample
matrix. The method was linear with r 2 being 0.99998. Based on
this approach, the LOD achieved was 1.5 mg L −1. An analogous
GC method was proposed by Lamkin et al. for the quantification of this compound in corn (Lamkin et al. 1984). The sample
preparation involves homogenization, the addition of an internal
standard (butyric acid), dilution, and filtration. Linearity was
observed up to 900 mg L −1 of the analyte while the injection
sample volume was 1 μL. The method was validated in terms of
accuracy and precision and the relative errors of the determinations ranged between −3.17% and −6.64%.
Details of analytical approaches for the analysis of propionic
acid in foods can be found in Tables 9.2 through 9.5.

9.7 Borates, Tetraborates (E284, E285)
Generally, boron naturally occurs in some foods (e.g., leafy vegetables, legumes, fruit, nuts, wine, cider, dairy products, fish,
meat) in the form of borate ion. However, this substance is also
used as preservative in some countries but has been banned in
the United States. These preservatives are typically employed
against mold and bacteria but in some circumstances are utilized
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to effectively increase the elasticity and the crispness of food
products.
The World Health Organization (WHO) estimated that the
average daily intake of boron is ca 1.2 mg, which is in the recommended intake range for adults (1.0–13 mg boron per day)
(Janny 2012). The Joint FAO/WHO Expert Committee on Food
Additives (JECFA) concluded that these compounds were not
suitable as a food additive. However, they are still permitted to
use it in caviar in the European Union (EU).

9.7.1 Analytical Techniques
An analytical approach was proposed by Carlson and Thompson
(1998) for the analysis of borate ions in caviar using ion-exclusion chromatography. A portion of caviar was well mixed with a
certain volume of the mobile phase and the sample was diluted
prior to injection. Sorbitol was used as complexation agent of
the analyte in order to enhance the extraction efficiency from
the sample matrix while a 3–4-fold increase of the detector signal was observed. The method was validated and the precision
ranged between 1.18% and 2.03% while the recoveries were from
94.5% to 101.1%. The LOD and LOQ of the method was 0.065
and 0.216 μg mL −1.

9.8 
p-Hydrobenzoates (Parabens) (E214, E215,
E216, E218, E219)
The group of parabens include methyl, ethyl, propyl, and butyl
esters of p-hydroxybenzoic acid commonly known as methylparaben (E218) and its sodium salt (E219), ethyl-paraben (E214)
and its sodium salt (E215), propyl-paraben (E216) and butyl- or
isobutyl-paraben. These substances are commonly employed
as antimicrobial agents in pharmaceuticals, foodstuffs, and in
cosmetics as well. Its antimicrobial activity was first reported
in 1920 (Singhal and Kulkarni 1999a,b). In real samples, the
parabens are typically used in combination at 0.05%–0.1%. For
instance, methyl- and propyl-paraben in ratio of 2–3:1 are typically used in various samples such as bakery products, cheese,
beer, wine, jellies, olives, pickles, and so on. On the other hand,
a ratio of these preservatives of 2:1 is commonly employed in
soft drinks, smoked, or jellied fish products. Except from the
above combination, parabens are co-added with benzoates,
especially in foods with slightly acidic pH values.
Methyl-, ethyl-, and propyl-paraben are permitted in the EU
while these substances are banned in Australia. There are four
different categories of processed food where parabens are used
as preservatives:
i. Quantum satis (QS) (addition of the specific preservative as is needed to achieve the desired result) for the
treatment of the surface of dried meat products.
ii. Jelly coating of meat at level lower than 1 g kg−1.
iii. Confectionary products (excluding chocolate) at a maximum permitted level of 300 mg kg−1.
iv. Liquid dietary food supplements at concentrations not
higher than 2000 mg kg−1 (Brimer 2011).
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The AFC Panel decided that a group ADI of 0–10 mg kg−1
body weight per day could be established for methyl- and
ethyl-parabens and their sodium salts (European Food Safety
Authority 2012).

9.8.1 Analytical Techniques
Various techniques are available for the analysis of parabens.
Recent applications mainly involved separation techniques such
as LG and gas chromatography or even flow injection analysis
coupled to a monolithic column. Less abundant approaches
consist of batch spectrophotometry and thin layer chromatography (TLC).
Representative applications of the above techniques on the
quantification of parabens are found in Tables 9.2 through 9.5.

9.9 Nitrates and Nitrites (E249–E252)
Nitrate (NO3− ) and nitrite (NO2− ) are mainly used in the preparations of meat (ham, sausages, foie gras, etc.) to prevent the
growth of Clostridium botulinum (Food Science and Technology
2011). This category of preservatives includes potassium nitrite
(E249), sodium nitrite (E250), sodium nitrate (E251), and potassium nitrate (E252).
The principal function of these salts is to preserve food as
they provide highly effective protection against food poisoning
microorganisms (Dennis et al. 1990, Di Matteo and Esposito
1997, Eggers and Cattle 1986). They also give cured meats their
organoleptic properties and color characteristics. Nitrate is actually transformed to nitrite by bacterial action during processing
and storage and nitrate itself has no influence on meat color.
Typically, nitrites produce nitric oxide (N2O), which then reacts
with the muscle myoglobin (the compound responsible for the
natural red color of uncured meat) to produce nitric oxide myoglobin (known as nitrosomyoglobin), which fixes or maintains
the desired red color of meat in the packaging (Epley et al. 2012).
Nevertheless, nitrite may react with amines from the matrix to
form carcinogenic nitrosamines in vivo and consequently the
measurement of these anions in meat is great of importance
(Eggers and Cattle 1986).

9.9.1 Analytical Techniques
The determination of nitrates and nitrites is traditionally based
on the spectrophotometric Griess methodology (Green et al.
1982). Unfortunately, these protocols are time-consuming and
highly prone to interferences due to high concentration, for
example, of Cl− (Pastore et al. 1989). LG and especially ionexchange or ion-pair chromatography is the predominant technique that is utilized for such analysis. Several detection systems
have been utilized, including conductivity, indirect photometry,
UV absorption, fluorescence, chemiluminescence, and so on. CE
is a less abundant technique while gas chromatography is utilized for the analysis of nitrates and nitrites after derivatization
(Akyuz and Ata 2009).
Except for separation techniques, a trend in recent analytical
methodologies is based on the usage of less sophisticated and

more widely available instrumentation such as batch spectrophotometry/spectrofluorimetry or even electrochemical techniques (see Table 9.5). In this context, Guo et al. (2013) reported
the determination of nitrite in sausages. The method is based on
the selective reaction of o-phenylenediamine with nitrite in an
acidic medium to form benzotriazole, which exhibited strong
ﬂuorescence at 568 nm with excitation at 420 nm in an alkaline
medium. The authors also added hydroxypropyl-β-cyclodextrin
through complexation in order to enhance the sensitivity of the
method by a factor of ca 3. Very low LOD (13.6 ng mL −1) was
achieved while the method was linear in the range of 0.04–
0.8 μg mL −1. The selectivity of the method was studied against
21 foreign ions without interference except from Fe3+ and Cu2+.
However, their interference could be eliminated by adding ethylenediaminetetraacetic acid (EDTA) as a masking agent. The
method was applied on the analysis of nitrite in sausages and
the results obtained were compared with the Association of
Analytical Communities’ (AOAC) standard method. An interesting, simple, portable, and environmentally friendly procedure was proposed by Luis et al. (2012). The approach is based
on the diazotization reaction of dapsone (4,4′-diamino-diphenylsulfone) and (naphthyl) ethylenediamine hydrochloride with
nitrite in an acidic medium, yielding a colored compound on
the surface of a ﬁlter paper (see Figure 9.3a). A diffuse reflectance spectroscopy was utilized for the detection of the analyte.
A central composite design was carried out in order to find the
optimum experimental conditions. The effect of the reagent concentration and the acidity of the medium on the absorbance is
illustrated in Figure 9.3b.
Nouroozi (2009) developed a kinetic simple flow injection
method for the determination of nitrite in food and environmental samples. The approach is based on the catalytic effect
of nitrite on the redox reaction between sulfonazo III and potassium bromate in acidic media. The reaction was monitored by
measuring the decrease in the absorbance of sulfunazo III at
570 nm. Chemical and instrumental parameters were carefully
investigated. Adequate linearities were observed in the ranges of
8 × 10−3–3 × 10−1 and 3.5 × 10−1–1.8 μg mL −1. The sampling rate
was 60 samples per hour while the reproducibility of the methodology was 0.88% and 1.25%.
An electrochemical sensor was fabricated by the research
group of Wang et al. (2009) for the sensitive determination
of nitrite in water samples and sausages. Principally, choline
was covalently immobilized onto the glassy carbon electrode
surface forming a planted choline monolayer, which could provide a suitable supporting material for the construction of Au
nanoparticles. The fabricated surface was characterized by a
series of techniques such as field emission scanning electron
microscope, powder x-ray diffraction, and x-ray photoelectron
spectroscopy. The sensor exhibited remarkable electrocatalytic activity toward the oxidation of the nitrite with obvious
reduction of overpotential. The linear range for the detection
of the nitrite was 4.0 × 10−7—7.5 × 10 − 4 mol L −1 with a LOD
of 1.0 × 10 −7 mol L −1. The results were compared with those
obtained by ion chromatography and the UV–visible spectrophotometric method. Other reported methodologies for the
analysis of nitrites and nitrates in foods are tabulated in Tables
9.2 through 9.5.
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Figure 9.3 (a) General reaction mechanism proposed for the determination of nitrite. (b) Central composite design response surface obtained for the
absorbance as a function of reagent and HCl. (Adapted from Luis, V.H.M., L. Pezza, and H.R. Pezza. Food Chem., 2012: 2546–2551.)

9.10 Sulfites (E220–E228)
Sulfating agents commonly used as food preservatives include
sulfur dioxide (E220), sodium sulfite (E221), sodium hydrogen
sulfite (E222), sodium metabisulfite (E223), potassium metabisulfite (E224), calcium sulfite (E226), calcium hydrogen sulfite
(E227), and potassium hydrogen sulfite (E228). Sulfites are used
as preservatives or antioxidants to prevent or reduce the spoilage of food such as alcoholic and nonalcoholic beer, canned and
frozen fruit and vegetables, wine, and so on. Apart from their
primary action against spoilage, they also prevent food discoloration (e.g., packaged fruit, vegetables, seafood), enhancing the
appearance and flavor of products (Taylor et al. 1986).
In meat, sulfites also help to give a bright color as this is one
of the prime parameters motivating consumer choice (RuizCapillas and Jimenez-Colmenero 2009). In the EU, the maximum permitted amount of added sulfite agents in different meat
products is 450 mg kg−1 (expressed as SO2).
The FDA banned the use of this type of preservatives in raw
foods, but sulfites are allowed as additives in processed foods.
The maximum permitted level of sulfite in food depends on
the type of product. For instance, these levels are in the range
of 30–50 mg kg−1 in biscuits, 50–2000 mg kg−1 in vegetables,
20–2000 mg kg−1 in beverages, and so on. The ADI for sulfites
(expressed as sulfur dioxide) is 0.7 mg kg−1 body weight.

9.10.1 Analytical Techniques
Up to now, several analytical methods for the determination of
sulfur dioxide and sulfites have been published. These methodologies include separation and nonseparation techniques and they
are classified as direct (when, e.g., a specific analytical reaction
is applied to the whole food sample) and indirect (when the additive is recovered before determination). Among separation techniques, ion chromatography and CE are the most applicable for
specific analysis while several methods employed flow injection
analysis in combination with the pervaporation or gas diffusion
approach. A typical instrumental flow injection analysis (FIA)
setup with gas diffusion manifold for the determination of sulfites is depicted in Figure 9.4.
Comprehensive review articles on the determination of sulfites in foods and beverages have been reported by Ruiz-Capillas
et al., Anita Isaac et al., and J. Sadecka et al. (Isaac et al. 2006,
Ruiz-Capillas and Jimenez-Colmenero 2008, 2009, Sadecka and
Polonsky 1999). Representative procedures for the analysis of
sulfites in foods are listed in Tables 9.2 through 9.5.

9.11 Other Preservatives
Nisin (E235) is a natural, toxicologically safe, antibacterial
food preservative. It is a polypeptide bacteriocin that exhibits
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Figure 9.4 A schematic diagram of gas diffusion-flow injection analyzer for sulfite determination. (Adapted from Ruiz-Capillas, C. and F. JimenezColmenero. Food Chem., 2009: 487–493.)

antibacterial activity against a wide range of Gram-positive bacteria and is particularly effective against bacterial spores. It
shows little or no activity against Gram-negative bacteria, yeasts,
and molds and it is produced by certain strains of Lactococcus
lactis. Commercial preparations of nisin are widely used as
food preservatives throughout the world. Its use is permitted
in cream products (flavored, whipped, etc.), cheese and cheese
products, tomato products, beer and related products, salad
dressings, meat products, and so on (Delves-Broughton 1990).
Some typical concentration levels of nisin in foods include processed cheese (5–10 mg kg−1), pasteurized milk and related products (0.25–10 mg kg−1), dipping sauces (1.25–6.25 mg kg−1), beer
(0.25–1.25 mg kg−1), salad dressings (1.25–5 mg kg−1), and so on
(Thomas et al. 2000).
The determination of nisin in foods is typically carried out
using immunoassay or bioassay (Leung et al. 2002, Nandakumar
et al. 1999). Only one chromatographic method involving LC-MS
has been developed for the determination of this compound
(Fuselli et al. 2012).
Lysozyme (E1105) is an enzyme with a molecular weight
of 14.5 kDa and it consists of 130 amino acids cross-linked by
four disulfide bridges. It is found in animal tissues and serum
but its major commercial source is hen egg white (at concentration ca 0.5% in egg albumin) (Lesnierowski and Kijowski 2007).
Lysozyme has been used as a food preservative in fresh fruit and
vegetables, seafood, meats, sausages, wine and some types of
semihard cheese (e.g., Edam, Gouda) (Cunningham et al. 1991,
Proctor and Cunningham 1988, Tirelli and de Nomi 2007).
Natamycin (E235) (or pimaricin) is a naturally occurring antifungal agent produced during fermentation by the bacterium
Streptomyces natalensis. It is used as a food additive to protect
food from mold and yeast growth. However, the EFSA Panel
approved the usage of this substance only as a surface preservative for semihard and semisoft cheese and dried, cured sausage
products at a maximum level of 1 mg dm−2 in the outer 5 mm of
the surface (EFSA, European Food Safety Authority 2012). It is
also considered that its application in food is reliable and safe to
humans and it is deemed to be a GRAS substance in the United
States (Generally Recognized as Safe [GRAS] 2012).
Dimethyldicarbonate (DMDC) (E242) is mainly used as a preservative in beverages. However, its use as a yeast inhibitor in
wines at the bottling step was approved by the USFDA in 1988
to a concentration level lower than 200 mg L −1 (EFSA, European
Food Safety Authority 2012).

Hexamethylenetetramine (or hexamine) (E239) is a heterocyclic organic compound moderately soluble in water and well
soluble in most organic solvents. It is hydrolyzed to release formaldehyde, which is a broad-spectrum antimicrobial agent (Beales
and Smith 2004). Although it is approved by EU as a food additive, its use is not permitted in the United States, Australia, and
New Zealand (EFSA, European Food Safety Authority 2012).
Hexamine is mainly used in provolone cheese.
A list of the recent reported analytical approaches for the
determination of these preservatives in foods is shown in Tables
9.2 through 9.5.
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10.1 Introduction
It is well known that whatever their kind and origin, fats and
oils have a limited stability. During storage, they undergo
various deteriorative reactions that reduce their nutritive value
and also produce volatile compounds, giving off unpleasant
smells and tastes. In general, the term rancidity has been used
to describe the different mechanisms by which lipids alter in
nature, mechanisms that may have a biological or chemical
origin. Among the alterations of a biological nature, there are
those produced by microorganisms (bacteria, fungi, yeasts),
which may be inhibited by the addition of preservatives, and
those produced by enzymes, mainly hydrolytic rancidity or
lipolysis. The latter may be inhibited by thermal treatment, by
conservation at low temperature, or by reducing the percentage
of water.
Alterations of a chemical nature are due to the action of oxygen. Lipid oxidation reactions, known as auto-oxidation, commonly occur in lipids with a high content of unsaturated fatty
acids and constitute the most common deterioration of fats used
in the food industry. However, unsaturated fatty acids are not the
only constituents in foods that undergo oxidation. Compounds
that impart color and taste to foods, like some vitamins, are also
susceptible to oxidation, the existence of double bonds in their
structure being their common denominator.
It has been shown that the oxidation of unsaturated fatty acids
takes place through a chain reaction that essentially consists of
an initiation or induction stage, which implies the formation of

free radicals and hydroperoxides; a propagation stage in which
hydroperoxides and radicals intervene and by-products such as
peroxides, aldehydes, ketones, acids, epoxides, polymers, and
ketoglycerides, some of which are responsible for the strange
smells and tastes characteristic of rancid fats, may be formed;
and a final, or terminal, stage that is characterized by the interruption of the chain reaction when the free radicals disappear
because of the formation of dimmers or other inactive products. In the propagation stage, peroxides may also interact with
proteins, pigments, and other food constituents to generate
substances whose chemical nature may be harmful to human
health.
Oxidation in foods may also be due to the presence of lipoxidase enzymes, which cause the same problems and have reaction
mechanisms similar to those just described.
To successfully avoid the oxidation of a fat substrate, it is necessary to know the factors that modify the reaction speed and
intervene in a suitable way, if possible, in all of the processes.
Therefore, the following aspects need to be controlled: temperature, the fats being kept in a cool place with no unnecessary
heating during handling and storage; radiant energy, specially
ultraviolet (UV) radiation; metallic traces and organic catalyzers such as pigments (hemoglobin, chlorophylls, and certain
carotenes) or free fatty acids, and so on; degree of humidity and
surface contact between fat and air; and degree of unsaturation,
among others.
In many cases, the presence of certain chemical substances
may, in one way or another, intervene favorably in the inhibition
161
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of the process of oxidation. The term antioxidants in foods is
usually applied to those compounds that interrupt the chain reaction involved in oxidation, but, in a wider sense and according
to the classification made by Kochhar and Rossell [1], we may
consider five groups:
1. Primary antioxidants are those mainly phenolic substances that interrupt the chain of free radicals and
among which are found natural and synthetic tocopherols, alkyl gallates, butylated hydroxyanisole (BHA),
butylated hydroxytoluene (BHT), tert-butylhydroquinone (TBHQ), and so on. All of them act as donors of
electrons.
2. Oxygen consumers such as ascorbic acid (vitamin C),
ascorbyl palmitate, and erythorbic acid. Ascorbic acid,
furthermore, has been claimed to regenerate phenolic
antioxidants proceeding from phenoxy radicals.
3. Secondary antioxidants, such as dilaurylthiopropionate, which decompose hydroperoxides into stable
products. Although approved by the U.S. Food and
Drug Administration, they are still not accepted by the
European Union.
4. Enzymatic antioxidants, which work by eliminating
oxygen or highly oxidative species from foods.
5. Chelating or masking agents such as citric acids, amino
acids, and ethylenediaminetetra-acetic acid (EDTA),
which form chelates with metallic ions such as copper
and iron, thus avoiding their catalytic action on the oxidation of lipids. Most of these agents exhibit little or
no antioxidant activity when used alone, and therefore
we should really consider them as synergistic agents
of other antioxidants. Thus, they increase, to a great
extent, the action of phenolic antioxidants.
Numerous extracts from plants and spices exhibit antioxidant
activity [2,3]. However, in general, natural antioxidants are not
very effective, and for this reason, it is necessary to resort to
synthetic antioxidants approved of by the health authorities. If
we focus on those antioxidants popularly known as food antioxidants corresponding to the first group in the previous classification—primary antioxidants (those compounds that stop the chain
reaction of free radicals formed during lipid oxidation), the ones
used most are, as we have already mentioned, phenolic substances
such as alkyl gallates, BHA or BHT, whose use is approved of in
both Europe and the United States, and which were the first to be
studied and used. In the early 1940s, the potential of alkyl esters
of gallic acid as antioxidants was demonstrated, and later the
exceptional antioxidant properties of BHA were shown and BHT
was introduced. Other synthetic antioxidants we can include in
this category are TBHQ, nordihydroguaiaretic acid (NDGA),
and ethoxyquin, an example of the amine type of antioxidant,
although their use is not so widespread and is even banned in
certain cases. Thus, the use of TBHQ was not allowed in EU
countries before European Directive 2006/52, and NDGA has
been taken off the GRAS (generally recognized as safe) list of
the FDA as it shows toxic effects [1]. Although the use of ethoxyquin in foods for human consumption is not generally allowed,
it is used in animal foods, and its residues in various foods of
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animal origin consumed by humans should be closely controlled.
It is also used as an antiscald agent for fruits.
The action of synthetic and natural antioxidants, and their
safety and election as additives in foods for preservation has
been referenced [4]. A review appears in the bibliography about
the controversy of use of natural and synthetic antioxidants, as
well as their analysis and future perspectives [5]. In 2004, the
European Food Safety Authority (EFSA) published [6] a scientific opinion reviewing the impact of octyl gallate (OG) on human
health and stated that this antioxidant was considered safe to use
as a food additive because after consumption it is hydrolyzed into
gallic acid and octanol, which are found in many plants and do
not pose a threat to human health. NDGA despite being a food
antioxidant is known to cause renal cystic disease in rodents.
BHT and BHA are the most widely used chemical antioxidants. The EFSA reevaluated all the available information on
these two antioxidants, including the apparently contradictory
data that have been published [7,8]. TBHQ stabilizes and preserves the freshness, nutritive value, flavor, and color of animal
food products.
Owing to the impossibility of treating the great variety of compounds covered in the above classification in an exhaustive manner, this chapter is restricted to reviews of analytical methods for
the compounds already mentioned—alkyl gallates, BHA, BHT,
TBHQ, NDGA, and ethoxyquin. Not included in this chapter is the
analysis of the tocopherols, which are also natural primary antioxidants, since although tocopherols of synthesis can also be added
to the samples, they have been thoroughly studied by Kochhar and
Rossell [1]. Nor is the analysis of other compounds that may be
included in some of the other antioxidant groups mentioned, such
as ascorbic acid and ascorbyl palmitate, sulfurous acid and sulfite,
and chelating agents such as citric acid and EDTA.
However, it is important to point out that numerous publications exist that discuss the analysis of these other compounds in
foods, and a number of review articles are available [9–20].

10.2 General Considerations about Technologies
Applied to the Synthetic Antioxidants and
Their Properties
The use of antioxidants is very varied. However, in using them,
many factors that have a decisive influence on their effectiveness
and may cause problems with their commercial usage should be
borne in mind. The main ones [21] are
• Incomplete dispersion, the result of defective mixing
apparatus.
• Inadequate concentration. It could be expected that if
the amount of antioxidant added to a fat substrate is
increased, its effectiveness would be enhanced. This is
not the case for several antioxidants such as the gallates
or NDGA, for which an optimum level of concentration
exists above which a clear tendency toward enhanced
oxidation is observed [22,23], but for others (e.g., BHA
and BHT), this phenomenon of reversion does not arise.
Generally, the level and concentrations of antioxidants
allowed by law are adequate to achieve satisfactory stability in foods and avoid problems of toxicity.
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The proportions in which antioxidants are added to foods as
well as the tolerance limits (tolerated amounts) vary over a wide
range. Hence, the FDA proposes limits for BHA between 2 ppm
(beverages and desserts prepared from dry mixes) and 1000 ppm
(active dry yeast), and for BHT, alone or in combination with
BHA, between 10 ppm (potato granules) and 200 ppm (emulsion
stabilizers for shortening). TBHQ can be used, alone or in combination with BHA and/or BHT, up to a maximum limit of 200 ppm
by weight of fat or oil content of the food sample. The same limit
holds for the normal GMP (good manufacturing practice) for propyl gallate (PG). PG is also approved for numerous indirect additive uses without limits. Limits imposed by the Meat Inspection
Division of the U.S. Department of Agriculture are between 30
and 100 ppm. Ethoxyquin can be used for color preservation in the
production of chili powder, paprika, and ground chili at levels not
in excess of 100 ppm. Tolerances are established for residues of
ethoxyquin in or on edible animal products, resulting from the use
of the additive in feeds, between 0 (in milk) and 5 ppm (unlocked
fat or meat from animals except poultry). BHA and BHT, used
alone or in combination, are included in the GRAS list for use in
feed or food up to a level of 200 ppm of the fat or oil content.
All these substances are also classified as antioxidants when
migrating from food packaging material (limit of addition to
food 50 ppm), as is also NDGA, whose direct addition to food,
however, is now prohibited by the FDA.
In the EC countries, the last directive 95/2 (Official Journal
of the European Communities [19.3.95]) allows the use of PG,
OG, dodecyl gallate (DG), BHA, and BHT as direct synthetic
antioxidants at levels between 25 ppm, for gallates and BHA,
separated or in combination in dehydrated potato flakes, and
200 ppm for BHA and gallates and 100 ppm for BHT, in most
other foods, except in chewing gums or dietetic supplements, in
which a 400 ppm concentration of BHA, BHT, or gallates (separated or in combination) is authorized. Later, a modification of
the directive 95/2 by Directive 2006/52/ (Official Journal of the
European Communities [26.7.06]), includes the use of TBHQ
in certain foodstuffs and in certain quantities, on the basis of a
study of EFSA (2004) about their safety.
The following considerations must also be kept in mind:
Incompatibility with fats and oils. The antioxidants studied here may all be classified as “liposoluble antioxidants” [24].
Changes. It must be borne in mind that antioxidants can
undergo many chemical changes and even losses during processing and storage of foods. Thus, for instance,
phenolic antioxidants may react with naturally occurring fats, such as phospholipids [25], but no information is available as to whether these compounds still
act as a source of antioxidants. PG loses effectiveness
when heated and also in high-pH systems, and BHA
and BHT tend to distill or become volatile in systems
subjected to frying or boiling [26]. Tsaknis et al. [27]
analyzed the antioxidant effectiveness BHA and BHT
in vegetable oils during intermittent heating. Recently,
a review collated the action of synthetic and natural
antioxidants during frying [28].
Late addition. Antioxidants must be added at the right
moment to inhibit the formation of free radicals.

For these reasons, the nature of the substrate is also of great
importance when choosing an antioxidant [19]. Thus, in fats and
vegetable oils containing tocopherols, it is sufficient to add a
masking agent such as citric acid or, in the case of oils rich in
polyunsaturated fatty acids, TBHQ, which seem to be the most
effective of the synthetic antioxidants in its action on vegetable
oil substrates. In animal fats, one to three antioxidants may be
used, reinforced by a masking agent. Gallates possess a level of
activity higher than that of BHA and BHT, but their tendency
to acquire a strong color in the presence of iron allows them to
be used only in smaller doses and in conjunction with BHA or
BHA + BHT. Oils and animal fats used in cake making and in
cooked or fried foods are usually stabilized before being added
to food and mixtures of BHA and BHT and some kind of masking is generally used. In fatty foods containing a high percentage
of water (emulsions, mayonnaise, etc.), it is important to note the
relative solubility of the antioxidants in fats and water, the system’s pH, and so on. In general, the conditions that are necessary
to avoid hydrolytic rancidity in these foods are such as to delay
oxidation of the fats without having to resort to antioxidants,
although antioxidants are used in many cases.
The ways in which antioxidants are added to food vary greatly.
Thus, antioxidants are added directly to fat or oil in the form of
powder or tablets with heating to 60–70°C or by addition to a
small amount of fat or oil heated to 100–120°C, which is then
added to the dough that is to be stabilized. The antioxidant may
also be previously dissolved in fatty vehicles or eliminable solvents by means of vacuum or heat. In important installations a
continuous injection system may be used in which an antioxidant
solution is pumped into a current of hot fat that is displaced or
is added by the application of a spray or by means of immersion
systems.
Many food products (cheese, coffee, bread, cereals, etc.) are
protected by antioxidants contained in the packaging material.
The antioxidant seems to volatilize slowly and spread throughout the food in large enough amounts to achieve adequate
preservation.
Antioxidant migration from plastics and other materials
used for packaging to the foods inside the pack is frequently a
problem [29].
As stated earlier, antioxidants combined with each other are
frequently used in conjunction with masking agents to enhance
their effectiveness through synergism. Thus, the mixtures
BHA ~ BHT and BHA ~ PG show great synergism. However,
there are also cases of negative synergism. For instance, combinations of BHT and PG or PG and NDGA are less effective than
the total of the effects of the individual antioxidants.
The addition of certain acidic compounds to fats allows storage time to be prolonged due to the formation of complexes
of the metals that, in trace amounts, behave like prooxidants.
According to some authors [24], these compounds also eliminate antioxidant radicals produced by reaction between the antioxidant and peroxide radicals. Thus, citric acid is widely used
because it is particularly effective in complexing iron and presents no problems with respect to foods. Another similar case is
that of EDTA.
Table 10.1 lists those combinations possessing positive synergism as well as properties of general interest of some major
synthetic antioxidants.
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Table 10.1
Selected Properties of Synthetic Antioxidant
Name

Ethoxyquin

Structure

H
N

Butylated
Hydroxyanisol

OH

OH
C(CH3)3

O

OCH3

Liquid yellow
123–125

Synergism
LD 50

TertButylhydroquinone

Dodecyl Gallate

OH

OH
C(CH3)3

(H3C)3C

Nordihydroguayaretic Acid

C(CH3)3

HO
HO

CH3

Octyl Gallate

OH

Propyl Gallate

OH

HO

OH

HO

OH

OC12H25

HO
O

HO
OC8H17

HO

OC3H7

HO

O

O

HO

Solid white
48–55

Solid white
69–70

Solid white
126–128

Solid white
183–184

Solid white
96–97.5

Solid white
100–102

Solid cream
146–148

Ins.: water
Sol.: liquid
paraffin
(1 g/100 mL),
ethanol:
(25 g/100 mL)
Lard
(25 g/100 mL)
Oil (50 g/100 mL)
Propyleneglycol,
ether, methanol,
ethanol, alkaline
hydroxide
solutions

Ins.: glycerol,
propyleneglycol,
water
Sol.: liquid paraffin
(20 g/100 mL),
ethanol
(25 g/100 mL), oil
(1 g/3 mL), ether
(200 g/100 mL),
methanol,
isopropanol,
petroleum ether,
toluene,
ethylmethyl ketone

Ins: benzene and petroleum
ether
Slightly soluble in hot water,
chloroform.
Sol.: propyleneglycol
(10 g/100 mL), methanol

Ins.: water
Sol.: propyleneglycol
(1.7 g/100 mL),
chloroform
(1.7 g/100 mL), oil
(3.3 g/100 mL), ether
(25 g/100 mL), ethanol
(28.6 g/100 mL),
acetone (50 g/100 mL),
methanol
(66.7 g/100 mL)

Ins.: water
Sol.:
propyleneglycol
(14.3 g/100 mL),
oil (3 g/100 mL),
chloroform
(3.3 g/100 mL),
ether
(33.5 g/100 mL),
ethanol
(40 g/100 mL),
acetone
(100 g/100 mL),
methanol
(142.8 g/100 mL)

Sol.: oil
(0.05 g/100 mL),
water (0.3 g/100 mL),
ethanol
(33.3 g/100 mL),
ethanol absolute
(100 g/100 mL), ether
(83.3 g/100 mL)
propyleneglycol
(33.3 g/100 mL)

—

BHT and PG

1730 mg/kg in
rats, mice

2000 mg/kg

With BHA but not
with gallates
1040 mg/kg

Ins.: benzene
Sol: ethyl ether
(114 g/100 mL),
acetone
(111 g/100 mL),
methanol
(100 g/100 mL),
isopropanol
(80 g/100 mL),
propyleneglycol
(30 g/100 mL),
chloroform and
carbon
tetrachloride
(10 g/100 mL),
petroleum ether
(50 g/L), water
(10 g/100 mL)
With BHA and BHT

Not with PG

With BHA and BHT,
but not with NDGA
3800 mg/kg

Source: From ME Endean. The detection and determination of food antioxidants. A literature review. Leatherhead: Food Research Association, Science and Technology Survey 91:1–56, 1976; M Pujol Forn.
Grasas Aceit 31:187–195, 1980; Merck Index.
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State, color
Boiling
point (°C)
Solubility

Butylated
Hydroxytoluene
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10.3 Isolation of Antioxidants from Food
Samples
A number of reviews dedicated to the analysis of antioxidants
in foods have been published that illustrate the procedures and
recovery methods used for antioxidants [1,5,6,25,30–34].
The general aim here is to describe the procedures for the
isolation of antioxidants that appear in the literature in the endof-chapter reference list. Not all the isolation procedures are
exhaustively reflected in this section, as they will be pointed out
during discussions of the analytical techniques used in the determination of each of these compounds. The type of matrix from
which they have been extracted will also be stated. Thus, this section includes only an overview of the procedures and techniques.
Given the complexity and variety of matrices found in foods,
which cause a problem in attempts to determine small quantities
of antioxidants [25,33,35] as well as their different properties, it
is practically impossible to recommend a universal procedure for
antioxidant isolation and recovery. On the other hand, the possible
decomposition products and the products resulting from possible
antioxidant combinations must be taken into account as well as the
free antioxidants. For example, the formation of complexes between
antioxidants and phospholipids in high-fat foods that prevents their
extraction has been reported of Stuckey and Osborne [25].
The solvents used must be pure since, for example, the presence of peroxide can cause the loss of the antioxidant. Endean
[11] presents a bibliography for the purification of solvents such
as petroleum ether, ethanol, or acetone.
On the other hand, we can say that the most complete extraction is the basis for subsequent steps in the analysis. For this
reason, after the extraction, in which considerable quantities of
matrix components may be coextracted with the antioxidants and
their decomposition products, the extract will have to be purified, by means of a second extraction with solvents, by column
chromatography, by steam distillation, or by some other means.
Among the published procedures used for the separation of
antioxidants are steam distillation [36–43]; vacuum distillation
[44]; vacuum steam distillation [45]; and, with limited application, solvent distillation [46]. Also widely used is the isolation
of antioxidants by extraction with solvents [47–53] with or without subsequent cleaning of the extracted matter. In this case, to
eliminate interfering substances, liquid–liquid partition [54–57]
and column cleanup [47,56,58] have been used.
Concerning the solvents used, many extractants are involved:
acetonitrile [51,59], hexane [25,60], various alcohols such
as methanol, ethanol, or aqueous solutions containing them
[47,49,61–63], petroleum ether, ethylic ether dimethyl sulfoxide
[64,65], and so on.
Stuckey and Osborne [25] propose two ways to analyze for
antioxidants depending on whether the matrix has a high fat content as in the case of nuts, prepared meat foodstuffs, and some
baked goods or a low fat content as in the case of potatoes, rice,
and cereals. For high fats, the fat and the antioxidant are isolated
with petroleum ether or similar solvents in a Soxhlet apparatus.
Then, the antioxidants are extracted from the fat. When the fat
content is low, antioxidants may be extracted directly from the
foodstuff by steam distillation, although a further cleanup is generally necessary before the determination.

Numerous papers refer to isolation with a Soxhlet apparatus,
using petroleum ether or a similar solvent. Samples must be dried
with Na2SO4 if there are no losses due to BHA and BHT volatility. Recovery has not been observed in all antioxidants [25],
probably due to the formation of complexes with phospholipids,
which remain unextracted as mentioned above. Similarly, when
the sugar and protein content of the food is high, difficulties
have been encountered in achieving total extraction compounds.
Acidification or alkalization is recommended in these cases,
although they are not very advisable. In the acid treatment, heating with HCl is necessary, resulting in the loss of BHA, due to volatilization, and the destruction of gallates [66]. Alkaline treatment
causes the nonrecovery of BHT because it is unstable [67,68].
Soxhlet extraction with petroleum ether or hexane has been
used to isolate antioxidants in cereal flakes, biscuits, powdered
milk [69,70] and in flamenquin, fat lard, and beef [71].
Filtration is performed to eliminate the etheric extract and
determine NDGA, gallates, ethoxyquin, TBHQ, BHT, and BHA.
Distillation methods are those methods whereby fat and antioxidants, after dissolution, are distilled in order to recover the
antioxidants, or, when the fat content is low, those methods in
which the antioxidants are distilled directly from the food, without the sample undergoing dissolution.
Steam distillation methods are recommended for the extraction, isolation, and quantitative determination of BHA and BHT.
Stuckey and Osborne [25] recommend direct steam distillation
[72]. In this technique, gallates and NDGA are destroyed by
heating or do not distill, which means that they are not recovered
when this method is used. In addition, ethoxyquin partially distills and can interfere in the analysis of BHT [39].
Applications of the Anglin et al. method [36] are described
[40,41,73] in which steam at 160°C is used because at lower temperatures, distillation is too slow. The need to use CaCl2 in the
distillation flask is mentioned as it retains interfering substances
that would cause errors in the later determination of BHT.
Elsewhere [41,74], there are reports on the difficulties involved
in steam distillation with respect to BHT recovery. The reason is
probably that BHT is partially destroyed by heating. To remedy
this, the addition of isopropanol is suggested [38], but interferences have been found [74] in the subsequent BHT determinations made by colorimetry.
These methods of steam distillation have been applied to dried
potatoes, desserts, and beverage mixes. The results obtained are
better for BHA than for BHT [38]. Filipic and Ogg [37] determined BHA and BHT in the distillate from dried potato flakes.
They point out the need to add MgO in the trap as it eliminates SO2
but it has been seen [38] that it is necessary to heat the suspension
because the BHT is partially adsorbed. However, erratic results are
produced in the determination of BHA and BHT following these
procedures [37,38] when analyzing breakfast cereals by GLC [75].
Other distillation methods have been proposed for use after the
extract has been obtained and eluted on a silica gel column [76].
Vacuum sublimation has been used in the determination of
BHA, BHT, PG, and TBHQ [44,77] but, according to Endean, is
not very practical for normal analysis in a food analysis laboratory [11]. Vacuum steam distillation has also been mentioned [45].
It has already been mentioned that extraction with solvents has
been widely used for isolation of antioxidants. Hexane, petroleum
ether, acetonitrile, dimethyl sulfoxide, several alcohols such as
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methanol and ethanol, or their aqueous solutions have been used.
Extraction procedures are based on the nature of the food and the
antioxidants present. It has already been seen that BHA and BHT are
steam volatile and soluble in polar solvents whereas PG is slightly
soluble in water (0.3%). Ethoxyquin is extracted with 1 N HCl [47].
Some authors use a double extraction, the first with an aqueous solution of ammonium acetate to extract the lower gallates
(ethyl, propyl) and a second with 72% ethanol or 75% methanol
to extract NDGA, BHA, and BHT [72,78–85]. Others [84] obtain
a 25% recovery of BHT present using 72% ethanol.
To extract gallates and BHA mixtures in fats by taking advantage of the differences in solubility in water of these antioxidants, Vigneron and Spicht [86] dissolved the fat in hexane and
extracted PG, OG, and DG with 1% ammonium acetate and
acetonitrile/water in different proportions. In another aliquot,
freed of any gallate by extraction with 30% ammonia, BHA is
extracted with 72% ethanol.
Following the Mahon and Chapman technique [72], De la
Torre Boronat et al. [87] dissolve the fat in ether and extract the
ethyl and propyl gallates with water saturated with ammonium
acetate, and BHA and the higher gallates with 72% ethanol, BHT
remaining in the etheric layer. This procedure has been applied
to samples of olive oil, margarine, and pork lard.
Acetonitrile has also been widely used [3,51,58,59,68,69,84,
85,88–101], the fat being previously dissolved in petroleum ether
or hexane and subsequently extracted with acetonitrile saturated with petroleum ether or hexane to avoid the formation of
emulsions [56]. Direct extraction with acetonitrile has also been
applied for BHT followed by cooling to eliminate the fat or vegetable oil [58,102]. A series of drawbacks are reflected in the literature with reference to the use of acetonitrile for the recovery
of BHT [11]. According to Pujol Forn [69,70], BHA and BHT
show good recovery only if the temperature is not greater than
40°C. Because of their similar structure, BHA and TBHQ can be
extracted satisfactorily with acetonitrile [24].
For these reasons, dimethyl sulfoxide [57] is recommended
with a subsequent reextraction with ether in order to concentrate
the antioxidants more easily. Pujol Forn [70] also recommends
dimethyl sulfoxide for BHT.
When acetonitrile is used, the extracts are impure and require
further purifications [31]. PG, NDGA, BHA, and BHT [92,103]
are extracted consecutively with 80% ethanol and acetonitrile.
For BHT, similar techniques give partial recovery, but for BHA,
PG, NDGA, and TBHQ, they are satisfactory.
For colorimetric determination, better results have been
reported [70] with 72% ethanol than with acetonitrile, as the latter extracts the lipidic matter. This procedure has been applied
to lipid determination in margarine and lard. Singh and Lapointe
[104] used extraction in acetonitrile from meat, and they used
deactivated acidic alumina to purify the extracts.
Extraction of BHA, BHT, gallates, and NDGA directly from
fat [105] or from a solution of fat in hexane or similar solvents
[33,55,106–109], employing aqueous alcoholic solutions, has been
used extensively. A drawback of the aqueous alcoholic extraction
is that if the concentration is to be carried out by evaporation,
there may be losses due to volatilization of BHA and BHT. Pujol
Forn and López Sabater [70] used 72% ethanol to extract the
fat dissolved in petroleum ether. They did not use this method
when BHT was present, BHA being subsequently determined by
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high-performance liquid chromatography (HPLC). Also used to
avoid BHA and BHT losses [106,110] is the procedure of vacuum
evaporating the extracts in methanol, followed by cooling and
back extraction into ethyl acetate. BHA has been determined in
hydrocarbon-soluble samples by extracting it from such solutions
with 70% ethanol [47].
Robards and Dilli [32] report in their review on the work of
Austin [111] and Phillips and Hinkel [112] that acceptable recoveries were found when 80% ethanol was used for extraction of
BHA in paper and paperboard samples. However, the same does
not occur when this procedure is used for lard [112]. The same
results can be observed for dehydrated potatoes, an occurrence
attributed to the retention of BHA in amylase [113].
Elsewhere, Sep-Pak has been used [114] with fat dissolved in
ethanol followed by a second elution with methanol to determine
BHA and BHT by means of HPLC.
Dry methanol has been used for the direct extraction of BHA,
NDGA, and PG [24]. Similarly, for BHA and BHT in butter, bakery
products, and meat, methanol is used for the extraction followed
by HPLC analysis. BHT has been extracted from fish oil [115] by
using various proportions of methanol and 1,2-dichloromethane.
Methanol has also been used for oils and lard. A sample aliquot was
passed through a C18 cartridge, then eluted with methanol. The
elute was concentrated and dissolved in 85% methanol and then
passed again through the cartridge with an 85% methanol elution,
this being used for the determination of PG and NDGA by HPLC
[16], removing lipids efficiently. Methanol has been also used to
extract various antioxidants from a number of foods [49,61–63].
Phipps [57] studied the behavior of BHT in its partition
between n-heptane and various polar solvents such as dimethyl
sulfoxide, dimethylformamide, acetonitrile, and 80% methanol.
He concluded that both dimethylformamide and acetonitrile
extracted more background material than dimethyl sulfoxide.
Dimethyl sulfoxide is thought to be the best but has the disadvantage that to concentrate the extract, reextraction must take place
in another solvent that has a low boiling point. Pujol Forn and
López Sabater [70] also used dimethyl sulfoxide for BHT extraction and reextraction with petroleum ether. They also extracted
ethoxyquin and BHA. If TBHQ is present, two extractions with
acetonitrile and dimethyl sulfoxide are needed [116].
Cyclohexane [106] has been recommended for extracting
fat from dry soup. The extract is treated with hot water, the
phases are separated, and the fat is eliminated by solidification through cooling. The drawback here is that BHT and PG
recoveries are low.
Extraction with chloroform–methanol mixtures has been
described based on differences in the lipophilic and hydrophilic
properties of antioxidants [117]. The use of methanol–ether (peroxide free) has been described for soup, sauce, sausages, potatoes, cereal products, nougat, marzipan, and similar foods [11].
Another solvent mixture used is acetonitrile–2-propanol–ethanol
(2:1:1) [118]. The extract is cooled and filtered and is finally vacuum concentrated and analyzed by means of HPLC with acceptable recoveries.
Other authors [97] have used pentane as an extraction solvent
for fat and oils. For BHT determination in oil, a reflux extraction
with butyl acetate has been reported [98]. For the extraction of
BHT from polished rice, benzene has been recommended [91].
Van Deren and Jaworski [119] extracted roe and chicken muscle
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using 2,2,4-trimethylpentane and reextracted with H2SO4. After
neutralization with NaOH and reextraction with the same solvent, ethoxyquin was determined by fluorescence.
For ethoxyquin, a similar procedure was followed with hexane
[120] for extraction from water and foods. Eggs were treated with
hexane and pentane [121]. After using 1.8 M HCl, the solution
was taken to pH 10 with NaOH and reextraction was performed
with iso-octane.
For alfalfa, the AOAC’s official fluorimetric method is simplified, using extraction with methanol followed by reextraction
with hexane [122].
Another solvent used for the extraction of BHA and BHT from
cereals is diethyl ether [123,124], the antioxidants being determined by GLC.
The extraction of antioxidants from edible oil, as noted, has
been used ethyl ether [125], hexane and so on, but n-hexane has
the drawback of extracting lipid from the oil, so it is preferable
the use of methanol, acetonitrile, or ethanol [126]. Moreover,
ethanol is the least pollutant solvent.
To save organic solvent, Ding et al. [102] developed a microextraction procedure to determine BHT, BHA, TBHQ in edible oil,
followed by GC-MS analysis. The procedure involves two steps:
microextraction and centrifugation, utilizing 50 mg of sample
and 1 mL of acetonitrile. The solubility of oil samples in ethanol
is much greater than in acetonitrile. However, researchers chose
acetonitrile as the extracting solvent instead of ethanol, to minimize the complexity of injected samples, and thus further help to
extend the lifetime of the capillary column. Guo et al. [126], analyzed by GC-MS BHA, BHT, TBHQ, and ethoxyquin in edible
vegetable oil using ethanol as the extracting solvent without no
clean-up step. The optimal the extraction conditions were optimized by an orthogonal array experimental design.
Cloud-point extraction (CPE), or micelle-mediated extraction
(MME), based on surfactant-mediated phase separation has been
recognized as an alternative to conventional extraction because of
its performance, low cost, and lower toxicity. The cloud point of
the aqueous solutions of surfactant micellar systems is a temperature at which the solution becomes turbid before separating into
two phases, a surfactant-rich phase (SRP) and an aqueous phase
(AP). When the temperature is above the cloud-point temperature, the surfactant becomes cloudy, and the extraction occurs;
usually, the temperature is about 15–20°C higher than the cloud
point. Meanwhile, we obtain separation of the SRP and the AQ.
Generally, AQ has a larger volume compared to the very small
volume SRP, in which analytes are present. The SRP should be
diluted with a minimum volume of relevant organic solvent or
mobile phase. Chen and colleagues propose a cloud-point extraction (CPE) on the extraction and preconcentration of PG, TBHQ,
BHT, and PG from edible oils prior to HPLC-UV determination,
using TX-114/NaCl [127] or TMN-6 [128] as nonionic surfactants.
In the past few years, dispersive liquid–liquid microextraction
(DLLME) has been introduced as a novel sample preparation
technique, which provides high enrichment factors together with
a significant reduction of organic solvent consumption as well as
extraction time [129].
The basic principle of this method is dispersion of the extraction
solvent (immiscible in water) assisted with disperse solvent (miscible in both water and extraction solvents) within the aqueous solution, which leads to very high contact area between the aqueous

phase and the extraction solvent. As DLLME has developed, its
application has been extended to separation, preconcentration,
and determination of organic compounds in various samples. This
methodology has been employed to determine BHA and BHT in
fruit juice samples [130]. A mixture of acetone (50 mL) as dispersive solvent and 2-ethyl-1-hexanol (200 mL) as extraction solvent
was used. This methodology has also been applied to the determination of BHA, BHT, and TBHQ in beverages [131]. In this case,
methanol/1-octanol were used as the disperser/extraction solvent.
On the other hand, the extraction and determination of ethoxyquin is becoming increasingly important as products that are
labeled as “natural” are becoming more common. So, Brannegan
and colleagues [132] explore the use of supercritical fluids (carbon
dioxide, trifluoromethane, and 1,1,1,2-tetrafluoroethane) in the
extraction of ethoxyquin from lean beef and beef fat. Methanolmodified 1,1,1,2-tetrafluoroethane was used in the extraction of
ethoxyquin from lean beef and beef fat, and provided a quantitative extraction at the 0.5 ppm level.

10.4 Analytical Methods
A large number of publications exist on the determination of one
or more of the synthetic antioxidants under study in this chapter in
various kinds of foods, essentially oils and fats. These publications
have been reviewed elsewhere, and information can be found in
the references cited herein that reflect the analytical methods for
the study of antioxidants and preservatives in general [19,20,133].
Information can also be found in other reviews dedicated more
exclusively to synthetic antioxidants and preservatives.
Among the latter, the article by Stuckey and Osborne [25]
mainly gathers methods of extraction, detection, and analysis
of BHA, BHT, and PG, and the one by Endean [11] describes
the structure, properties, and methods of extraction, detection,
and determination of all the synthetic antioxidants studied here,
together with others. Later, methods of quantitative determination of BHA, BHT, NDGA, PG, and TBHQ were carefully gathered by Robards and Dilli [32]. Besides being the object of study
in other review articles [31,134–138], these methods of determination have been published in a book [1] together with those
dealing with natural antioxidants.
The methods used for the detection or measurement of these
compounds are spectroscopic, colorimetric, chromatographic
(paper chromatography [PC], thin-layer chromatography [TLC],
GC, and HPLC), voltammetric (electroanalytical), and others.

10.4.1 UV–Visible Photometric Method
As can be easily deduced from their structures, all the compounds examined here show strong absorption bands in the UV
zone due to n–n* transitions, which allows direct spectrophotometric or photometric methods to be tried out for their determination. In all the cases, except for ethoxyquin, absorption
maxima are found between 245 and 290 nm. Specifically, the
maximum absorption wavelengths corresponding to the spectra
for ethanolic solutions of these compounds are 275 nm for PG,
OG, and DG; 280 nm for NDGA; 290 nm for TBHQ and BHA;
278 nm for BHT; and 360 nm for ethoxyquin [70]. In general,
these methods are adequate for analyzing antioxidants present
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in known substrates, that is to say, for the routine determination of antioxidants in fats and oils previously studied, and when
the background absorption, due to fat fractions that have been
extracted together with the antioxidants, is known, the total
absorption measured can be “corrected.” However, this is not the
normal situation. In general, these compounds are used in foods
to avoid the deterioration of fatty substrates of an extremely varied nature (oils and fats, dairy products, mayonnaise, etc.). The
exact composition of these substrates or that of the antioxidants
they contain are hardly ever known, often many substances are
present that can interfere with most methods. Thus, for example,
it has been observed that the maximum absorption of (PG) in
organic or aqueous extracts of fats was reduced as the rancidity
of the fat increased [139]. For this reason, these methods, not only
those proposed in the UV region but also the colorimetric ones,
have generally been replaced by chromatographic procedures.
In any case, attempts have been made to avoid these drawbacks by following various routes, and the spectrophotometric
methods whose features are summarized in Table 10.2 have been
proposed. We can observe that methods exist for all the compounds studied except TBHQ.
In most cases, the sample is treated with an appropriate solvent
such as hexane [86,140–142], cyclohexane [79,112,143], acetonitrile [58,144], or chloroform–methanol [145]. Only in some cases
are the methods applied directly to the solutions obtained in this
way. Thus, Seher [140] proposes the qualitative analysis of BHA,
BHT, NDGA, and PG in fat or oil by examining the solutions of
these samples in hexane. Hansen et al. [145] determines BHA in
lard by measuring the absorbance shown by a solution of the sample in chloroform–methanol at 290 nm and corrects for the background absorption by performing measurements of absorbance at
two other wavelengths, although BHT and tocopherols interfere.
Whetsel et al. [146] determined PG and BHA mixtures in antioxidant preparations dissolved in isopropanol. Cuzzoni and Gazzani
[147] determined gallates in edible fats through the bathochromic effect caused by the addition of alkali to 80% methanolic
solutions. Sedlácek [148] proposes the determination of gallates,
BHA, BHT, and NDGA in fat dissolved in chloroform, but he
points out the existence of many interferences and the narrow
applicability of the method. For this reason, it is more frequent
for the solutions obtained initially by extracting the sample with
an appropriate solvent to be subjected to a posterior extraction
with another solvent [47,58,78,79,86,141–143] and/or cleaning by
the use of a chromatographic column [47,58,78,86,149].
Wolff [79,143] performs the extraction with ethanol after dissolving the sample of oil or lard in cyclohexane, in order to determine BHA, BHT, and gallates, and nevertheless indicates that the
background absorption must be known. Ethoxyquin is extracted
from the sample dissolved in an appropriate hydrocarbon with a
solution of hydrochloric acid [47,141], and gallates, ethoxyquin,
BHA, and BHT are dissolved in hexane and extracted with other
solvents [78,86].
The cleanup of the solutions initially obtained by elution on
columns of various types is a very widely used procedure for
BHT, which separates more easily from the remaining antioxidants and interfering substances, due to its different polarity, and
for which there exists no satisfactory selective method of solvent
extraction [11]. Thus, columns of silicic acid [78,86,112], Florisil
[47], alumina [144], silica gel, or cellulose [58] may be used.

Handbook of Food Analysis
The possibilities these methods offer for the simultaneous
determinations of more than one of the antioxidants studied are
also limited by the high degree of overlap of their absorption
bands and the proximity of their maximum wavelengths. Only
ethoxyquin shows a considerable λmax. It is also possible to determine BHT in the presence of BHA and/or gallates, based on the
change undergone by the UV spectrum of the ionized form of
BHT in a strongly alkaline solution [67] over a period of time.
Nevertheless, it is always possible to use the absorbance measurements at different wavelengths with the aim of determining
more than one compound by establishing the right equations.
This will be more likely to succeed with an increasing difference between the absorption bands, and has been proposed for
the determination mixtures of PG and BHA in isopropanol [146],
gallates and BHA or gallates and BHT in ethanol [79,143], and
gallates and BHA or gallates and NDGA in methanol–ethanol
[65,150].
Other possibilities such as the use of spectrum derivation techniques, or the use of the multivariate analysis chemometric technique, have been examined later. In 1982, derivation techniques
were proposed to reduce the interference due to light dispersion and matrix effects in BHT determination in polypropylene
[151], and later on the use of second-order or greater derivative spectra has achieved the elimination of the effect of matrix
absorption and/or the determination of antioxidant mixtures in
foods [142,152] and synthetic mixtures [153]. In 1996 [154], the
combination of UV–visible spectrophotometry and partial-least
squares (PLS) calibration was proposed for the simultaneous
determination of BHA, BHT, TBHQ, and NDGA and also for
their determination as isolated compounds and in binary and
ternary mixtures. The method has been applied to sunflower oil
with, in general, satisfactory recoveries. Gallates interfere only
in the determination of BHT.
The inclusion of separation techniques in flow injection analysis
(FIA) has been used for the resolution of mixtures and has been
accomplished in different ways: recently, Capitan and colleagues
[155] proposed flow-injection solid-phase spectrophotometry as a
suitable method for the simultaneous determination of BHA and
BTH in food samples. The method is based on the different residence times of each antioxidant when the flow cell is packed to
a height of 25 mm with silica C18 using methanol–water 30:70%
(v/v) as a carrier with a flow rate of 1.40 mL min−1. The determination of each antioxidant is based on the measurement of its
absorbance at its maximum wavelengths using a DAD detector.
PG was determined at 40 s from injection (at 272 nm) and BHA at
200 s (at 288 nm). The antioxidants were extracted from samples.
The sample was extracted by shaking mechanically with petroleum ether. The petroleum ether extract was then subjected to a
liquid–liquid extraction with 10 mL of a 72% methanol–water
mixture. Combined hydroalcoholic extracts were filtered and
were finally leveled to 25 mL, adjusting the methanol percentage to 30% methanol–water. This methodology is also proposed
for the simultaneous determination of the two binary mixtures,
(BHT)/PG and BHT/BHA in food and cosmetics samples [71].
The experimental conditions for the differential retention, and the
different parameters were studied and optimized individually. In
this case, the carrier was methanol–water 50:50% (v/v) with a flow
rate of 1.25 and 1.10 mL min−1, respectively. The residence times
were 30 and 180 s for the mixture PG–BHT and 90 and 220 s for
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Table 10.2
Spectrophotometric Methods in the UV Region: Bibliographic Summary
Antioxidants
PG, BHA

Sample

Solvent

Analytical
Wavelength (nm)

Comments

Reference

Antioxidant
preparations
Lard

Isopropanol

232, 241, 252

NDGA interferes

146

Cyclohexane
Ethanol

Oil, lard

Ethanol

BHA, BHT, NDGA,
PG
BHA

Fat, oil

Methanol

291, 290, 283, 275

Silicic acid column cleanup
Possibilities of analyzing binary or ternary
mixtures are examined
Sample dissolved in cyclohexane and extracted
with ethanol
Background absorption must be known
Sample dissolved in hexane. Qualitative analysis

112
79

BHA, gallates

284
242, 253, 274, 285,
290, 300
242, 274, 285

Lard

Chloroform–
methanol
Alkaline ethanol
Methanol–
ethanol (1:1)
0.5 N HCl

270, 290, 310

BHT and tocopherols interfere. Background
absorption corrected by an equation

145

BHT
BHA, BHT, gallates

BHT
BHA, NDGA,
gallates
Ethoxyquin

Oil

BHT, ethoxyquin

Gallates, BHA,
BHT, NDGA
BHT

306
240, 250, 274
296

272, 274, 290, 284

Sample dissolved in hexane
Different extraction procedures with different
solvents. Cleanup in silica gel + AgNO3 column
for BHT

86

276

Sample extracted with acetonitrile, and solution
extracted with cyclohexane. Cellulose column
cleanup
Obtained second-derivative spectra decreases
systematic part of the error in presence of
perturbing agent
Zero-crossing technique is applied to 3rd and 4th
derivative UV spectra to determine these
substances in pure state and in laboratory
mixtures
BHA and BHT are determined separately or in
mixtures by application of the second-derivative
spectra and the zero-crossing technique
Antioxidants are determined as isolated
compounds or in mixtures by using full
absorption spectra and PLS calibration
Flow cell packed to a 25-mm height with C18
silica
Each antioxidant is determined by measuring
absorbance at its residence time when carried
with methanol–water 30:70%, v/v; 40 s for n-PG;
200 s for BHA
See text for sample preparation

58

Chloroform

270, 292, 284, 283

Vegetable oils

Isooctane

276, 283

Water, dilute
HCl, ethanol,
cyclohexane
Ammonium
acetate
Acetonitrile
Ethanol
Petroleum ether
Cyclohexane

274, 365, 242, 285,
277

BHT

Lard

BHA, BHT

Peanut

BHA, BHT, PG

BHA, BHT

Lard

BHA, BHT, TBHQ,
NDGA

Sunflower oil

BHA, PG

Dehydrated
chicken soup,
chicken
cream, and
bull calf and
chicken broth
Cosmetics
(lipstick)

Dimethyl
sulfoxide

Methanol water
(30:70)
carrier and
samples

67
65,150
141

Fat

Oil

140

Sample dissolved in heptane, hexane, or light
petroleum. If present, BHA must be separated
previous saponification of samples
Sample dissolved in a suitable hydrocarbon.
Ethoxyquin extracted with HCl. Florisil column
cleanup for BHT
Many interferences
Not applicable to rancid fat
Sample treated with acetonitrile, extracted with
pentane and cleaned up with alumina column
Different extraction procedures with different
solvents. Cleanup in silica gel column for BHT

N HCl

Gallates,
ethoxyquin, BHA,
BHT
Gallates, BHA, BHT

107,143

311.5, 278.5, 280

FIA-SPE-UV
spectrophotometry
DAD:
PG: 272 nm; BHA:
288 nm

47

139,148
144
78

152

153

142

154

155

(Continued)
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Table 10.2 (Continued)
Spectrophotometric Methods in the UV Region: Bibliographic Summary
Antioxidants

Sample

Solvent

BHA/BHT mixture
PG/BHT mixture

Vegetable oils,
fat lard,
flamenquin,
and cosmetic
samples (oils
and lotions)

Methanol–water
50:50%

BHA, BHT, PG

Dehydrated
food and
body oil
samples

Methanol–water

Analytical
Wavelength (nm)
FIA-SPE-UV
spectrophotometry
DAD:
BHA: 288 nm,
BHT: 274 nm,
PG: 272 nm
carrier and samples
Hybrid FIA/HPLC
DAD:
BHA: 288 nm
BHT: 279 nm, PG:
273 nm

BHA–BHT. For analysis in high-fat samples, extraction was done
with n-hexane in a Soxhlet, and the extract was then subjected to
liquid–liquid extraction with 70% methanol–water mixture. The
three combined hydroalcoholic extracts were filtered through a
Millipore filter of 0.25 mm and were finally leveled, adjusting
the methanol percentage to 50:50 v/v. The combination of FIA
with chromatography using monolithic columns results in the socalled hybrid FIA/HPLC [526:527].
The combination of an ultra-short C18 monolithic column
(5 mm) with FIA results in a versatile and efficient system that
has been used for the determination of PG, BHA, and BHT in
dehydrated food and body oil samples [156]. The monolithic
minicolumn was included in the flow line, before the flow cell,
which was placed in the cell compartment of the spectrophotometer. Owing to the wide variety of polarities of the analytes, two
different carriers (carrier A: methanol–water 42% and carrier B:
methanol–water 70%) were able to separate the analytes in only
85 s, changing carrier A to B after 30 s. The method selected for
the extraction of antioxidants was indicated by Perrin and colleagues [157] with minor modifications.
In principle, one could expect greater selectivity from spectrophotometric methods in the visible zone than those described
in the UV method. However, there are numerous examples of
nonspecific methods in the literature. This is due to the fact
that, in general, the reactions used to obtain colored products
or chromogens are based on the reducing properties of the antioxidants or, in the case of those we are dealing with, their phenolic structure. For this reason, they are subject to interference
when encountering similarly structured compounds or similar
properties.
Thus, one of the reagents proposed much earlier for the determination of antioxidants, iron(III)-2,2′-dipyridyl, is at the same
time one of the least selective. In both this case and that of
iron(III)-2,4,6-tripyridyl-S-triazine, the colored product formed
is an iron(II) complex with the organic reagent, and the absorbance depends only on the concentration of antioxidant inasmuch
as it is the agent that reduces iron(III) to iron(II). Obviously, any
other reducing agent capable of this reduction will interfere in
the determination. This reaction also has other drawbacks such
as the time control necessary in the determination of BHT,
whose reaction is fairly slow and is, moreover, accelerated by

Comments
Similar to Reference [1]
Each antioxidant was determined by measuring
absorbance at its residence time when carried
with methanol–water 50:50%, v/v
Residence times 30–220 s
Soxhlet (n-hexane). LL extraction with 70%
methanol–water
Ultra-short C18 monolithic column (5 mm) before
the flow cell. Residence time 15–74 s
Sample preparation: as Reference [1] HPLC

Reference
71

156

BHA [25], or the fact that the reagent is unstable in light [160]. In
spite of this, iron(III)-2,2′-dipyridyl has been widely used in the
determination of BHA, BHT, and NDGA in foods. For example,
it allows the joint determination of BHA and NDGA in lard and
shortening due to their different reaction speeds [72]. Both are
extracted from the solution of fat in petroleum ether with 70%
ethanol. It has also been proposed to determine the sum of BHA
and BHT [36] in edible fats, from which they are separated by
distillation with superheated steam.
The reaction of gallates and NDGA with ferrous salts has also
been widely used for a long time. This reaction is very sensitive to changes in pH. Thus, in the determination of PG, optimum results are obtained at pH 7, and for its determination in
lard or shortening the method proposed consisted of its extraction from a fat solution of petroleum ether by using ammonium
acetate [72]. NDGA does not interfere in the analysis because the
product of its reaction with iron(II) is not soluble in the medium
used, but it is soluble in other media. For example, a method [36]
is proposed to determine PG or NDGA in food fats (not valid
if both are present), where both are extracted with 50% ethanol
from a solution of fat in carbon tetrachloride and are treated with
ferrous sulfate at an appropriate pH. A mixture of gallates can
also be determined with ferrous salts [82]. The PG is selectively
extracted with water from a fat solution in petroleum ether and
is made to react with ferrous tartrate at a pH of 7.0–7.6, which
is obtained with sodium acetate, this being more advantageous
than ammonium acetate. Higher gallates are extracted with
methanol, and after treatment with ferrous tartrate and sodium
acetate, they are diluted with water and the colored complex is
extracted with isoamyl alcohol–petroleum ether to avoid turbidity due to the presence of the residual fat. By using only 95%
methanol extraction at 40–45°C, the total content of gallates may
be determined [161] after clarifying by adding CaCO3, filtering,
and adding acetone. In this case, ferrous ammonium sulfate is
suggested in the place of ferrous tartrate solution, which should
be freshly prepared [162]. 2,6-Dichloroquinone chlorimide or
Gibb’s reagent reacts with BHA to produce a blue color due to
the formation of an indophenol derivative. This reaction is common to phenolic substances with the ortho and/or para positions
free because the linking takes places in these positions. Thus, for
phenol we have:
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OH

CI

CI
+ CI– N

O

O + HCI

N

HO

CI

CI

Therefore, as one can see in Reference [25], naturally occurring substances, presumably phenolic, that are present in commercial lards and other pure fats give false-positive results.
However, among the antioxidants dealt with here, BHT does not
interfere in the reaction because the reactive sites ortho and para
to the hydroxy group are blocked and PG and NDGA produce
only slight errors [160]. Color development depends greatly on
pH, the optimum being 9.4, usually achieved by means of a
borate buffer. Another drawback is that of the two isomers present in the commercial preparations of this antioxidant; 3-BHA
produces an absorbance about five times higher than that which
produced the same weight of 2-BHA, and it is necessary to construct the calibration graph with the same preparation present
in the food [160]. This fact has been used, on the other hand,
to determine the proportion existing between both isomers in
different preparations by jointly using Gibb’s reagent or iron
(III)–2,21-dipyridyl,which gives practically the same results
with both isomers. To this end, the relation between the absorbances obtained at 627 and 515 nm, respectively, is used with
the two aforementioned reagents [73,163]. The method can be
applied in the presence of PG by previously extracting the PG
from the preparations.
The reagents mentioned so far have also been used together
to analyze mixtures of gallates, BHA, BHT, and NDGA, using
different separation procedures. BHA and BHT can be determined together with iron(III)-2,2′-dipyridyl after they have
been separated from the fat by distillation with superheated
steam [36]. In the same distillate, BHA is analyzed with 2,6dichloroquinone chlorimide, and BHT is determined by finding
the difference. NDGA and PG are extracted from a solution of
fat in carbon tetrachloride with 50% ethanol and determined
with ferrous sulfate buffered at an appropriate pH. Although a
collaborative study of this method [164] did not support adoption, it has since been applied with various modifications. In
this way, the process of BHA and BHT extraction has been
improved by carrying out steam distillation through a magnesium oxide suspension to remove volatile acidic interferences
and in the presence of isopropanol to provide a more rapid
distillation at a lower temperature [37,38]. The same reagents
are used to determine these antioxidants after separation by
TLC [92]. Gallates are analyzed together with BHA [67] by
using ferrous tartrate and 2,6-dichloroquinone chlorimide after
separation of these antioxidants from fat by means of reversedphase partition chromatography.
Another commonly used reagent is diazotized sulfanilic acid
[165] or Ehrlich’s reagent, which reacts with BHA in ethanolic
solution to give a red-purple azo dye with the formula:
OH
HSO3

C(CH3)3

N N
OCH3

Although the method has numerous interferences and drawbacks such as the dependence of the slope of the calibration
graph on the ethanol concentration, it has been widely used and
even adopted as an official method by the AOAC [166] to carry
out a qualitative color test for BHA.
Both the photometric method that involves the use of Ehrlich’s
reagent and the one that uses Gibb’s reagent are methods of equilibrium in which the measurements are carried out when the
reactions are completed; this requires a 10-min wait in the first
case [165] and 15-min in the second [160]. This fact has led to
the recent development of stopped-flow kinetic methods to determine BHA in commercial oils, in which either the reaction speed
or the signal’s amplitude is used as an analytical signal [167]. A
similar procedure has been described [168] for the simultaneous
determination of BHA and PG, based on the reaction between
them and 3-methylbenzothiazolin-2-one hydrazone (MBTH) in
the presence of Ce(IV). The reaction was monitored at 442 and
486 nm using a diode-array detector. Multivariate calibration
procedures such as classical least squares (CLS), principal component regression (PCR), PLS, and artificial neutral networks
(ANN) have been used to process the kinetic data obtained in
the reaction of antioxidants with iron(III)-2,2′-dipyridyl [169].
In this way, simultaneous analysis of 20–80 mg kg−1 of BHA,
BHT, and PG in vegetable oil and cakes has been carried out
with mean recoveries of 99.9%, 101.3%, and 98.8%, respectively,
ANN being the method that gives the highest precision.
A reaction considered as specific for BHT [1] is the one that
arises with 3,3-dimethoxybenzidine (o-dianizidine) and nitrous
acid. The result is a chromogen that can be extracted in chloroform
[39], and although the color is sensitive to light and depends on the
ratio of concentration between the two reagents, it has been used
to determine BHT concentrations in foods from which the antioxidant is isolated by means of different procedures. When steamdistillation separation [38,39] and extraction of the chromogen
in chloroform are used, only ethoxyquin among the antioxidants
studied as possible interferences causes an error greater than 3%.
Besides the reagents described, there are others that have been
used less frequently to determine some of these antioxidants. For
example, BHT can be determined by means of the formation of an
azo dye with diazotized p-nitroaniline [170,171]; the formation of
a nitrous derivative allows BHA or ethoxyquin [144,172,173] to
be determined; NDGA can be determined with ethanolic molybdophosphoric acid [174] or isoniazid [175]; and methods have
been proposed to determine TBHQ using 104 or MnO4 [176,177],
N,N-dimethyl-p-phenylenediamine + Fe(CN)63− [176], 3-MBTH
hydrochloride + Ce(IV) [178], 4-aminophenazone + IO4− [179], or
different reagents, namely, 1,10-0-phenanthroline,2,2′-dipyridyl,
and the Folin–Ciocalteu reagent [180]. All the methods described
are summarized in Table 10.3, together with some of their characteristics and available references.

10.4.2 Chromatographic Methods
Chromatographic methods are used for the separation and identification of the compounds in a mixture. In general, it can be said
that chromatographic applications have multiplied exponentially
over the last 40 years due to the development of new chromatographic techniques and the growing need to separate complex
mixtures and find improved methods for doing so.
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Table 10.3
Spectrophotometric Methods in the Visible Region: Bibliographic Summary

Reagent

Antioxidants

Analytical
Wavelength/s
(nm)

Ferrous tartrate

PG, OG, DG

530–550

Lard, shortening oils, fats,
milk powder

Ferrous sulfate

PG, OG, DG,
NDGA
BHA, BHT,
NDGA, PG
BHA

580

Fats, lard

515

Diazotized sulfanilic acid (Ehrlich’s
reagent)
3,3′-Dimethoxybenzidine + HNO2

BHA

535

BHT

520, 525

Lard, shortening, fats, potato
flakes
Lard, shortening, fats, milk
powder, cereals, peanut,
cookies, dried foods, oils
Fats, oils, shortening, cookies,
cereals, peanut
Oils, fats, frozen fish, potato
chips

p-Nitrobenzenediazonium

BHT

595

Uranyl nitrate
Ethanolic molybdophosphoric acid
KNO3 or NaNO2

PG
NDGA
BHA

400

Fats

480, 490

Oils, fats

Diazotized 4-methoxy-2-nitroaniline
NO2−
Diphenylpicryl hydrazyl

BHA
Ethoxyquin
Phenolic
antioxidants
NDGA
BHA

548
490

Butter, potatoes, margarine
Raw fats, feeds
Fat simulant

536

Edible fats
Edible oils

Chromogen extracted with butanol
Alkaline medium

175
511

PG
BHA
BHA

560, 580
500–520
550

Oils, fats

pH 2.5–3

176,177

Oils, fats

Chromogen extracted with carbon tetrachloride

512

BHA
TBHQ
BHA and PG
BHA
BHA
TBHQ

480
500
442, 486

Oils, fats
Oil, soup, lard, margarine

Stopped-flow kinetic method with diode-array detection

178
168

Oils
Oils
Oils

Very low specificity

513,514
514
179

Fe(III) + α,α′-dipyridyl
2,6-Dichloroquinone chlorimide (Gibb’s
reagent)

490
650

Comments

Reference

pH adjusted with ammonium or sodium acetate
OG and DG complexes extracted with isoamyl alcohol–
petroleum ether
Different media for gallates and NDGA

42,72,82,162,177

Reagent unstable to light. Very low specificity

36,37,72,73,92,111,
162–164,166,503,504
36–38,61,67,73,
92,160,163,
164,167,504–506
55,56,70,165,167

Two isomers give different absorbance values. pH optimum
about 9.4
Selective for BHA
Strong alkaline medium. High amounts of gallate interfere
Chromogen extractable into chloroform. Light must be
avoided. Selective for BHT. Ethoxyquin interferes
Strong alkaline medium. BHA and BHT in mixtures can also
be identified after separation of dyes on alumina column or
paper
Ammonium acetate medium
Low specificity
Formation of a nitroso derivative in petroleum ether–acetone
and in the presence of HCl. Extraction into sodium hydroxide
Alkaline medium

Alkaline medium

36,92,161,164

38,55,56,61,108,504,507
170,171,508

509
174
144,172,504
193
173
510
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Isoniazid
p-Aminophenol +
oxygen
p-N-Methylaminophenol
sulfate + NaIO4 or KMnO4
N,N-dimethyl-pphenylenediamine + K3Fe(CN)6
3-Methylbenzothiazolin-2-one
hydrazone hydrochloride +
(NH4)4Ce(SO4)4
Fe(III) + 2,4,6-tripyridyl-s-triazine
Triphenyl tetrazolium chloride
4-Aminophenazone + IO4− or sodium
nitroprusside hydroxylamine

570, 610, 620

Sample

Free ebooks ==> www.ebook777.com
173

Analysis of Synthetic Food Antioxidants
Chromatography is the most versatile of the techniques of
separation. The choice of a particular chromatographic technique will depend on the type of sample, quantity of sample,
and similar factors. Among the chromatographic procedures, PC
and TLC will be discussed first. Later, liquid and gas chromatographic methods will be reviewed.
Many procedures have been described for the separation, recognition, and determination of antioxidants by PC and TLC, the
main reason for their use being low cost and simplicity [1]. TLC
is a much faster technique than PC; however, the reproducibility of the Rr values is generally lower than in PC [181]. TLC is
faster, but PC is more accurate [182]. The advantages of these
techniques are discussed in References [183–185].
Since most antioxidants are highly polar, they cannot be
efficiently separated with normal paper except when a highly
polar mobile phase is used [186]. For this reason, reversedphase chromatography [187–191] and acetylated paper [192]
are used to avoid tailing. Although methods using normal
paper for the separation of antioxidants appear in the literature, reversed-phase papers have been more widely used
[84,110,111,171,182,183,186–189,192–207].
In the reviews dedicated to the analysis of antioxidants,
methods corresponding to PC are reflected in References
[1,11,18,19,30–33,117,135]. Robards and Dilli [32] review a number of paper chromatographic methods; a selection of such methods are summarized in Table 10.4.
As an explanation for giving up PC, Wheeler [186] comments
in his review on the high number of synthetic antioxidants whose

Rf values are not sufficiently differentiated, even when a large
number and variety of spray reagents with sufficient specificity
are used as developers. Multiple solvents must be used to achieve
good resolution, and the technique becomes too slow for routine
analysis. For this reason, TLC is preferred.
Reviews dedicated to the determination of antioxidants in foods
in which TLC is mentioned include References [1,11,18,19,25,30–
32,87,93,94,116,117,134,135,137,186,208–210].
In
addition,
numerous papers discuss the separation and identification
of antioxidants with TLC [18,30,31,35,40,41,49,57,59,69,78–
81,84,85,88 –92,109,211,116,87,94,123,108,137,175,182–
185,206,210–260].
Many stationary phases are used in TLC. These include silica
gel (with or without a fluorescent indicator) prepared with water
or solutions of oxalic acid or EDTA-Na; kieselgel; alumina; acetylated cellulose; polyamide powder; amine-, cyano-, and diolmodified silica gel [216]; and silica gel modified with various
resins. It should be pointed out that in silica gel plates the presence of iron at a trace level produces brown stains if the sample
eluted contains gallates and NDGA, which makes identification
difficult. To avoid this, citric acid, EDTA, or some complexing
agent is added when the plates are being prepared or when the
plates are already prepared, and it is pulverized and subsequently
dried. Pujol Forn [31] shows that differences in Rf values do not
constitute a serious drawback.
On the other hand, a wide variety of solvent systems such as
binary or ternary mixtures of low or medium polarity have been
used as eluents. Also, a large number of developers have been

Table 10.4
Paper Chromatographic Methods: Selected Bibliographic Summary
Antioxidants
BHA, BHT,
PG, NDGA
BHA, BHT,
PG
NDGA, PG,
BHA
BHA, PG
BHA, PG,
NDGA
BHA, BHT,
PG, NDGA
PG, DG, OG,
NDGA
BHA, DG,
NDGA, BHT
PG, OG, DG,
NDGA, BHT
Gallates

Solvent (v:v)

Developer

80% aqueous methanol, then water
Ethyl acetate–acetone–0.1 M sodium
acetate (3:2:75)
Methanol–acetone–water (1:1:0.8)

Molybdophosphoric
acid + NH3
Molybdophosphoric
acid + NH3
AgNO3 + NH3

75% Aqueous dioxane
5% Aqueous methyl or ethyl acetate
(a) Acetone–ethyl acetate–water (3:1:6)
(b) Acetone–water (60:40)
Ligroine–benzene–acetic acid (2:2:1)

Comments
Three procedures have been used. Reversed-phase on
soybean oil in ethyl ether
Whatman No. 1 paper dipped in 5% of arachis oil in ethyl
ether. Oil extracted in methanol, and after ethyl acetate
Animal oils dissolved in light petroleum, extracted with
72% ethanol and finally ethyl acetate
Reversed-phase on sesame oil
Reversed-phase on liquid paraffin
Acetylated paper

AgNO3

Reference
187
189
190
190
191
192
194

2,6-DCQC

By application of the ring-oven techniques

197

Ammonium vanadate

Paper

199

Carbon tetrachloride–methanol (4:1)

AgNO3 + NH3

200

DG, NDGA,
PG, BHA

Four mixtures [198]

Fat and oil. Whatman No. 3 paper. Centrifugal
chromatography
Fat solution in light petroleum, after extraction with
ethanol

202

BHA, BHT,
PG, NDGA
NDGA
Gallates,
BHA, BHT

Methanol–water (1:4) or ethyl
acetate–water (1:20)
Ethanol–water (various ratios)
Light petroleum–benzene–acetic acid
(2:2:1)

AgNO3 + NH3 or 2%
aqueous borax
solution + 2,6-DCQC
Reversed-phase on 7% liquid paraffin in light petroleum
AgNO3 + NH3
AgNO3 + NH3

206
110

Acetylated paper with light petroleum
Oil and fat solution light in petroleum. Extraction with
methanol and ethyl acetate
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used for the detection of antioxidants, including phosphomolybdic acid, dianisidine, Gibb’s reagent, and diazotized sulfanilic
acid. Endean [11] mentions van der Heide’s work [210] in which
19 developing reagents are classified into five groups according
to color reactions based on reduction processes, in coupling reactions with phenols, and so on.
Table 10.5 summarizes the TLC methods that appear in reviews
on the subject as well as others described in recent papers.
Although it is not applied to food, a paper by van der Neut
and Maagdenberg [212], in which they propose a scheme for the
separation of antioxidants in plastics (as many as 30), is interesting. They perform prior chromatography and classify the antioxidants according to their Rf values. Afterwards, they choose the
solvent system for separation and identification, for which they
use nine eluents and four identification reagents. Van Peteghem
and Dekeyser [49] identify 11 antioxidants in oils and fats using
three eluents and two absorbents.
It is worth noting that some authors [108] perform chromatography directly, starting from fat dissolved in an apolar solvent
[108,262]. However, to achieve cleaner and more accurate developments, it is preferable to perform chromatography by starting
out with extracts containing only antioxidants. If the only aim is
to detect the presence of BHT, the fat is dissolved in hexane or
similar solvents, and the chromatography is carried out directly
on silica gel and with a low-polarity solvent as eluent. BHT is
separated from the remaining components and is identified with
molybdophosphoric acid. The remaining antioxidants cannot be
recognized due to triglyceride interference in the fat. This technique has been applied to the identification of antioxidants in
butter, margarine, lard, biscuits, mayonnaise, and other foods.
Pujol Forn [31] indicates that after many assays he could not
find an ideal eluent to separate all the antioxidants when polyamide or silica gel is used. For this reason, he used two kinds of eluents, one having very little elution power for the lowest-polarity
antioxidants (BHT, TBHQ, and ethoxyquin) and the other with
greater elution power for the highest-polarity antioxidants (gallates, NDGA).
On the other hand, Pujol Forn [69] used silica gel 60 F254
chromatoplaques or Sil G-25 HR/UV chromatoplaques treated
with citric acid, with different elution systems depending on the
antioxidants present. He determined the antioxidants by fluorimetry or thin-layer densitometry. For gallates, NDGA, ethoxyquin, and TBHQ, he used the fluorimetric method. All of these
compounds can be determined by densitometry. He applied it to
vegetable oils, lards, margarine, butter, chips, breakfast cereals,
and so on due to the elimination of interference afforded by chromatographic separation and posterior identification.
The different kinds of supports used in TLC have already
been mentioned. Polyamide powder, for example, has been quite
widely used [31,41,49,117,210,230,235–238,244,258]. CopiusPeereboom [237] suggests that the polyamide layer acts as an
apolar support and in special cases like a kind of stationary polar
phase. The nature of this phase is determined by the composition
of the mobile phase. Other supports with silica gel, acetylated cellulose, alumina, or impregnated silica gel have also been widely
used (see Tables 10.4 and 10.5) as well as in RP-TLC [263].
In spite of high-performance TLC’s limitations with respect to
detection limits compared to other techniques such as HPLC or
GC, its application still remains important in the identification
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of antioxidants in food because of its low cost. Azodanlou [264]
has proposed TLC followed by densitometry for the semiquantitative evaluation of gallates in vegetable oils. The simplicity and
lower cost of this technique, in comparison with others (HPLC
or GC), justify its use in control analysis. On the other hand,
there are procedures in which more than one technique is applied
[35,224,241,249,251,265–268]. For example, Bank [269] developed HPLC-TLC coupling for pharmaceutical analysis.
High performance thin layer chromatography (HPTLC) has
been also reported [269,270] for the analysis of antioxidants,
and HPLC, GC, and HPTLC have been compared [270] for the
analysis of ethoxyquin in fish meal without good results being
achieved. However, Corti et al. [271], who compared HPLC and
HPTLC for the analysis for ethoxyquin in apples and pears, confirmed the validity of the results obtained with HPTLC.
Moreover, Sin et al. [101] propose a method for the validation
and quantification of BHA, BHT, PG, OG, and DG in edible oil
and fats using TLC as screening methodology and GC-FID for
the final quantification, and HPLC-PDA for gallates.

10.4.3 Gas Chromatographic Methods
Because of its speed, simplicity, and capacity to separate and
determine, simultaneously and in very small quantities, the
components of complex mixtures, gas chromatography is a very
suitable analytical tool for separating and analyzing antioxidant
mixtures. Low-polarity antioxidants (BHA, BHT, ethoxyquin)
can be directly analyzed, although, as they are relatively nonvolatile, low stationary phase loadings are necessary to reduce
retention times. Antioxidants with the highest polarity (gallates,
NDGA) that contain more than one phenolic OH must be converted into more volatile derivatives (trimethylsilyl derivatives,
acetates, trifluoroacetates, etc.) before proceeding to separation
by gas chromatography.
Tables 10.6 and 10.7, respectively, show the features of direct
methods of GC as well as GC methods that carry out a previous
derivatization. This bibliographic review is commented on below.

10.4.3.1 Direct Gas Chromatographic Methods
(Free Antioxidants)
The great majority of gas chromatographic methods for antioxidants that do not perform derivatization are applied to BHA and
BHT analysis. Ethoxyquin also exhibits good properties, and
various methods have been proposed for its analysis, either alone
[270,274–280] or together with BHT [281] or with BHA and BHT
[43,125,208,247]. Some GC methods also exist for the analysis of
TBHQ, either alone [282,283] or in mixtures [51,102,125,284–287]
and the mixtures BHA, BHT, and galates [101,287]. In general,
low-polarity columns (Apiezon L, SE-30, DC-200) or polar columns (OV-17, DEGS, Carbowax 20M, QF-1, etc.) or medium–
polarity (Chrompack CP-SIL 8CB) may be used. The column’s
temperature oscillates over a wide interval, and the most frequently used detector is the flame ionization detector (FID). In
spite of several problems the most serious of which is column
bleed [25], it has been replaced by the thermal conductivity detector (TCD) [25,123,288] or the N-P detector [278,279,289,290] or
electron capture detector [291] only in some cases. Other more
specific detection techniques such as infrared spectrography [44]
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Thin-Layer Chromatographic Methods: Bibliographic Summary
Antioxidants

Solvent (v:v)

BHA, BHT, PG

Light petroleum–dioxane (10:1)

PG, BHA, BHT, NDGA

Two dimensional
(a) Chloroform
(b) Benzene
Xylene–chloroform–n-propanol–formic
acid–acetic acid
Benzene–ethyl acetate (6:4)

NDGA, PG, OG, DG,
BHA, BHT
DG, OG, PG

PG, OG, BHA, BHT
PG, OG, BHA, BHT,
NDGA
PG, BHA, BHT, NDGA
PG, NDGA, BHA,
BHT
PG, OG
PG, OG, NDGA, BHA,
BHT
PG, OG, DG
Gallates
PG, NGDA, BHA,
BHT, DG
BHA, BHT, PG, OG,
NDGA

BHT, BHA, PG

PG, OG, DG, NDGA,
BHA,
BHT
BHA, BHT, NDGA,
PG, OG, DG

(a) Methanol–water (3:2)
(b) Carbon tetrachloride–methanol (9:1)
Benzene–ethyl acetate (60:40)
Light petroleum–benzene–acetic acid (1:2:1)
Chloroform–methanol–acetic acid (45:50:1)
Two dimensional
(a) Benzene
(b) Acetonitrile
Chloroform–acetic acid (4:1 to 13:7)
Chloroform–acetic acid (75:25)
Shell sol A–propanol–acetic acid–formic acid
(15:2:1:2)
Shell sol A: propanol–acetic acid–formic acid
(45:6:3:6)
Shell sol. A: propanol–acetic acid–formic acid
(45:6:3:6)
Two dimensional:
(a) Benzene–chloroform–polyethylene glycol
1000 (50 mL:25 mL:6 g)
(b) Isopropyl ether–formic acid–water–
polyethylene glycol 1000 (297:23:10:30)
(a) Chloroform–acetic acid (80:20)
(b) Benzene–acetic acid (80:20)
(c) Carbon tetrachloride–acetic acid (80:20)
Chloroform–acetic acid (85:15)

Adsorbent
Alumina 5% plaster of
Paris
Silica gel

Developer
Molybdophosphoric acid

Comments
Oil and fats in methanol

Reference
250

20% Ethanolic molybdophosphoric
acid

185

Kieselgel

2,6-DCQC

261

Silica gel G-oxalic acid
(95.5:4.5), dry at
105°C
Polyamide powder

Molybdophosphoric acid + borate
buffer + 2,6-DCQC

184

Oil in hexane with 60%–80% ethanol

258

Silica gel + citric acid
Silica gel

Diazotized sulfanilic acid and
aqueous Na2CO3
Molybdophosphoric acid
Detection by quenching on a
fluorescent background
2,6-DCQC (2% ethanol)
2,6-DCQC

Silica gel
Silica gel

Ammoniacal AgNO3 solution
20% Molybdophosphoric acid

225
226

Acetylated cellulose
(10%)
10% Acetylated
cellulose
Kieselgel G (10%
acetylated cellulose)
Silica gel + Na2EDTA

1% Ethanolic FeCl3

227

Silica gel + oxalic acid
Silica gel HF254

Analysis of Synthetic Food Antioxidants

Table 10.5

81
253
59
92

257
Molybdophosphoric acid and NH3

228

Molybdophosphoric acid

229

Silica gel + Na2EDTA

Molybdophosphoric acid

Polyamide–silica gel
(8:15 w/w)

NH3–AgNO3

230

Silica gel

NH3–AgNO3

231

Silica gel

2,6-DCQC

256

Chloroform

(Continued)
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(a) Benzene; (b) chloroform
(c) Chloroform–dimethylformamide–formic acid
(90:11:4)
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Table 10.5 (Continued)
Thin-Layer Chromatographic Methods: Bibliographic Summary
Antioxidants

Solvent (v:v)

Adsorbent

BHA, BHT
BHA, PG, NDGA

Chloroform
Methanol–acetone–water (6:1:3)

Silica gel G
Polyamide

PG, OG
PG, OG, DG, BHA,
BHT, NDGA

Ethanol–carbon tetrachloride (3:7)
Methanol–acetone–water (6:2:2) or light
petroleum–benzene–acetic acid–
dimethylformamide (20:20:10:0.5)
Light petroleum–benzene–acetone (8:2:5) or
acetone–ethanol–water (4:1:2)
Benzene–ethanol–acetic acid (25:4:1)
Light petroleum–benzene–acetic acid–
dimethylformamide (40:40:20:1)
Chloroform–acetic acid (80:20)

Polyamide
Polyamide

PG, BHA, BHT
PG
PG, OG, BHA, BHT,
NDGA, DG
PG, OG, NDGA, BHA,
BHT
BHA, BHT

Polyamide

2,6-DCQC
Diazotized sulfanilic acid or
molybdophosphoric acid
Fe2(SO4)3 + Fe(CN)3−
6

Polyamide
Polyamide

Br2 in carbon tetrachloride or 0.25%
sodium fluorescein
2,6-DCQC
2,6-DCQC

Silica gel

Molybdophosphoric acid

Silica gel

BHT

One-dimensional chloroform, methanol or light
petroleum
Two dimensional: methanol and chloroform
Hexane–carbon tetrachloride (3:1)

BHA, BHT

NDGA

Developer

Polyamide

Molybdophosphoric acid and NH3

Silica gel G

Molybdophosphoric acid and NH3

Petroleum ether–ethyl ether (8:2)

Silica gel

2,6-DCQC

BHA, BHT

Benzene–methanol (99:1)

BHT

Ligroine

Silica gel activated
10 min at 110°C
Silica gel

NDGA, 2BHA, BHT

Benzene

Silica gel G

NDGA, PG, BHA,
BHT
PG, OG, BHA

Hexane–acetic acid (20:5)

BHT

Hexane–ethyl acetate (10:1)

Silica gel + kieselghur
(1:1)
Silica gel + kieselghur
(80:5)
Silica gel

OG, BHA, BHT, DG
NDGA, PG
BHA, BHT, and gallates
PG, OG, DG

Benzene–acetic acid (15:4 or 7:3)
Benzene–acetic acid (5:6)
Chloroform
Hexane–acetic acid (6:1)

BHA isomers, BHT

Hexane

Silica gel
Silica gel
Silica gel–kieselguhr
(2:1)
Silica gel

Steam distillation
Antioxidants are extracted with 60%
ethanol from the fat in light petroleum
Diazotized sulfanilic acid
Other system using silica gel layers gave
better results (light petroleum benzene–
acetic acid 10:10:5)

Reference
40
235
236
237

238

Oil extract with acetonitrile

210
41
234

Oil preparation into methanol

244

Steam distillation oil followed by
extraction into carbon tetrachloride
Solution of fat in acetonitrile, extraction
with ethyl ether and cleanup on alumina
column. Also analyzed by GLC

213
252

262
Photometric detection after extraction
from the support with isopropanol, and
coupling with diazotized o-dianizidine

108

Linoleic acid, expose to UV light,
then spray with
N,N-dimethyl-p-phenylenediamine
2,6-DCQC/molybdophosphoric acid

255

FeCl3+ α,α′-dipyridyl

78

2,6-DCQC
2,6-DCQC

103

Isolated BHT can be determined by
spectrophotometry

239
85
35

Folin–Ciocalteu reagent

57
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Hexane–acetic acid (80:20)

Comments
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Chloroform

NDGA, BHA, BHT,
PG, OG
PG, DG

Chloroform–benzene–methanol–light petroleum
(60:20:15:15)
Ethyl acetate–cyclohexane

BHA, BHT, alkyl
gallates
BHA, BHP. extensive

Methanol–water–acetic acid (82:16:2)

BHA, BHT, PG, NDGA

Hexane–acetic acid (9:1)

Extensive
PG, OG, DG
BHA, BHT
BHA, BHT, ethoxyquin

Methanol–water–acetic acid (82:16:2)
n-Hexane–isobutanol–acetic acid (70:20:10)
Cyclohexane–dioxane–acetic acid (80:15:5)
Hexane–ethyl methyl ketone–dibutyl ether
(34:7:6)
Hexane–benzene-acetic acid (40:40:20)

PG, OG, BHA, BHT,
NDGA
PG, OG, DG, BHT,
BHA
PG, OG, NDGA, BHA,
BHT
PG, OG, BHA, BHT
Ethoxyquin, TBHQ,
BHA, BHT
NDGA, GP, OG, TBHQ
BHT
NDGA, gallates, BHA
BHA, BHT, PG,
NDGA, ethoxyquin
GL, PG, OG, TBHQ
BHA, BHT, PG,
NDGA, TBHQ,
ethoxyquin
Extensive

NDGA, PG, OG, DG,
PA
BHA, BHT

Silica gel

Silica gel G

Silica gel and reverse
phase
Silica gel (activated at
110°C for 1 h)
RP18
Silica gel
Silica gel
Silica gel
Silica gel

Methanol–water (3:1);
1 M acetic acid in methanol
Light petroleum–benzene–acetic acid (2:2:1)

Modified cellulose;
resins
Kiesegel 60

Chloroform–acetic acid–formic acid–butanol
(15:1:2:2)
Hexane–ethyl acetate (90:10)

10% Ethanolic molybdophosphoric
acid

Extraction from fats, mayonnaise, biscuit,
and margarine [56]
Fat

5% Aqueous CuSO4 or 9% aqueous
FeCl3
Diazotized p-nitroaniline

175
240
214

Edible oil
Folin–Ciocalteu

Fe3+-α,α′-dipyridyl and
FeCl3–K3Fe(CN)3−
6
2,6-DCQC

90

241
242

Reversed-phase

243

Animal feed additives

245
89

2,6-DCQC + NH3

219
Solution in light petroleum and extraction
with acetonitrile

Silica gel

3.5% Molybdophosphoric
acid–ethanol + NH3 or 2,6-DCQC
2,6-DCQC

Silica gel 60 F254

Molybdophosphoric acid + NH3

Without previous extraction from fat

31

Chloroform–methanol–acetic acid (80:3:10)
Hexane–ethyl acetate (90:10) or light petroleum
Benzene–methanol–acetic acid (75:4:1)
(a) Chloroform–methanol–acetic acid (80:3:10)
(b) Hexane–benzene–acetic acid (40:40:20) or
Chloroform–toluene–acetic acid (55:20:20)

Silica gel 60 F254
Silica gel 60 F254
Polyamide
Silica gel 60 F254

2,6-DCQC + NH3
Molybdophosphoric acid
2,6-DCQC + Borax
Fluorescence or
FeCl3 + α,α′-dipyridyl

69

(a) Light petroleum–benzene–acetic acid
(40:40:20)
(b) Hexane–acetone–acetic acid (55 + 40 + 15)
(c) Methanol–acetone–water (60:20:20)
(a) Hexane–ethyl acetate (9:10)
(b) Light petroleum–acetate ethyl (94:6)
(c) Chloroform–toluene–acetic acid (55:20:20)
(d) Chloroform–methanol–acetic acid (80:5:7) or
(80:3:10)
(e) Hexane–benzene acetic acid (40:40:20)
Chloroform–dimethyl formamide–formic acid
(90:11:1)
Chloroform

Silica gel

2,6-DCQC or FeCl3 + α,α′-dipyridyl

Solving fat in hexane or light petroleum,
and extracting with acetonitrile, or
dimethylsulfoxide. Fluorimetry and
densitometry
Oil and lard extracted with methanol or
ethanol 96%

Polyamide MIRAR
Silica gel 60 F254
Sil G-25 HR/UV

FeCl3 + α,α′-dipyridyl

Silica gel

2,2-DCQC

Silica gel

FeCl3 + Fe(CN)

233
267

Densitometry

49

116

266

177

(Continued)
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Table 10.5 (Continued)
Thin-Layer Chromatographic Methods: Bibliographic Summary
Antioxidants
BHA, BHT, PG,
NDGA, DG, OG
BHA, BHT, DG
BHA, BHT
BHA, BHT, OG, PG,
DG

Solvent (v:v)
Benzene–light petroleum–acetic acid (40:40:20)
Chloroform–methanol–light petroleum (90:10:2)
Xylene–chloroform–propanol–formic acid–acetic
acid (45:45:10:1:1)
n-Heptane–ethyl octane (1:1)
(a) Light petroleum–benzene–acetic acid
(40:40:20)
(b) Petroleum ether–benzene–ethyl acetate–
glacial acetic acid (40:40:25:4)
(c) Chloroform–methanol–glacial acetic acid
(90:10:2)

BHA, BHT

Adsorbent
Silica gel

2,6-DCQC

Silica gel G

10% Ethanolic molybdophosphoric
acid or vanillin sulfuric acid
0.5% Fe2(SO4)3 (1 N H2SO4) + 2%
K3Fe(CN)3−
6 (1:1)
NaHCO3 + N,N-dimethyl-pphenylenediamine + Fe(CN)3−
6

Kieselgel
Silica gel 60 F254

Silica gel

2,6-DCQC

Different reagent–AgNO3,
molybdophosphoric acid, iodine,
and so on
1% FeCl3 in ethanol

BHT and some products
derivatives

Toluene

Silufol UV 254

Gallates

(a) Acetyl cellulose
(b) Silica gel G-25

BHA, BHT
PG, OG, DG, BHA,
BHT, TBHQ
Gallates

(a) Toluene–propan-2-ol–acetic acid–formic acid
(15:2:1:2)
(b) Light petroleum–benzene–acetic acid (2:2:1)
Light petroleum–ethyl acetate (10:1)
Petroleum ether–toluene–anhydrous acetic acid
(2:2:1)
Methanol–1 N acetic acid (70:30)

BHT, BHA, PG, OG,
DG

Phase mobile TLC: petroleum ether (40:60)–
toluene–acetic acid–acetonitrile (4:4:1:0.4)

Silica gel 60
Sil G-25 HR glass plate
Alugram RP-18 W/
UV254
Silica gel 60

Comments

Reference

The method gives satisfactory results for
oil, lard, soybean oil, but not for corn oil
Fats and oil

94

Fats

247

A new reagent for detection in high-fat
food (vegetable oils, butter, and lard). No
interferences was observed

248

Fat dissolved in n-heptane, and extracted
with acetonitrile. HPLC determination in
the extracts

249

246

254

Extracted from light petroleum solutions
of butter or oil into 72% ethanol

264

Extracted into acetonitrile

264
515

2,6-DCQC + NH3

263
Gibb’s reagent

Screening method GC-FID was used for
quantification of BHA and BHT and
HPLC-PDA for the gallates
Edible oil. Sample in n-hexane and
extraction into acetonitrile and finally
methanol

101
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Direct Gas Chromatographic Methods: Bibliographic Summary
Antioxidant
(Internal Standard)

Sample and Treatment

BHA, BHT

Potato granules. Extraction into light petroleum

BHA, BHT (diBHA)

Cereals, potato products, and waxed paper.
Extraction into diethyl ether
Cereals. Extraction into diethyl ether

BHA, BHT (diBHA)

BHA, BHT, ethoxyquin

Column

BHT (methyl palmitate)
BHA, BHT

Vitamin A oil, foodstuffs. Solution in low boiling
point solvent or water depending on solubility and
reflux with methanol of samples with protein
Fats. Direct injection with use of a precolumn
Cereals. Extraction into light petroleum

BHA, BHT

Food extracts

BHA, BHT (methyl
stearate)
(a) BHT (diBHA)

Oils, fats: Steam distillation
(a) Rice. Direct extraction into diethyl ether

(b) BHA, BHT (diBHA)

(b) Potato flakes. Treated as above

BHA, BHT

BHA, BHT (diBHA)

Cereals. Extraction by percolating hexane through
the sample in a short glass column
Potato granules
Fats, oils: extractions into acetonitrile and in mixed
ethers followed by cleanup on alumina column
Emulsifier containing glycerol tartrate. Extraction
into acetonitrile
Lard. Vacuum sublimation

BHA isomers

Solution in chloroform

BHA, BHT (diBHA)

Cereals. Extraction into CS2

BHA, BHT (acetanilide)

Shortening, oil. Solution into petroleum ether
extracted with acetonitrile

BHA, BHT (diBHA)
BHA, BHT
BHT (diethyl phthalate)

T (°C)

Apiezon-L on diatomaceous earth/
firebrick
SE-30 and Tween 80 on Chromosorb W

220
150

30% SE-30 on Chromosorb W

125–190

20% SE-30 on firebrick or
Chromosorb W

152–185

30% DEGS on Chromosorb P
10% Dow-Corning silicone grease on
Chromosorb P
SE-30, QF-1, or neopentyl glycol
succinate on Chromosorb W
10% polyethylene glycol adipate on
celite
(a) 33% Carbowax 20M on
Chromosorb W

200
160

Comments
N2; FID and electrometer
Recovery around 89%
He; FID; mean recovery 98.2%

Reference
48
124

130–230

TCD; He. Temperature programming avoided
interference due to pyrolysis of cereal oils
and enabled separation of BHA from BHT
Relative merits of two supports and
comparison of the results with those by UV
spectrometry are given
TCD
Argon recovery 89%–104% (BHA)
83%–120% (BHT)
N2; FID

172

Argon

81

(a) 200–280

He, TCD. With the first column interferences
to the analysis of BHA in potato flakes are
present
Change of the elution order confirm identity
of BHA and BHT
Argon ionization detector
Recovery 90%–110%
N2; FID
Recovery 80%–95% BHA
91%–115% BHT
He; FID

25

(b) 5% Tween 61 and 25% SE-30 on
Chromosorb W
20% DC-200 on Chromosorb P

(b) 215
160

20% QF-1 on silanized Chromosorb W
10% Silicone grease on Chromosorb P

145
160

20% SE 52 on Celite 545

190

3% Nitrile silicone gum rubber
(GE-XE-60) on Gas-Chrom Q
Carbowax 20 M on Chromosorb W

90–250

QF-1 or Apiezon L on Gas-Chrom Q
(change of column reverse elution
order)
5% DEGS + 1% H3PO4 on
Chromosorb W

123

59

288
75
338

305
516
252
517

316

160

N2; FID; UV and IR for identification
Recovery 84%–104%
FID, detector response different for each
isomer
H2; FID. Recovery 80%–120%

140–170

H2; FID

330

215
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Table 10.6 (Continued)
Direct Gas Chromatographic Methods: Bibliographic Summary
Antioxidant
(Internal Standard)

Sample and Treatment

BHA, BHT (methyl
undecanoate)

Oils. Solution in CS2

BHA isomers
(diphenylamine)
BHT (methyl
pentadecanoate)
BHA, BHT
BHA (methyl
undecanoate)
BHA, BHT
BHA, BHT
BHT, ethoxyquin
BHA, BHT
Ethoxyquin (quinoline)
BHA, BHT

BHA, BHT
BHT
BHA, BHT

BHA, BHT (fluorene)
BHA, BHT
BHA, BHT

Comments
(Carrier, Detector, Etc.)

T (°C)

Reference

160–190

He; FID; glass wool precolumn [303].
Recovery 84%–127%

309,310

Samples dissolved in acetone

10% DC-200 or 10% Carbowax 20 M
on Gas-Chrom Q (identification
confirmed by reverse on the elution
order)
10% XE-60 on Aeropack 30

155

N2; FID

317

Vegetable oil. Adsorption of oil on to Florisil

3% JXR on Gas-Chrom Q

105–250

He; FID. Recovery 93%

50
53

10% DC-200 on Gas-Chrom Q

160

Comparison with colorimetric method.
Results coincided well
N2

6% SE-30 on Chromosorb W

190

329

5% GE-XE-60 on Gas-Chrom Q

150

N2; FID. Mean Rec:
88% (BHA); 95% (BHT)
N2; FID. Recovery 61%–90%

5% Apiezon 5 on Chromosorb W

155–175

N2; FID. Recovery 97%
Recovery BHA 89%–95%

281
318

3% SE-30 on Chromosorb W

90–200

N2; FID and MS for confirmation

274–276

Commercial foods. Extraction with hexane. Partition
with acetonitrile
Fats, oils; cleanup onto Florisil column and elution
with light petroleum or extraction in acetonitrile,
evaporation and extraction in light petroleum
Vegetable oils. Isolation and separation by lipophilic
gel chromatography on sephadex LH20
Meat products. Extraction into acetonitrile followed
by cleanup on alumina column
Feed mixtures
Animals feeds, oils, fats: distillation from a saturated
NaCl solution with added amyl acetate
Feed and food products. Extraction in methanol–
water and partition with hexane
Oil, butter, lard, margarine: extraction into hexane
followed by extraction into dimethylsulfoxide and
diethyl ether–hexane or with butylacetate using an
essential oil apparatus
Various foods. Distillation with heptane
Sweet products made with eggs

Oils: extraction into acetonitrile
Fats, oils, dried foods
Butter: extraction into hexane and partition with
acetonitrile
Oil, butter, dried fish: essential oil analyzer
Fish, shellfish: extraction into pentane and partition
with acetonitrile; cleanup in Florisil column
Animal fats, vegetable oils: continuous liquid–liquid
extraction in butanol

35

104

319,333

SE-30

280

1% SE-30
5% SE-30 on Chromosorb W AW

130
160

10% OV-17 on Anachrom ABS
10% SE-30 on Aeropack 30
3% OV-17 on Gas-Chrom Q
5% SE-30 on Chromosorb W

160–260
150–215
85–175
154

5% OV-17 on Chromosorb W AW

150

10% OV-101 on Gas-Chrom Q

160

Recovery 80.1%–84.9% (BHA),
92.6%–98.6% (BHT)
N2; FID. Unknown interference
FID and ECD. Spectrography IR for
identification
N2; FID
N2; FID. Recovery 88%–104%
FID. Glass wool precolumn
FID. Recovery 94%
Heat-controllable precolumn
Recovery 70.2–105.7 (BHA),
46.8–102.8 (BHT)
Ar; FID.
Recovery 78% (BHA), 100% (BHT)

311
335
291
219
149
284
331
320
326
312
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Extensive
BHA, BHT (diBHA)
BHA, BHT, TBHQ
BHT

Column
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2% OV-1 on Gas-Chrom Q

MS. Recovery 81.8%–112.1%

293

5% SE-30 on Chromosorb W
5% DEGS + 1% H3PO4 on
Chromosorb W
10% FFAP or 5% DEGS + 1% H3PO4

FID. Recovery 89.2%
FID. Recovery 85.0%–96.5%

518
282

140–210

3% SE-30 on Chromosorb W AW

160–290

He; FID. Recovery >90%

208

3% OV-17 on Gas-Chrom Q

165

N2; FID

113

10% polymetaphenoxylene on
Tenax-GC
3% SP 2250 on Supelcoport
10% QF1 on Chromosorb WHP

140–250

N2; FID

519,520

BHA, BHT
Ethoxyquin

Dehydrated mashed potatoes: extraction into light
petroleum
Oils: antioxidants adsorbed in K2CO3 between layers
of silanized glass wool
Oils, fats: extraction into methanol
Apples: extraction into hexane

185

BHA, BHT, TBHQ

Oils and butters

BHA, BHT, TBHQ

Milk products: extraction into dichloromethane,
cleanup on Florisil column, and purification by
partition
Chewing gums: extraction into toluene. Cleanup on
Sep-Pak Florisil cartridge
Vegetable oil, seafood: essential oil distillator

Cross-linked 5% phenylmethyl silicone
fused-silica capillary column
7% SE-30 + 3% XE-60 on
Chromosorb WHP

N2; NPSD and MS for confirmation.
Dimethylethoxyquin found as metabolite
FID

BHT
TBHQ
BHA, BHT
(fluorene)
BHA, BHT, ethoxyquin
(n-hexadecane)
BHA, BHT
BHA, BHT, TBHQ

BHA, BHT
(biphenyl)
BHA, BHT
tert-Butylated cresol
mixtures
BHA, BHT
BHA, BHT
BHA, BHT (fluorene)

BHA, BHT
BHA, BHT (fluorene)
BHA, BHT ethoxyquin
(guaiacol)
BHA, BHT
Ethoxyquin
Ethoxyquin

Modified milk: extraction into hexane, cleanup on
Florisil
Powdered milk: solvent extraction
Seafood, oils, butter, margarine: extraction into ethyl
acetate. Purification by successive partitions
Various: steam distillation and extraction into
dichloromethane
Margarine, lard: extraction into dimethylsulfoxide

Dried fishes
Oil, butter: extraction into hexane
Dried fish, oil, butter: essential oil

DB-1 fused-silica WCOT
5% OV-210 + pyrogallol or 5%
Thermon 1000%–0.5% H3PO4
Carbowax 20M-coated capillary column
SE-30, OV-17, DC-200, OV-330
OV-1 or SE-30
CBP1 (SE-30), CPB 20 (PEG-20M),
DB17 (O-17), wide-bore capillary
columns
5% SE-30 + 2% OV-330
10% DC-200 on Chromosorb W AW
2% OV-330 on Uniport HP
OV-101 on Apiezone L

Dried sardines: extraction into butylacetate
Oil, butter, dried fish: extraction into acetone or
butylacetate; essential oil distillation apparatus
Fats: extraction into butanol

50–280
135

325

65–200

H2; FID.
Recovery 80%–110% (BHA, BHT); around
40% (TBHQ)
He; FID and MS for confirmation

90–200

Decomposition of BHA and poor separation
prevented
H2; Identity confirmation by GC-MS
Interfering substances were investigated

150–165
160
120

Dried sardines: extraction with butylacetate in an
essential oil separator
Fish meal: extraction into hexane–acetone (9:1)

DB-5 and DB-WAX capillary column
2.5% SE-30 on Chromosorb W-HP

160

Apples, pears: extraction in hexane–Na2CO3; cleanup
with celite

Supelcowax 10 fused-silica WCOT
capillary column

180–210

Recovery 81.1%–94.3%. Interference in
BHT determination by some paraffinic
hydrocarbons
Recovery 91% (BHA), 87% (BHT)
N2. Recovery 81%–90% (BHA);
80%–95% (BHT)
Ar; FID

314
277
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BHT

285,286
51

294
321
295
521
522
337

315
323
247

FID. Recovery 99.5%–102%

324

N2; FID. Comparison HPLC-GC-HPTLC.
No significant differences
He; NPD

270
278,279
(Continued)
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Table 10.6 (Continued)
Direct Gas Chromatographic Methods: Bibliographic Summary
Antioxidant
(Internal Standard)

Sample and Treatment

Column

Ethoxyquin
(methoxyquin)

Fish meal: extraction into hexane followed by
partition in HCl and hexane

DB-1 fused-silica WCOT capillary
column

100–150

BHA and other
preservatives
BHA, BHT

Soy sauce, wine, vineger; automated SPE on
polymer cartridge
Products containing capsaicinoids: extraction into
hexane; partition into acetonitrile
Vegetables: isolation and purification by SPE
procedures
Chewing gum: extraction into acetonitrile

HP-INNO Wax column
DB-5 (l.5 μm) coated column
(30 m × 0.53 mm i.d.)
DB-5 (0.1 μm) coated column
(30 m × 0.25 mm i.d.)
DB-5 (0.1 μm) coated column
(30 m × 0.25 mm i.d.)

Ethoxyquin together with
pesticides
BHA, BHT, TBHQ

BHA, BHT, TBHQ and
tocopherols
(5-α-cholestane and
2-t-butyl-4methylphenol)
BHA, BHT, TBHQ,
preservatives, and
tocopherols
(5-α-cholestane and
2-t-butyl-4methylphenol)
Ethoxyquin
BHT

Reference

100–240

H2. Decomposition of ethoxyquin and
formation of ethoxyquin dimer and
quinolone was demonstrated
EIMS at m/z 165. Recovery 70.1%

280

296

110–150

He; FID

332

50–270

MS

292

60–250

FID or EIMS; detection limits of 1 or
0.1 ppm respectively
Recoveries ranged from 70% to 116%
N2; FID
Detection limits <7 μg mL−1

297

Powdered soup (extracted into hexane) and oil and
margarine
Continuous solid-phase extraction system.
(SPE in a XAD-7 column)

HP-l (3 μm) fused-silica coated
column (1.5 m × 0.53 mm i.d.)

100–255

Margarine, oil, cheese, mayonnaise, pate: sample
suspended in hexane and
acetonitrile–propan-2-ol(1:2:1);
Continuous solid-phase extraction system. (SPE) in
XAD-2 cartridge

HP-5 (1 μm) coated column
(30 m × 0.32 mm i.d.)

125–315

He; FID. Detection limits from 0.15 to
0.5 μg mL−1

328

Pears: extraction with ethanol, purification by
partition into water–diethyl ether
Mineral and mineralized bottled drinking water
SPME manual holder and fiber assembly with a
100 μm polydimethylsiloxane film exposure during
30 min
Desorbed at 250°C

10% SE-30 on silanized WAW-DMCS

170–240

N2; N-P detection

289

HP5 (0.25 μm) (5%-phenyl)methylpolysiloxane).
30 m × 25 mm × 0.25 μm)

Temperature
gradient
40–250
Fiber
desorbed at
250°C in
injector port
(splitless)

GC-MS: He
Scan mode: m/z range 35–500
Recoveries ranged from 84% to 119%
Present in 7 out of a total of 15 commercial
brands

302

Cosmetics extracted with methanol

GC-MS He
SIM mode: monitored BHA at m/z 165
(BHA) and at 205 (BHT)
Detection limits 2.5 and 0.5 μg/g

327

301
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BHA, BHT

Comments
(Carrier, Detector, Etc.)

T (°C)
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BHT and degradation
products (BHT-CHO and
the dime 2-BHT)
(squalane)

BHA,BHT, and others (19
analytes) (2H12
Chrysene)
BHA, BHT, PG, OG, DG
(1-ethyl naphthalene)

Cooking and fish oil, butter, margarine, cheese,
mayonnaise, salad dressing (22)
Samples (30–60 mg) dissolved in diethyl ether
(1 mL)
Injected into GC system
River, ground, rain and drinking water
SPE (with Bond elut PPL)
5 L of sample. Elution with acetonitrile:methanol
(1:1). Evaporation and dissolution into acetonitrile

ChromPack CPSIL
8CB megapore capillary column
(30 m–0.53 mm
i.d., 1.5 mm film thickness
Glass wool-inserted injector port
FS-Supremes-5 capillary
column with a film thickness of
0.25 mm–30 m

Temperature
gradient
150–200–
300°C
Temperature
gradient:
80–300°C

Waste water; Online liquid–liquid extraction
(o-CLLE): Water at pH 3 (phosphoric acid) with
dichloromethane. No cleanup or derivatization is
required
Edible oil or fat.
Solution in n-hexane and extraction with acetonitrile.
Once removed the solvent, it is diluted with methanol

HP-1 (0.33 μm, 12 m × 0.20 mm i.d.)

50–285°C

GC-MS He; 50–500 m/z scan
Recoveries for antioxidant: 70%–91%

300

AT 5 (0.53 μm)

125–250°C

GC-FID
Validation methods with CRM: Screening by
TLC quantification CG-FID and HPLCPDA and confirmation by MS
GC-MS He
EI mode
Full scan (m/z)
SIM (for each antioxidant, the ion with the
highest abundance was chosen for
quantification)
FID
SPE extraction and GC-HPLC

101

BHA, BHT, TBHQ,
ethoxyquin, Ionox-100

Edible vegetable oil
Extracted with ethanol
The extraction conditions were optimized with an
orthogonal array experimental designs

HP-5MS (30 m × 0.25 mm i.d., film
thickness 0.25 μm),

Temperature
gradient:
60–250–280

BHA, BHT, PG, OG, DG,
TBHQ, NDHG,
tocopherols
BHT, BHA, TBHQ

Cosmetics. Samples into ethanol:water:acetic acid
(85:10:5). SPE into C18 and after elution with
methylene chloride
Edible oils. Extracted with 1 mL of acetonitrile
without cleanup or preconcentration

DB (0.25 μm)

BHA, TBHQ, BHT, and
degradation products
(n-propylparaben)

Waste and drinking water after chlorination.
SPE (Oasis HLB). 200 mL water sample. Elution
with 1 mL ethyl acetate)

Temperature
gradient:
120–380
Temperature
gradient:
60–220–280
Temperature
gradient:
70–270–290

DB-17 capillary column,
30 m × 0.25 mm and 0.25 μm phase
thickness
HP-5 (30 m × 250 mm i.d. 0.25 μm)

FID H2;He
Recoveries 92.5%–108.4%. Coefficients of
variation below 7.4%
Four samples containing more than 200 ppm
total antioxidant
GC-EIMS He
Scan mode: m/z range 50–600
Recoveries: 92% (BHT) 80% BHT-CHO)
The detection limit, accuracy and precision
could not be established for 2-BHT because
this compound was not available as a
standard

GC-MS He
EI mode
SIM
GC-MS (ion trap) He
PTV injector
EI full scan (m/z 45–500)

125

299
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BHA, BHT, TBHQ
(8-quinolinol)

126

287

102

298
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Table 10.7
Gas Chromatographic Methods with Derivatization: Bibliographic Summary
Antioxidant/s
(Internal Standard)
Methyl ester of BHT
TMS derivatives of gallates
TMS derivative of PG
Various derivatives of BHA, BHT, NDGA,
gallates, and others
Methyl derivative of OG
TMS derivatives of BHA, gallates

Sample and Treatment
Oils, fats: treatment with methanolic KOH
containing hexane, acidification, and reflux
Food extracts
Lard: vacuum sublimation

Beer: extraction into diethyl ether

TMS derivatives of gallates

Methyl derivatives of BHA, BHT, gallates
TMS derivatives of PG, TBHQ, NDGA
TMS derivative of TBHQ
TMS derivatives of BHA, BHT, gallates,
NDGA (methyl palmitate)
TMS derivatives of BHA, BHT, PG,
TBHQ (butyl-4-hydroxybenzoate)

T (°C)

Comments

Reference

H2; FID. BHT peak occurs between
C13 and C14 acid ester
N2; FID

288

90–250
200–250

N2; FID

44
346

150–250

105–250

FID. Method is reported suitable
for the detection of gallates in fats
He. Nonpolar stationary liquids
were better than polar ones
He; FID

10% DEGS on Chromosorb W

170

SE-30, QF-1 or neopentyl glycol
succinate on Chromosorb W
3% GE-XE-60 on Gas-Chrom Q
Various

130–230

5% OV-17 on Chromosorb G-AW
4% silicone gum rubber (UCC
W982) on Diatoport S
Various

200

338

347
523
339

Oil: solution in hexane extracted in acetonitrile
and partition with ethanol

3% JXR on Gas-Chrom Q

Various foods: extraction into acetonitrile
Apples: extraction into hexane, partition with HCl
and hexane
Oil: solution in diethyl ether–benzene

0.5% UCCW982 on Chromosorb AW
10% DC-200 + 15% QF-1 on
Chromosorb W
3% OV-3 on Chromosorb W

175

N2; ECD and MS for confirmation

35
350

120

N2; ECD

349

5% SE-30 on Chromosorb WAW

160

ECD, IR spectrography for
identification

291

3% OV-225 on Gas-Chrom Q
10% Versilube F-50 on Gas-Chrom Q
3% SE-30 on Chromosorb W AW

100–250
190
110–260

FID. Recovery 70%–105%
N2; FID. Recovery 102%–106.6%
He; FID. Recovery >90%

348
284
326
208

10% GE-Versilube F-50 on
Gas-Chrom Q

150–210

N2; FID. Recovery 84%–108%

313

Foodstuffs: extraction into hexane
Fats, oils, dried foods: extraction into 70% ethanol
Oils. Extraction into acetonitrile
Oil, margarine: extraction into acetonitrile
Oil: Extraction into acetonitrile

50
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TMS derivatives of BHA isomers, BHT,
TBHQ, PG, NDGA (methyl
pentadeca-noate)
Methyl or TMS derivatives of gallates
Heptafluorobutyryl derivative of
ethoxyquin (tetrahydroquinoline)
Heptafluorobutyryl derivatives of BHA
isomers, PG, TBHQ
di-(2,3,4,5-tetrachlorophenol)
Trifluoroacetate ester of BHA

Column
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Oil and fat: extraction into heptanes, cleanup on
silica gel

2% OV-3 on Chromosorb W

Potato chips: treatment with benzoyl chloride in
pyridine

OV-73 WCOT capillary column

Haloacetates of BHA, gallates
TMS derivative of TBHQ

Milk products: extraction into acetonitrile

Cyclohexanedione derivative of BHT
Pentafluorobenzoate of BHT
TMS derivative of TBHQ (propyl
paraben)
TMAH methylation
BHA, BHT, and TBHQ

Tert-butyldimethylsilyl derivative of BHA,
BHT, TBH, and metabolites (BHA,
BHT)

TMCS (derivatives BHT, BHA, and
additives)

Ethyl esters of fish oil: extraction into acetonitrile
Commercial edible fat and oil samples of olive.
Methylation. 1 mL 10% tetramethylammonium
hydroxide (TMAH) methanol to 2.3 drop of oil
(60–80 mg).
Derivative: Extraction with ether
Waste and river water
Miniaturized SPE. 10 mg
Oasis HLB cartridges, 200 mL sample eluted with
1 mL ethyl acetate. Derivative obtained from
extract
Cosmetics
Supercritical fluid extraction (CO2) on line head
space solid-phase microextraction
Derivatization with BSTFA + 0.1% TMCS

351

120–300

ECD. For the BHT, formation of
the 2-t-butyl-p-cresol prior to the
derivatization
H2; FID. Recovery 81%–92%

3% OV-101 on Chromosorb WHP
5% OV-101 on Chromosorb G, HP
7% SE-30 + 3% XE-60 on
Chromosorb W HP
2% OV-1 on Chromosorb W

130–260

N2; FID and MS for confirmation

524

135

H2; FID

51

150

N2; ECD

353

3% SP-2100 on Chromaton N Super
DB-1 WCOT capillary column

160
150

ECD. LOD 0.5 ng
He; FID. Recovery around 98%

322
290

CP-SIL 8CB megapore capillary
column (0.53 mm, 30 m, 1.5 μm)

Gradient
145–170–
240–300

FID: N2
Recovery 93%–106%, result
compared with AOAC method

345

HP-5MS capillary column
(30 m × 250 m i.d., 0.25 μm film
thickness)

Gradient

GC-MS He
EI. SIM

344

DB-5MS fused-silica capillary
column (30 m × 0.25 mm)

60–280

GC/ITMS, He, EI
SIM m/z 205 (BHT); 225 (BHA)

343

352
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Heptafluorobutyryl derivatives of BHA
and 2-t-butyl-p-cresol resulting from
BHT
Benzoylated derivatives of BHA, BHT

185
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or mass spectrometry (MS) have been used to confirm the identity of the compounds to which the peaks are attributed, both in
the case of ethoxyquin [274–277,292] and for other antioxidants
[102,126,293–302]. The most frequently used carrier gas is nitrogen. The use of an internal standard is also a habitual practice,
and among the most frequently used are di-BHA (3,S-di-tertbutyl-4-hydroxyanisole) or fluorene. Table 10.6 lists other internal
standards. These methods have been applied to the analysis of a
great variety of foods: fats and oils, cereals, potato granules, seafoods, meat products, and in other matrices, for example, waste
water, river, ground, rain and drinking water, and also in cosmetic
[301 products, and so on.
It should be noted in reference to the pair BHA–BHT that in
low-polarity columns, BHA is eluted first (fewer carbon atoms).
On the other hand, when higher polarity columns are used, the
elution order is inverted due to the greater interaction and retention of the more polar BHA with the stationary phase. Thus,
Takahashi, one of the first investigators in the development of gas
chromatographic methods for antioxidants, proposes [303] the
use of two Gas Chrom Q columns containing the first one 10%
QF-1 and the second one 5% Aoiezon L for the analysis of BHA
and BHT in breakfast cereals from which they are extracted with
CS2, showing that the change of columns inverts the elution order.
This method modifies others previously put forward by the
same author using a column containing DC-200 and extraction with light petroleum [75] or hexane [304]. Recoveries are
between 96% and 106% of antioxidant added to cereals in the
concentration range 5–50 ppm. These results are comparable
with those obtained by means of colorimetry and submitted
for a collaborative survey [305], the consequence of which was
the modification described in Reference [303], which was also
reviewed and slightly modified before being recommended for
its adoption as an official method [306–308]. The change in elution order on varying the stationary phase is also proposed by
Stuckey and Osborne [25] to confirm the identity of BHA and
BHT, and Hartman and Rose [309] used it later to confirm the
presence of BHA and BHT in vegetable oils. A solution of the
sample in CS2 is injected into a glass or aluminum column containing 10% DC-200 on Gas Chrom Q. To prevent contamination
of the columns with nonvolatile matter, the aluminum column
is fitted with a stainless-steel sleeve containing a plug of siliconized glass wool, and the first portion of the glass column is
packed siliconized glass wool. The glass wool is replaced at the
end of each day’s analysis. Another stationary phase in which the
elution order is inverted is Carbowax 20M. The method has been
modified [310] using a glass wool precolumn.
If simultaneous chromatography of BHA, BHT, and ethoxyquin
is desired, low-polarity phases should be used to avoid an excessively long retention time for ethoxyquin, which is the last to elute.
In the methods described, as in many others summarized in
Tables 10.6 and 10.7, the antioxidants are extracted from the sample with an appropriate organic solvent. Thus, in a GC method
proposed in 1961 [48], BHA and BHT are extracted from potato
granules with light petroleum in process that is lengthy and in
which, complete extraction is not even obtained, recoveries being
of the order of 11%. Likewise, an apparent decomposition in the
column packed with 20% Apiezon L on firebrick is described,
the errors being corrected by injecting BHA standards immediately before the unknown sample.
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Diethyl ether has been used to extract BHA and BHT from cereals, potato products, and waxed paper [124]. The extract is concentrated under a stream of nitrogen and is injected into a column
containing a mixture of SE-30 and Tween 80 on Chromosorb W.
Complete separation of BHA and BHT from interfering compounds is achieved, and recovery values are excellent.
A simple and rapid procedure was developed to determine
BHT, BHA, TBHQ in cooking, oil fish, margarine and butter
by GC-FID [125]. A little amount of sample (30–60 mg) is dissolved in diethyl ether (1 mL) and 0.1 μL is directly injected into
the gas chromatograph with glass wool inserted in the glass liner.
The recoveries of antioxidants were 92.5% to 108.5% with coefficients of variation below 7.4%.
Besides the solvent mentioned, others include heptanes [311],
butanol [247,312], which has been used in continuous liquid–liquid extraction [313], methanol [314], ethanol [126], acetonitrile
[101,102], dimethyl sulfoxide [208], butyl acetate [315], and chloroform or acetone, which have been used to dissolve samples of
BHA, the aim being to determine each of the latter’s two isomers
[316,317]. In any case, the extraction process is followed by another
step of concentration by evaporation of the solvent during which
possible antioxidant losses must be avoided, these varying according to the solvent, time, and temperature of evaporation [32].
For this reason, in many cases, other procedures have been put
forward. Distillation is often used in an essential oil distillation
apparatus with various solvents [311,318–324] or steam [325].
For example, in the analysis of BHA and BHT in oil, satisfactory
results were obtained with an oil analyzer in a joint study made by
11 participating organizations [98]. Another procedure [44] is vacuum sublimation to recover the antioxidants in lard. McCaulley
et al. [44] tried in this way to avoid the problems of interference
from substances coextracted with the antioxidants, and in the
chromatographic procedure proposed, average recoveries of BHA
and BHT added to lard ranging from 91% to 96% were obtained.
To eliminate interferences in the extract obtained initially, it
is also common to perform a cleanup by means of liquid–liquid
partition or with columns. For example, alumina [104,252] or
Florisil [35,293,294,326] columns are used for BHA and BHT,
and Celite columns for ethoxyquin [278,279].
Mixtures of BHA, BHT, and TBHQ in milk products have been
analyzed, with cleanup on a Florisil column of the extract into
dichloromethane followed by purification by partition [51]. The
determination of the same antioxidants in oil, margarine, and other
foods have been accomplished with the aid of an SPE step through
an XAD-7 column [327] or an XAD-2 column [328]. Isolation and
separation by lipophilic gel chromatography on Sephadex has also
been used in the analysis of BHA and BHT in vegetable oils [329].
BHA and other preservatives have been isolated from, for example, soy sauce, wine, and vinegar by automated SPE on polymer
cartridges and automatic splitless injection on the column [296]
and a combination of different solid-phase extraction procedures
have been used in the treatment of vegetable samples for the analysis of ethoxyquin together with pesticides by GC-MS [292].
Determination of BHT and their degraded product in different
types of water (mineral, drinking water, and waste water) by SPEGC-MS [299] is referenced. The SPE cartridge was a Bond Elut. The
elution from cartridge was made with acetonitrile:methanol (1:1).
BHT has been determined in mineral bottled drinking water by means
of solid-phase microextraction and gas chromatography–mass
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spectrometry (SPME-GC-MS) [302]. A SPME manual holder and
fiber assembly with a 100 μm polydimethylsiloxane was used.
Regarding purification by liquid–liquid partition, acetonitrile
has been used to extract BHA and/or BHT from solutions of
cooking oil into petroleum ether [330] from commercial foods
or butter extracts into hexane [53,331,332], from fish or shellfish extracts into pentane [326], and, together with TBHQ, from
chewing gum [297]. Other systems have been proposed for BHA
and BHT [333], ethoxyquin [275,280,289], and TBHQ [282].
In some cases, precolumns are also used. In the analysis of BHA,
BHT, and TBHQ among other antioxidants in fats, oils, and dried
foods, a glass wool precolumn is used to separate them from nonvolatile residues resulting from direct injection of the dissolved sample
or sample extract into the GC column [284]. A glass wool precolumn
in the analysis of BHA and BHT in oils [309] and a heat-controllable
precolumn for oils, shortening, or dried fish [284] are also used.
Thermal desorption allows direct extraction of BHT from solid
food matrices [334]. This method allows 20–40 ppm of BHT to
be determined. The thermal desorption method replaces liquid
extraction techniques or a second preparation of the sample.
Table 10.6 lists problems encountered in the GC analysis of these
compounds such as interferences from a known [123,315,324] or
unknown [81,335] source. For example, two columns of differing
polarity are recommended to avoid hydrocarbon interference in
the determination of BHA and BHT in dried fish [336].
In the case of TBHQ, substantial losses have been encountered
during its determination in mild products [51]. The conversion
into tert-butylquinone [283] has been held responsible for the low
recovery rates, and when a rapid extraction of TBHQ in milk is
followed by silylation, recoveries are much higher [51].
Since the early 1980s, in addition to packed columns such as
those already mentioned, capillary columns have been used.
These columns offer advantages in terms of speed, efficiency,
and reproducibility in retention times and peak areas. BHA,
BHT, and TBHQ were determined in oils and butter using a
fused-silica capillary column [125] coated with cross-linked 5%
phenylmethyl silicone [285,286]. BHA and BHT in chewing gum
[294], in dried sardines [324], and in other foods [332], and also
with TBHQ [297,327,328], have been determined with fused-silica wall-coated open-tubular columns (WCOTs). Other columns
of this type have been used for the analysis of ethoxyquin in vegetables [278,279,292] and fish meal [280].
Wide-bore capillary columns of various types have also been
used, in particular to analyze BHA and BHT in dried fish, oil, or
butter [337].
Over the last 10 years, identification and quantification of
phenolic antioxidants in food by means of gas chromatography
is practically made only by mass spectrometry detection (MS)
[102,126,298–302]. Different papers have been published on the
analysis of BHT, BHA, TBHQ as well as the mixtures of the
synthetic antioxidants in oil by GC-MS [102,126], BHT [302] or
BHT and their degradation products [298,299] in different types
of water and BHA, and BHT in cosmetics [301].

10.4.3.2 Gas Chromatographic Methods with
Derivatization
As previously stated with reference to the antioxidants under
study here, the polar and nonvolatile ones, NDGA, PG, OG, and

DG, must be derivatized before separation by GC. However, if
BHA, BHT, or TBHQ, are present in the same sample, is need to
also develop methods for isolating and derivatizing all of them.
On the other hand, GC methods have been proposed whereby
one or several nonpolar antioxidants, including ethoxyquin, are
analyzed following derivatization. It should be borne in mind
that in some cases derivatization can bring about an increase in
sensitivity [32], as happens with trimethylsilylation, methylation,
and acetylation. In others, as in the case of trifluoroacetylation,
the increase in sensitivity is due to the fact that in this case an
electron-capture detector (ECD) can be used and is accompanied
by an improvement in the separation of BHA and BHT. Thus,
the latter remains underivatized in the conditions used while
a 10-fold reduction in the detection limit is achieved for BHA
[291].
The most frequently used technique of derivatization for these
compounds is trimethylsilylation. The formation of TMS ethers,
stable and volatile, from the hydroxyl groups of the antioxidants, constitutes the basis of many GC methods of analysis. For
instance, Nishimoto and Uyeta [338] separated TMS derivatives
of alkyl gallates in food extracts using three different stationary
phases. In a later study, Takemura [339] concluded that the nonpolar liquid stationary phases are better than the polar phases. PG,
OG, and DG are also determined in extracts of foods previously
silylated using N,O-bis(trimethylsily)acetamide (BSA) [35].
The TMS derivative of PG has also been obtained in the determination of this antioxidant in lard [44].
As stated earlier, polar antioxidants are not the only ones to
be derivatized. Several procedures exist for the determination of
TBHQ after first obtaining its TMS derivative [51,290,340]. In
all cases, derivatization is performed with N,O-bis(trimethylsilyl)
trifluoroacetamide (BSTF A) and allows, for example, TBHQ in
milk to be determined, after a rapid extraction, with much higher
recovery values than those achieved with the method proposed
without derivatization [51]. Similarly, TBHQ has been determined
in fish oil ethyl ester by using a COT capillary column [290].
There are also methods where TMS derivatives of polar and
nonpolar antioxidants are analyzed together. Gallates and BHA
were silylated with BSTFA [23]. Stoddard’s procedure [50]
allowed the resolution of PG, TBHQ, BHT, NDGA, and the isomers of BHA mixture in vegetable oils. Derivatization is carried
out with BSTF A with 1% trimethylchlorosilane (TMCS) in pyridine. Silylation of BHT in pyridine after 2 h of heating at l20°C
is also reported. In another procedure [341], the derivatization of
BHA, BHT, PG, OG, DG, NDGA, TBHQ, and ethyl gallate is
reported, BSTFA being used with 1% TMCS (50°C for 30 min),
a procedure applied to intact oil, lard, and margarine samples.
However, the derivatization of BHT in these conditions is questioned by Conacher and Page [342], who further point out that
TBHQ, which is more easily derivatized, produces two peaks,
presumably due to the mono- and di-TMS derivatives, as a result
of an incomplete silylation. These authors show, however, that in
spite of being highly sterically hindered, in pyridine, BHT can
be completely silylated in less than 10 min at 120°C by using
N-methyl-N-trimethylsilyltrifluoroacetamide (MSTF A), which,
similar to others such as BSA or BSTF A, is a silylating agent
more powerful than those used initially, hexamethyldisilazane
(HMDS) and TMCS. The latter compounds, together with pyridine, were used, however, by Kline et al. [284] for the silylation
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of TBHQ, PG, and NDGA, among others, in food extracts.
Another reagent used to obtain TMS derivatives of antioxidants
is N-trimethylsilylimidazone (TMSIM) [208].
Yang [343] used silylation with N,O-bis (trimethylsilyl) trifluoroacetamide and 0.1% trimethyl chlorosilane for the determination of paraben preservatives and the antioxidant (BHA and BHT)
in cosmetics. A novel sample preparation hyphenated method,
supercritical fluid extraction in situ derivatization and online
SPME headspace to GC-MS (HS–SPME–GC–MS), is used.
The preservatives and antioxidants were extracted from cosmetic
matrices with supercritical carbon dioxide and the extractant
subsequently was derivatized in situ with the silylation reagent.
The product was then adsorbed on a polyacrylate SPME fiber in
the headspace. Also, Rodil et al. [344] developed a solid-phase
extraction (SPE) derivatization GC-MS method to analyze BHT,
BHA, TBHA, and their five main metabolites in water samples.
This was achieved by a miniaturized SPE with 10 mg Oasis
HLB cartridges, and 1 mL of ethyl acetate for complete elution.
Analytes were then determined by gas chromatography–mass
spectrometry (GC–MS) after derivatization with N-methyl-N(tert-butyldimethylsilyl)-trifluoroacetamide (MTBSTFA) in a
single run.
Figure 10.1 shows the chromatogram obtained by Conacher
and Page [342] for a mixture of nine antioxidants as their TMS
derivatives. These authors conducted a review of derivatization
methods used for antioxidants up to the date of the paper, and they
reflected other possibilities such as methylation and acylation.
Choong et al. [345] proposed a method to determine BHA, BHT,
and TBHQ in commercial edible fats and oils, of the methylated
product obtained of the antioxidants with 10% tetramethylammonium hydroxide (TMAH) methanol. Kato et al. [346] converted
BHA, BHT, NDGA, gallates, and other antioxidants into acetates,
trifluoroacetates, trimethylsilyl ethers, and methyl ethers and
studied their gas–liquid chromatographic behavior on five stationary phases. Trifluoroacetates were found to be unstable on polar
columns at high temperature. OG was determined in beer [347] as
its trimethyl ether obtained by reaction with diazomethane with
methanol as catalyzer. Other methods proposed with the same
reagent allow mixtures of PG, OG, and DG [35] to be determined
as well as mixtures of these with BHA and BHT [348].
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Figure 10.1 TMS derivatives of (1) 2-BHA; (2) 3-BHA; (3) TBHQ; (4)
BHT; (5) 2,5-di-tert-butylhydroquinone (internal standard); (6) Ionox-100;
(7) TBHP; (8) PG; (9) OG; (10) DG; (11) NDGA. Column: 6 ft × 0.2 mm i.d.,
3% OV-3 on Chromosorb W-HP, programmed from 70°C to 270°C at 8º/min.

Other methods proposed the use of acylation reactions of these
compounds, and this allows, as commented on before, the ECD
to be used. The heptafluorobutyryl (HFB) derivatives have been
prepared from isomers of BHA, PG, and TBHQ [349] for the
determination of these antioxidants in oils; from ethoxyquin
[350] for its determination in apples; and for BHA and 2-tertbutyl-p-cresol resulting from BHT for their determination in oil
and fat [351]. In all cases, derivatization is performed with heptafluorobutyric anhydride as already stated, and in the case of
BHT, which is sterically hindered, it is necessary to first obtain
2-tert-butyl-p-cresol. However, pentafluorobenzoate from BHT
has been obtained in the presence of dry NaOH and benzyltriethylammonium chloride as catalyst [322].
Dilli and Robards [291] prepared the trifluoroacetate (TFA)
derivative of BHA and determined its detection limit by using
ECD. In a study using GC-MS, the trifluoroacetates and heptafluorobutyrates of propyl, octyl, and dodecyl gallates were separated by using temperature programming and an FID.
Benzoylated derivatives of antioxidants BHA, BHT, and gallates have been used in the determination of the first two in
potato chips [352] by GC, and the cyclohexanedione derivative
of BHT [353] has also been used.

10.4.4 Liquid Chromatographic Methods
Over the last three decades, a large number of methods have been
developed for analyzing antioxidants by means of liquid chromatography and HPLC. Liquid chromatography offers numerous
advantages in the separation and quantitative determination, in a
fast and nondestructive way, of nonvolatile and/or thermally labile
compounds as well as great flexibility in the choice of mobile and
stationary phases, which implies an extensive field of applicability.
Several of these methods are reported in general reviews as
well as in other reviews dedicated exclusively to HPLC methods
[354–358] and in different chapters of books [359–361]. Table
10.8 summarizes the main characteristics of HPLC methods for
the analysis of synthetic antioxidants in foods. As can be seen,
a large number of methods exist that analyzed the BHA–BHT
mixture in addition to the mixture of BHA and BHT with the
remaining phenolic antioxidants, TBHQ, NDGA, and the gallates. Only in some cases are some analyzed separately such as
BHT [57,362,363], isomers of BHA [364,365], TBHQ [366–369],
ethoxyquin [270,370–375], or ethoxyquin in conjunction with its
degradation products [224,376,377]. A smaller number of HPLC
methods of analysis have been proposed for this last compound,
although an HPLC method with fluorescence detection has been
developed [374] and is subject to a collaborative study with the
goal of gaining approval for being considered as an alternative to
the current AOAC fluorimetric method number 963.07.
A review of the methods shown in Table 10.8 reveals that they
include normal-phase and reversed-phase chromatography as
well as size-exclusion chromatography [378–380], ion-exchange
chromatography [356], micellar chromatography [381–385], and
ion-pair chromatography [381].
As already mentioned, the antioxidants studied here exhibit
a wide range of polarities. Among the least polar are BHA,
TBHQ, and BHT. For these three, apolar mobile phases in normal-phase chromatography are used with stationary phases of
alumina, unmodified silica gel, or bonded-phase silica, such as
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High-Performance Liquid Chromatography Methods: Bibliographic Summary
Antioxidant/s
BHT
BHA, BHT, PG, NDGA

BHT
BHA, BHT, gallates
BHA, BHT
BHA, BHT, gallates
BHA, BHT

Sample and Treatment

Stationary Phase

Fats, oils. Dissolution in heptane extracted with 80%
aqueous ethanol. Removal of free fatty acids with
aqueous Na2CO3
Vegetable oils

Mobile Phase

Corasil II
S-832 gel

Cyclohexane
Tetrahydrofuran

Corasil II
Vidac RP
5 μ LiChrosorb Alox T

n-Heptane
Gradient elution: methanol–water (30:70 to 100:0)
Gradient elution hexane–dichloromethane (100:0
to 75:39)
Methanol or methanol–water
Methanol–water (75:25 or 65:25)

Detection
UV
Refractometric and UV
(254 nm)

Reference
362
378

57
11
386

Fats, oils. Dissolution in methanol
Butter, bakery products, meat extract. Extraction into
methanol
Fats, oils. Extraction into methanol; for BHT a
modification of the methanol by Phipps [57] is used
Fats, oils. Dissolution in chloroform
Oils, lard, shortenings. Partition from hexane–oil into
acetonitrile
Oils
Oils, foods. Extraction into methanol or ethanol

Sil XII Octadecyl
ODS-Sil-X-I

Fats, oils. Extraction into methanol

μ Bondapak C18
Zorbax ODS

Ethoxyquin

Paprika, chili powder. Extraction into hexane,
cleanup by partition between aqueous solution of
different pH and hexane
Milk. Proteins precipitation with acetonitrile,
extraction with hexane
Fresh fruit. Extraction with dichloromethane

BHA, BHT, TBHQ

Not applied

Benzoylated derivatives
of BHA, BHT, NDGA,
PG
Gallates
BHA, BHT

Not applied

Partisil PXS 10/25
ODS-2
LiChrosorb SI60 or RP18

0.05 M LiClO4 in methanol–water (30:70, 65:35,
or 85:15)
Isooctane–ethanol–acetonitrile or acetonitrile–
water or methanol–water

RP-18 Merck
μ Bondapack C18

Aqueous phosphoric acid–methanol
Acetonitrile–water (55:45)

270 nm
280 nm

529
530

Zorbax CN
Unisil QCP or Diasil CN
Pirkle I-A
Nucleosil 10 C18

Acetonitrile–phosphate buffer
2-Propanol–hexane
Methanol–water

Amperometric
288 nm
288 nm

531
64
364
532

BHA, BHT, gallates
BHA, BHT, TBHQ
BHA, BHT, TBHQ,
NDGA, gallates
TBHQ
BHA, TBHQ, NDGA,
PG
BHA, BHT, TBHQ,
gallates
Ethoxyquin

Ethoxyquin

μ Styragel
LiChrosorb RP-18
LiChrosorb SI60
μ Bondapak C18

Ultrasphere ODS
NovaPak C18

525
100

280 nm

63

280 nm
280 nm

379
54,398

Fluorimetric
Amperometric

366
526

Gradient elution: water + 1% acetic acid–
methanol + 1% acetic acid (50:50 to 10:90)
0.01 M ammonium acetate–acetonitrile (30:70)

280 nm

527

254 nm

370

Buffer solution acetic acid + diethylamine–
acetonitrile (1:4)
0.01 M ammonium acetate–methanol (39:61)

Fluorimetric
(230 nm/418 nm)
233 nm or fluorimetric
(258/320 nm)
UV, fluorimetric, or
electrochemical
235 nm

371

Gradient elution: aqueous acetic acid–methanol
(45:55 to 15:85)
Chloroform
Gradient elution: water + acetic acid–
acetonitrile + acetic acid (70:30 to 0:100)
Dioxane–hexane (24:76)
Methanol–0.1 M ammonium acetate (50:50)

372
528
61

(Continued)
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Antioxidants
BHA, BHT, TBHQ
BHA isomers
BHT and other
antioxidants

Not applied
Chewing gums. Extraction into hexane and partition
with alkaline dimethylsulfoxide
Soy sauce
Oils
Commercial preparations. Solution in hexane
Fat and oils. Dissolution in chloroform

μ Bondapak C18

280 nm
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Table 10.8 (Continued)
High-Performance Liquid Chromatography Methods: Bibliographic Summary
Antioxidant/s
TBHQ

Sample and Treatment

Mobile Phase

Detection

Reference

LiChrosorb RP-8

Acetonitrile-10 mM dihydrogen phosphate

282 nm

533

LiChrosorb NH2

Hexane–ethanol (85:15)

293 nm

367

Hipersil ODS
Ultrasphere ODS

Acetonitrile–water (60:40)
Acetonitrile–water–methyl-tert-butyl ether
(isocratic or gradient elution)

228 nm
230 nm

365
392

Fats, oils, fatty foods. Extraction with acetonitrile,
72% ethanol or dimethylsulfoxide

ODS Sil-X-I

Gradient elution acetonitrile–water (30–70 to
65–35)

280, 360 nm

Oils, feeds. Extraction into methanol
Oils. Solution and continuous liquid–liquid partition
between hexane and acetonitrile
Not applied

Partisil ODS3
Diasil CN or Unisil QCP

Methanol–water 85:15
Acetonitrile–phosphate buffer (30:70 or 50:50)

280 nm
Amperometric

534
52

μ Porasil

2-Propanol–hexane (1:99)

236 nm

117

Oils. Solution in hexane. Extraction with acetonitrile
Foods

Hypersil ODS
Ultrasphere ODS

Acetonitrile–n-butanol–water

393
535

BHA, BHT, TBHQ

Oils, fats

Hexane–dichloromethane–acetonitrile

BHT

Poultry premix. Extraction with methanol

Methanol–water (95:5)

280 nm

363

BHA, TBHQ, NDGA,
gallates
BHA, BHT

Fats, oils. Solution in the mobile phase

μ Porasil or Radial-PAK
cyano
HIBAR LiChrosorb
RP-18
LiChrosorb DI0L

292 nm
UV–Vis and
electrochemical
280 nm

Hexane-1,4-dioxane–acetonitrile (62:28:10)

280 nm

388
536

Oils, fats. Extraction into hexane saturated with
acetonitrile
Dried foods. Extraction into methanol

Acetonitrile–methanol–aqueous phosphoric acid
(55:5:40)
Gradient elution: acetonitrile–water–phosphoric
acid
Gradient elution: acetonitrile + 1% acetic
acid–water + 1% acetic acid (30:70 to 100:0)

222 nm

BHA, BHT, TBHQ,
NDGA, gallates
BHA, BHT, TBHQ,
NDGA, gallates
BHA, BHT, TBHQ,
NDGA, PG

Micro-Pak MCH-5
N-CAP
LiChrosorb RP-18

280 nm or fluorimetric

401

Antioxidants

Foods. Extraction with acetate buffer–methanol

BHT

Extruded potatoes. Extraction into toluene. Online
cleanup by size-exclusion chromatography
Oils, butter. Cleanup on Sep-Pak C18 cartridges
Fats, oils. Extraction with mobile phase or petroleum
ether
Fish meal. Extraction into hexane

TBHQ
BHA isomers
Benzoylated derivatives
of BHA, BHT, NDGA,
gallates
BHA, BHT, TBHQ,
NDGA, ethoxyquin,
gallates
BHT, ethoxyquin
BHA isomers, BHT,
TBHQ
Cyclohexanedione
derivative of BHT
TBHQ
BHA, BHT

Ethoxyquin

Feed

Dried foods. Extraction into hexane, water, and
acetonitrile or into methanol

LiChrosorb 100 CH-18/2
Modification of the
method by Reference
[54]
LiChrosphere 60
RP-Select B
Reversed phase

UV

70

387

62
93

UV

537

UV

538

Nucleosil 5 C18
Ultrastyragel 100 Å

Gradient elution acetonitrile–water (0:100 to
100:0)
Methanol–phosphoric acid–aqueous ammonia
Tetrahydrofuran

280 nm

539
380

LiChrospher 100 RP 18

Methanol

215 nm or fluorimetric

270
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BHA, BHT
BHA, BHT, gallates

Oils, fish. Extraction into ethylacetate; cleanup on
Extrelut
Vegetable oil, butter, margarine. Extraction into
hexane–ethanol (99:1)
Commercial preparations
Different foods. Derivatization precipitation, and
cleanup with RP-18 cartridge

Stationary Phase
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Cereals. Extraction into methanol
Paprika. Extraction into ethyl acetate

RP-18
Spherisorb ODS-2

Coulometric
270 nm or fluorimetric

540
373

Extensive

Oils. Solution in hexane–isopropanol

Nucleosil 120-5 C18

UV-diode array

394

BHA, BHT, TBHQ,
NDGA, gallates, and
others
BHA, BHT, PG

Food. Solution in hexane and extraction with
acetonitrile

Supelcosil LC-18 or two
Pecosphere C18

280 nm

95,541

Chewing gum, dried potato flakes. Extraction with
methanol; cleanup on silica
Fats, oils. Extraction with pentane; cleanup on
Adsorbex RP-18
Carrot juice, powdered milk, appetizer cakes

Different C18 microbore
columns
μ Bondapak C18

Aqueous 0.01 M LiClO4–methanol (10:90)

Electrochemical

542

280 nm

97

LiChrocart RP18

Gradient elution: acetonitrile + 5% acetic
acid–water + 5% acetic acid
Acetonitrile–tetrahydrofuran–water

Electrochemical

395

Oils, fats, and butter oil. Extraction with acetonitrile
from hexane solution

C18 bonded spherical
silica

Gradient elution: acetonitrile–methanol–5% acetic
acid to acetonitrile–methanol

280 nm

399,400

Nucleosil 100-5NO2

Gradient elution with hexane–t-butyl methyl
etheracetonitrile–methanol–5% acetic acid to
acetonitrile–methanol
Acetonitrile–aqueous α-hydroxyisobutyric
acid solution (pH 4.5), containing ion-pair reagent
Gradient elution:
methanol–water (80:20 to 100:0)
Aqueous 90% methanol
0.01 N ammonium acetate buffer–acetonitrile (3:7)

UV–visible and
fluorimetric

543

233 nm

385

280 nm and APCI-MS
with auto switching valve
245 nm
Fluorimetric
(360 nm/432 nm)
280 nm

390

BHA, BHT, TBHQ,
PG, OG, DG
BHA, BHT, PG
BHA, BHT
BHA, BHT, PG, OG,
DG
BHA, BHT, TBHQ

Infant formulas (extraction with t-butyl methyl
ether–light petroleum), and margarine (dissolution
in hexane)
Dried roast beef, soy sauce, fruit. Solid-phase
extraction
Dried sardines. Extraction with ethyl acetate;
distillation
Edible vegetable oils. Extraction with methanol
Feeds. Collaborative study. Extraction with
acetonitrile
Margarine. Extraction with acetonitrile from hexane
solution
Food. Extraction with n-hexane
Food. Extraction with methanol
Bakery products. Extraction with
acetonitrile/2-propanol
Oils, dried foods. Acetonitrile extraction

280 nm
279
280 nm

546
547
548
549

Antioxidants
(collaborative studies)
BHA, BHT, TBHQ,
NDGA, PG, OG, DG,
and others

Oils, fats, dry soup, potato flakes, cereals. Extraction
with methanol
Butter, lard, margarine, shortening, hand creams.
Dissolution in hexane and extraction into
acetonitrile

Fluorimetric
(280 nm/310 nm)
280 nm
Electrochemical
UV 280 nm
Two colorimetric array cell
modules each containing
four electrochemical
sensors (eight different
potentials)

403

BHA, BHT, TBHQ,
NDGA, PG
BHA, BHT, TBHQ,
NDGA, gallates
BHA, BHT, TBHQ,
NDGA, PG, OG, DG,
and others
BHA, in presence of
retinal esters and
tocochromanols
TBHQ, BHA
BHA, BHT
BHT, BHA
Ethoxyquin

5 μm C18
TSK-gel ODS 80TS
Zorbax ODS C18
5 μm C18
Spherisorb ODS 2

Gradient elution: acetonitrile–water (80:20 to
100:0), acetonitrile/ethyl acetate (5/95)
Gradient elution: water (pH=3)–
acetonitrile–methanol–isopropanol
Isocratic or gradient elution: acetic
acid–water–methanol–acetonitrile

Radial-PAK C18
Kromosil C18
Extrasil ODS-2

Gradient elution: acetic acid–water–acetonitrile
(from 5:70:25 to 5:5:90)
Aqueous 92% ethanol (pH 3 with H3PO4)
Aqueous 92% ethanol
Gradient elution: acetonitrile–acetic acid–water

Lichrosorb RP-18

Gradient elution: water–acetonitrile–acetic acid

RP-18

Gradient elution: acetonitrile–acetic acid–water or
methanol–0.02 M KH2PO4 buffer 1:1 in methanol
Gradient elution: 0.025 M sodium acetate and citric
acid–methanol (95:5) to 0.025 M sodium acetate
and citric acid–methanol–acetonitrile (20:40:40)

Supelcosil LC-18
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BHA, BHT, PG
Ethoxyquin

544
374
545

550
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Table 10.8 (Continued)
High-Performance Liquid Chromatography Methods: Bibliographic Summary
Antioxidant/s
BHA, TBHQ, NDGA,
PG, DG
Ethoxyquin and its
oxidation products
BHA, TBHQ, NDGA,
PG, OG, DG
BHA, BHT, TBHQ,
NDGA, PG, OG, DG
TBHQ, ethoxyquin
TBHQ and other
additives
BHA, BHT, PG, OG,
DG
PG, OG, BHA, BHT,
TBHQ

OG, PG, TBHQ,
NDGH, DG, BHA,
BHT, Ionox-100, and
AP (ascorbyl
palmitate)

TBHQ, BHA, and BHT

BHT, BHA, Irganox
1010, Ethanox 330

Edible oils and fats
Direct injection as microemulsions or solutions in
n-propanol
Fish meal and fish feeds. Extraction with hexane

Stationary Phase

Mobile Phase

Detection

Reference

Spherisorb ODS-2

0.1 M SDS–2.5% propanol–0.01 M NaH2PO4
(pH 3)

284 or 290

381,382

CSC-S ODS-2

Acetonitrile–0.01 M CH3COONH4 (80:20)

280 nm

376

Dairy products and dietetic supplements. Dissolution
in micellar solution
Liver pates. Extraction with hexane; partition in
acetonitrile

C18

0.09 M SDS–6.6% n-propanol–0.01 M NaH2PO4
(pH 3)
Gradient elution: aqueous 5% acetic acid–5%
acetic acid in acetonitrile (70:30)

Not applied
Soft drinks

Inertsil ODS-3
ChromSpher 5 Poly C18
ChromSep
Licrosorb RP-18

Olive oils. For BHT, dissolution in hexane and
extraction in acetonitrile; for others, dissolution in
petroleum ether and extraction in ethanol
Dry food (Bouillon, gravies, dehydrated soup or
meat, and dry pet food)
Extraction with methanol or hexane-2-propanol
(depending on type of sample and the antioxidant)
Vegetable oils and edible oils
Extraction with methanol containing citric and
isoascorbic acid (to prevent degradation of AP)

Aqueous food simulants. Liquid–liquid extraction
with n-hexane at pH 0.5 (triplicate). After
evaporation, solvent diluted with acetonitrile
(optimized by RSM)
Rapeseed oil
Sample dissolved in methanol (50°C), 12 h at
temperature below −20°C. A fraction in the upper
flask was diluted
Food simulant
Solid-phase extraction (SPE C18 Sep-Pak) from food
stimulants (3% acetic acid, 10% ethanol). Elution
elution with methanol and THF

Spherisorb C18

383
280 nm

402

Methanol–0.05 M phosphate buffer (pH 5.5) (3:2)
0.02 M sodium acetate (pH 4.65)–methanol (59:41)
with 0.7 g L−1 cetrylmethylammonium bromide
0.1 M SDS–0.01 M phosphoric acid–30% propanol

280 nm
230 nm

551
552

UV variable wavelength

384

Supelcosil LC-18 (30°C)

Gradient elution:
A: water +1% phosphoric acid. B: methanol/ACN
(1:1). B: 28% to 90% (various steps)

PDA
280 nm

345

Supelcosil LC-18:
Pretreated for 30 min
with 90% methanol/
acetonitrile 1:1
containing citric acid
and isoascorbic acid
NovaPack C18

Gradient elution:
Solvent A: aqueous 1% phosphoric acid pH 3;
Solvent B: methanol/ACN (1:1). B: 35%–90%

PDA
280 for SPAs and 235 nm
for AP

157

Gradient elution: methanol–water
(20:80–60:40–100:0% v/v)

PDA
276 nm

405

Hypersil ODS2

ANNs:%water pH 4:%THF (2.4:8.6)
Optimization separation by coupling artificial
neural network and orthogonal experimental
design
Gradient elution: ethanol:water
Ethanol from 20% to 100% v/v)

280 nm

397

276 nm

553

NovaPack C18
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BHT, BHA, and others
antioxidants used in
food packaging

Sample and Treatment
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Edible oil or fat
Solution in n-hexane and extraction with acetonitrile.
Once removed the solvent, diluted in methanol

Hypersil ODS2 C18

HPLC: Gradient elution. Solvent A: 5% acetic acid
in water. Solvent B: methanol–acetonitrile (1:1)
Gradient elution from 70% B to 100% B in 10 min

PG, TBHQ, BHA, BHT

Vegetable oils, margarines, butter and cheese
Samples with methanol/ACN (1:1). Vortexing/
ultrasonic step. The clear organic phase injected
directly
Edible vegetable oil
Extraction into hexane in a microvibrant mixer

LiChrospher

Gradient elution: ACN: water 1% acetic acid (30%
to 100%)

ZORBAX Eclipse
XDB-C18 (narrow-bore)

Methanol:water 60:40%

Ethoxyquin and its
major metabolite

Atlantic salmon
Solid–liquid extraction with a mix of ethanol, solid
pyrogallol, ascorbic acid, and EDTA

Phenyl-hexyl column
protected by a C18
column and connected
in tandem to a 3 μm
C18 column

TBHQ

Edible oil
Extraction procedure:
600 μL of hexane mixed with 0.2 mL of oil samples
was shaken for 2 min by a microvibrant mixer and
then 2 mL ethyl alcohol was added as extracting
solvent
Edible vegetable oil (olive, rapeseed, peanut, corn,
and sunflower seed)
Extraction with acetonitrile saturated with hexane
Vegetable oils, margarine, hydrogenated fats:
Extraction with acetonitrile saturated with hexane,
evaporate and diluted with methanol
Fish feed and commercially farmed fish
Extraction BHA, BHT with acetonitrile as
Reference 386

LC Zorbax Eclipse XDB
C18

Mobile phase 1: 20% buffer and 80% of a 0.1%
(w/v) ascorbic acid in ACN
Mobile phase 2: 0.1% (w/v) solid ascorbic acid in
ACN
Gradient elution: two-gradient cyclic 23.5 min
sequence
Methanol:water (50:50% v/v)

Edible oils
Cloud-point extraction and preconcentration (CPE)
Trton X-114
Cooking oil, margarine, butter, cheese
Extraction with methanol:ACN (1:1), vortex,
ultrasonic treatment and precipitation of materials
by refrigeration

Agilent TC-C18

Gradient elution: methanol–water 1.5% acetic acid
(40%–90%)

LiChrospher C18

Gradient elution: ACN–water 1% acetic acid
30% to 90% to 100% acetonitrile

TBHQ

PG, OG, BHA, TBHQ,
NDGA, and others
PG, TBHQ, BHT, BHA,
OG
Etoxiquin, BHA, BHT

PG, TBHQ, BHA, BHT

PG, TBHQ, BHA, BHT

280 nm
Screening by TLC
quantification GC-FID
and HPLC-PDA and
MS
PDA 280 nm

101

HPLC/ITMS. Negative
ionization mode. Two
interfaces are compared:
ESI and APCI
Fluorimetric
358/433 nm

368

HPLC/ITMS
ES interphase
Negative ion mode
m/z 149

369

554

377

Zorbax Eclipse
XDB-C18

Gradient elution
Acetonitrile:water 10–30–60–90% ACN

HPLC/TOF_MS. ESI in
negative ion mode

391

Two column Shim-pack
ODS, RP18

Methanol: water 5% acetic acid (isocratric or
gradient elution)

PDA 280 nm

555

Acetonitrile/methanol (50/50): water 5% acetic
acid

Fluorimetric
BHT and EQ (as
Reference 9 but BHT
282/307 nm)
BHA: As Reference 391
but 290/233 nm
PDA 280 nm

389

PDA 280 nm

556
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BHA, BHT, PG, OG,
DG

127
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Table 10.8 (Continued)
High-Performance Liquid Chromatography Methods: Bibliographic Summary
Antioxidant/s

Sample and Treatment

Stationary Phase

Mobile Phase

Detection

Reference

Food products of animal origin
Iso-octane or methanol

Wakosil 5C18

Butylhydroxytoluene–acetonitrile–water
(0.05 + 800 + 200, v/v/v)

Fluorimetric
370/415 nm
HPLC/MS to confirm

375

BHA, BHT

Fruit juice sample
Dispersive liquid–liquid microextraction (DLLME)
Acetone as dispersive solvent and 2-ethyl-1-hexanol
as extraction solvent

C18

Isocratic elution methanol:water:acetic acid
(75.24:1 v/v/v)

285 nm

130

PG, TBHQ, BHA, BHT

Cloud-point extraction (1.5% Tergitol TMN-6, 1%
NaCl)

Spiked edible oil

Gradient elution: methanol–water 1.5% acetic acid
(40%–90%)

280 nm

128

PG, TBHQ, NDGA,
BHA, OG, DG, BHT,
Etoxiquin,

Oil samples
Nonextraction methodology. Only dissolution in
isopropanol/n-hexane
Use trilinear component model for second order
calibration

Hypersyl ODS C18 at
60ºC

Gradient elution:
Solvent A methanol–acetonitrile (1:3 v/v)
Solvent B water 5% acetic acid (40%–90%)
A: 20% to 100%

PDA
280 nm

406

BHT, BHA, and UV
absorbers and their
degration products

Food simulant:
Distilled water (simulant A), 3% acetic acid (simulant
B), 10% ethanol (simulant C), and oil (simulant D)
Migration test for 27 commercial food packaking
Solid phase extraction (SPE C18 Sep-Pak) from food
stimulants (3% acetic acid, 10% ethanol). Elution
with acetonitrile and THF

Zorbax Eclipse XDB C18

Gradient elution:
Acetonitrile: water
Acetonitrile from 55% to 85% to100% v/v)

276 nm

557

BHA, BHT, PG, and
others degradation
products, phosphate
and DBP

1. Commercial food packages p polyethylene (LDPE
and HDPE), polypropylene (PP), polyvinylchloride
(PVC), polyethylene terephthalate (PET) and a
LDPE film extruded
Extraction assisted by microwave energy
2. Migration level study to food simulants (aqueous
and fatty)
SPE extraction in aqueous simulants and elution with
THF

Symetry C18

Aqueous food simulants and commercial and
extrudes films:
Gradient elution methanol:water
Oil simulants
Gradient elution (quaternary) methanol:water:
THF:methanol

PDA
276 nm (aqueous
simulants)
220 nm (oil simulant)

407

BHA, BHT, PG, TBHQ

Release behavior of antioxidants from extruded PLA
films into ethanolic simulants. The film was
immersed in simulants

Altima HP C18 3 μm

Isocratic
Acetonitrile–0.1% TFA: water–0.1% TFA at pH
3.0 (90:10 v/v)

PDA 280 nm

409

TBHQ, BHA, BHT

Beverages (mineral water, apple juice, cherry juice,
and mixed fruit juice)
Dispersive liquid–liquid micro extraction (DLLME)
Methanol as dispersive solvent and 1-octanol as
extraction solvent

Phenomenex Max-RP

Gradient acetonitrile and distilled deionized water
(0.1% trifluoroacetic acid) 75%–100% acetonitrile

280

131
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cyanopropyl and aminopropyl. Methods have been proposed to
analyze BHT using Corasil II as a stationary phase and cyclohexane or heptane as a mobile phase [57,362]. BHA and BHT
have been analyzed with LiChrosorb Alox T [386], a stationary
phase of alumina, where gradient elution with hexanedichloromethane is used. TBHQ has been determined in different foods
with the use of polar columns of different kinds [366,367]. This
type of phase is also suitable for the joint isomers of BHA [364].
The results obtained with two different phases in the analysis of
BHA, BHT, and TBHQ were analyzed by Indyk and Woollard
[387]. Polar stationary phases have also been used to analyze
derivatives of BHA, BHT, and TBHQ [61,117].
Anderson and van Niekerk [388] described a method for the
direct determination of BHA, TBHQ, NDGA, and gallates in
oils and fats that did not require either extraction or derivatization and used a DIOL column. BHT, in the conditions used, was
not resolved in the samples of oil, which were directly injected
into the column. Direct injection has also been successfully
applied to the determination of TBHQ [366] by means of adsorption chromatography with a nonderivatized silica column and
fluorimetric detection.
However, in the great majority of the methods proposed, the separation and analysis of these antioxidants is carried out by means
of reversed-phase chromatography and specifically with octadecyl
bonded silica columns of 5 μm or in some cases 3 μm particle size.
UV detection is also performed in most cases, 280 nm being
the most frequently used wavelength. The peak purity is checked
in many cases when the photodiode array (PDA) system is used.
However, electrochemical detection, even using coulometric
array-cell modules and simultaneous detection at various potentials, or fluorimetric detection or simultaneous detection by two
or more techniques have also been used. The fluorimetric detector are mainly used for the determination of ethoxyquin, either
alone or with other antioxidants [270,366,371–375,377,389]. The
excitation and emission wavelengths vary, depending on the solvent used as the mobile phase.
HPLC coupled with MS have been used less. An autoswitching valve has been introduced into the interface of a highperformance liquid chromatography/atmospheric pressure
chemical–ionization mass spectrometry system to improve the
measurement repeatability [390]. The LC method can hence
determine BHA and BHT in dried sardines without interference
from coexisting substances, the measurement precision being
comparable to that obtained by capillary GC. The quantification
of TBHQ in commercial edible oil products has been reported in
two papers by liquid chromatography/ion trap mass spectrometry
(LC/ITMS) in negative ionization mode, both published at the
same time [368,369]. Thus, Hao et al. [368] use the ITMS system
in negative ionization mode, with helium as collision gas, and
nitrogen as nebulizer and drying gas. The multiple reaction monitoring (MRM) mode is used to acquire MS1 and MS2 spectra of
TBHQ standard solutions and oil extracts, with a scan range of
m/z 50–300. When the two ionization interphases are compared,
the proposed ESI is more suitable to TBHQ detection than APCI,
taking into account the linearity, sensitivity, and detection limits
obtained. Moreover, TBHQ is detected in 10 typical edible vegetable oils.
Recently, time-of-flight mass spectrometry combined with
high-performance liquid chromatography (HPLC/TOF-MS)

has proven to be a sensitive and selective method for the determination and confirmation of a group of eight antioxidants and
three preservatives in edible vegetable oil [391]. The selectivity
of HPLC/TOF-MS relies on the resolving power of the instrument on the m/z axis, which enables the discrimination between
the target species and interferences within 0.01 Da of mass
difference.
Mobile phases composed of an aqueous portion modified by
the addition of acids (fundamentally, acetic or phosphoric acid),
buffers, or salts and an organic portion made up of methanol
or acetonitrile are used, although at times other solvents are
employed [369,373,375,377,399–397]. In most cases, the use of
a gradient elution is necessary, especially when analyzing mixtures of various antioxidants. Wang et al. [397] used ANNs to
determine the optimal conditions (mobile phase composition) of
an HPLC system in the separation and quantitative analysis of
TBHQ, BHT, and BHA. The response function (Rf) was defined
on the basis of the separation efficiency and the analysis time and
an orthogonal design was utilized to set up the experiments in
which all factors were varied simultaneously. All of these aspects
are reflected in Table 10.8.
The procedures used for the preparation of the samples to
be analyzed are similar to those described earlier: dissolution
or extraction with solvents such as methanol, ethanol, hexane,
ethyl acetate, and acetonitrile saturated with hexane or petroleum ether, followed on occasion by processes of separation with
other solvents, cleanup with different materials, or distillation.
Procedures in which hydrophobic samples are dissolved in a
water/sodium dodecyl sulfate (SDS)/n-pentanol microemulsion,
in n-propanol, or in a micellar solution, and analyzed by LC with
a micellar mobile phase, have been developed [381–383] to analyze several synthetic antioxidants in edible oils and fats and in
dairy products and dietetic supplements.
Chen et al. [127] proposed a CPE using TX-114/NaCl for the
extraction and preconcentration of PG, TBHQ, BHT, and PG
from edible oils prior to HPLC-UV determination. The method
has proved to be simple, rapid, and reliable for synthetic phenolic
antioxidant assay in edible oil samples. In the studies, MeOH
was added to enhance the extraction efficiency of the CPE procedure. Subsequently, the same authors proposed the use of the
other nonionic surfactant TMN-6 [128], concluding that this one
has an advantage over TX-114 in terms of recovery. In a wider
perspective, handling edible oil samples with the aid of CPE is a
potential field of investigation.
Liquid–liquid microextraction (DLLME) has been used, as
mentioned before, as a novel sample preparation technique prior
to the HPLC analysis of HBA, HBT, and TBHQ. Biparva et al.
[130] use DLLME to determine BHA and BHT in fruit juice samples prior to HPLC. The method is based on the formation of tiny
droplets of the extractant in the sample solution using 2-ethyl1-hexanol, a water-immiscible solvent (extractant), dissolved in
acetone, a water-miscible solvent (dispersive). Extraction of the
analytes took place from the aqueous sample into the dispersed
organic droplets. The extracting organic phase was separated by
centrifuging and the upper phase was withdrawn for HPLC analysis. Recovery for BHA and BHT were 94.0%–99.8%, enrichment
factors were 208 and 203, and limits of detection were 2.5 and
0.9 mg L −1, respectively. Kabuc [131] use 1-octanol as extractant
and methanol as dispersive solvent in the DLLME procedure.
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In this study, TBHQ is included in the analysis. The method
was applied for the determination of BHA, BHT, and TBHQ in
water samples and in fruit juice samples: recovery for THBQ,
BHA, and BHT were 53%, 96%, and 70%, enrichment factors
were 31, 55, and 40, and limits of detection were 0.85, 1.67, and
2.73 mg L −1, respectively.
Several of the procedures proposed allow most or even all of
the antioxidants examined to be determined. For example, Page
[398] proposed a method for the determination of BHA, BHT,
TBHQ, NDGA, and gallates in various food samples whereby
the antioxidants are partitioned between a hexane solution of the
sample and acetonitrile. This method was subsequently submitted to a collaborative survey [54] and modified for application in
dried foods [93]. The same author later published the results of
a collaborative study of 10 laboratories of an HPLC method for
the determination of these antioxidants and other antioxidants
in butter oil [399]. In this study, a Cl8 bonded spherical silica
column is used. Although the higher efficiency of the columns
packed with this material compared to those packed with nonspherical material is evident, results using the latter material
could also be acceptable. The results of this study have led to a
modification of the AOAC method 983.15 [400].
Other procedures, which are also very similar, that use gradient elution with mobile phases made up of water/acetonitrile
with acetic or phosphoric acid [62,97,401,402] have also been put
forward for the analysis of these antioxidants. In all cases, UV
detection is used, although in one of the procedures, proposed
fluorimetric detection is also possible [401].
Electrochemical detection is used in the analysis of mixtures
of BHA, BHT, TBHQ, NDGA, and PG, using C18 columns and
acetonitrile–tetrahydrofuran–water as the mobile phase [395]

and an HPLC method using progressive electrochemical detection has been described for the determination of the synthetic
phenolic antioxidants. Analytes were detected on two coulometric array-cell modules, each containing four electrochemical sensors in series [403].
A procedure was described in 1991 [394] that allows the nine
synthetic phenolic antioxidants most commonly used to be analyzed, together with triglycerides as well as the natural antioxidants tocopherols and α-tocopherol acetate. A C18 column and
gradient elution with water–acetonitrile–methanol–isopropanol
are used. After dilution of the oil with isopropanol/hexane, no
further sample preparation is required (Figure 10.2), the results
being comparable with those obtained by the AOAC method
[404]. UV detection with a diode-array UV detector is applied.
Perrin et al. [405] proposed an HPLC method for the simultaneous determination of nine synthetic antioxidants (BHA,
BHT, NDGH, TBHQ, PG, OG, DG, Ionox-100, and ascorbic
palmitate [AP]) in edible fats. Citric acid and isoascorbic acid
is used for the stabilization of AP in standard and sample solutions and for the deactivation of oxidizing agents in the HPLC
system. The compounds are directly extracted from samples
with methanol containing citric acid and isoascorbic acid.
HPLC analytical and guard columns were pretreated with 90%
methanol/acetonitrile 1:1 (vol/vol), containing citric acid and
isoascorbic acid and 10% water at pH 3. Average recovery from
spiked samples was up to 90%.
Only two procedures were found in the references listed at the
end of this chapter for the analysis of ethoxyquin in a mixture
with the other antioxidants mentioned. Thus, Pujol et al. [70]
proposed the extraction of the antioxidants from samples with
different solvents. Separation is carried out on a C18 column, and
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Figure 10.2 HPLC of synthetic phenolic antioxidants, tocopherols, and triglycerides (λ = 280 nm). (a) Extraction with acetonitrile from hexane, according to AOAC method 20.009–20.013 [401]. (b) Dilution of the oil with hexane–isopropanol. See Table 10.8 [499] for HPLC conditions.
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detection is performed at 280 nm, except for ethoxyquin, which
is detected at 360 nm. More recently, in 2012, Wang et al. [406]
developed a no-extraction methodology to determine 10 synthetic phenolic antioxidants, including ethoxyquin, in oil samples
by using HPLC-DAD combined with a second-order calibration
method based on the alternating penalty trilinear decomposition
(APTLD) algorithm. The second-order data per sample, generated
by recording spectra during the chromatographic time evolution,
were successfully handled to analyze the content of the analytes,
despite overlapped peaks or despite the presence of interferences
and baseline drift. The 10 SPAs were eluted within 6 min and the
results of the overall predictions are acceptable. The antioxidants
tested were BHA, BHT, TBHQ, NDGA, OG, PG, DG, THBP,
ethoxyquin, and ionox. There is no sample extraction, except for
the dilution of the oil with isopropanol–hexane.
It should be noted that HPLC has been used to determine the
specific migration levels of antioxidants from plastics in a variety of food and food simulants [396,407–409]. Antioxidants are
added to plastics to prevent the degradation of plastics during
processing and during their life. If plastics are used for packaging food, these antioxidants or their degradation products can
migrate from the plastic to the foodstuffs. To avoid this, testing
has to be performed with all (potential) food types; the EU has
defined some simulants that can be used (Commission Directive
2007/19/EC, 2007). These food simulants are as follows: simulant A: water, mimicking aqueous foodstuffs; simulant B: 3%
acetic acid, mimicking acidic foodstuffs; simulant C: 10% ethanol, mimicking alcoholic foodstuffs; simulant D: olive oil or
another approved oil, mimicking fatty foodstuffs.

10.4.5 Voltammetric Techniques
Voltammetric techniques, such as differential-pulse (DPV),
square-wave (SWV), linear-sweep (LSV), and cyclic voltammetry (CV), FIA with electrochemical detection, and chronopotentiometry have gained in popularity for the study and analysis
of synthetic antioxidants. The utilization of several materials as
working electrodes such as mercury, glassy carbon, carbon paste
or fiber, platinum, and modified electrodes, including different strategies as well as biosensors and nanoparticles, has been
demonstrated, as reflected in the large amount of work already
published. Likewise, the more recent use of screen-printed electrodes is also opening up new possibilities in this field because
they can combine ease of use and practicality with simple and
inexpensive fabrication and can be ideally employed for voltammetric measurements using portable electrochemical instrumentation. The numerous papers that have been published on this
topic are summarized in Table 10.9.
Published works referring to the study of antioxidants include
References 410–427 and papers applying the study to the analysis of antioxidants in foods include References [113,428–471].
Franzke et al. [430], using the same rotating graphite electrode as
Barendrecht [410] in a medium of 0.2 M sodium acetate–methanolbenzene–acetic acid (4:4:4:1), determined the total content of
the antioxidants PG, NDGA, BHT, and TBHQ in fats. Owing
to the small difference in E1/2 between PG and NDGA, it is not
possible to perform separate analyses for them, and the method
is restricted to TBHQ. BHT cannot be determined owing to
its high oxidation potential. By using a rotating glassy carbon

electrode [430] in 0.1 M H2SO4 in ethanol or ethanol–benzene
(2:1) medium, greater sensitivity is obtained in comparison
with the static electrode, when the differential-pulse technique
is used to determine antioxidants in foods. BHA, BHT, PG,
and the tocopherols have been analyzed [432] by means of the
glassy carbon-rod electrode and LSV in 0.12 M H2SO4 in ethanol–benzene medium. In vegetable oil samples, BHT cannot be
determined because of its proximity to the background when it
occurs in greater quantities, but BHA can be determined in these
samples if they do not contain great quantities of δ-tocopherols,
which show potential values very close to those of BHA. PG
cannot be analyzed in vegetable oil because of the proximity of
potential values to those of the β- and γ-tocopherols. It is possible, however, to analyze PG in fats. BHA and BHT have been
analyzed in samples of lard. The advantage of the method is that
no previous treatment of the sample is needed. The method can
also be applied to cereals and processed meat products. Wang
and Freiha [435] preconcentrated BHA for analysis with a carbon-paste electrode. They applied the method for the detection
of BHA with FIA. It can be applied to samples of soft drinks
and corn oil. Yáñez-Sedeño et al. [437] described the determination of BHA and BHT by FIA with amperometric detection in
corn oil and of BHT in stabilized samples of diethyl ether, and
Ceballos and Fernández [454] determined BHA and BHT, also
in corn oil, by using conventional-size glassy carbon electrode
and carbon fiber and platinum disk ultramicroelectrodes. As the
authors remark, better baseline lines were obtained with the second one and no interferences exist between BHA and BHT, but
tocopherols interfered in the analysis of BHA.
With respect to the analysis of mixtures of synthetic antioxidants by electrochemical methods and chemometric tools, some
references have been found. Martin et al. [424] developed the
possibilities for the simultaneous determination of BHA and PG
by PLS. Galeano Diaz et al. [447] determined PG, BHT, BHA,
and even NDHGA in dehydrated soup, olive oil, and sunflower
oil, in the presence of other antioxidants [455] by using PLS
multivariate calibration and using glassy carbon as the working
electrode. Ni et al. [449] developed a method to determine BHT,
BHA, PG, and TBHQ in food by PLS, CLS, and PCR methods.
Therefore, carbon fiber or cylindrical carbon fiber microelectrodes have been used to determine BHA and BHT in different
foods such as corn oil [451] or potato flakes [442].
Dos Santos et al. [456] proposed a method to determine the
mixture of TBHQ, BHA, and BHT in mayonnaise without the
use of the chemometric method by using GC or Pt electrode
and selected pH values to avoid the overlapping of the signal.
Rifkin and Evans [434] analyzed food for BHA and BHT with a
platinum-disk electrode by DPV and proposed methods for the
determination of one in the presence of the other. They pointed
out that the method is promising and would allow the determination of BHT in potato chips [434]. In benzene, BHT and BHA
have been determined in samples of dehydrated mashed potatoes
[113]. Michalkiewicz [457] studied the possibility of determining
TBHQ, BHA, and BHT by using a platinum microelectrode in an
acetic medium. In this case, no pretreatment of the electrode was
necessary. The analysis was possible for each compound separately or simultaneously as pairs, BHT–BHA or TBHQ–BHT,
and no real sample was applied in the proposed method. TBHQ
has been analyzed in edible oil with a platinum electrode [453]
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Table 10.9
Electroanalytical Techniques: Bibliographic Summary
Antioxidant

Working Electrode

Technique

Samples

Rotating glassy carbon

—

Fats

Antioxidants

Rotating glassy carbon

DPV

Food

Antioxidant

Glassy carbon

LSV

BHA
BHA

Carbon paste
Glassy carbon

DPSV/FIA
FIA

Animal fats and vegetable
oils, cereals, and
processed meat
Soft drinks, maize oil
Corn oil

BHA

Glassy carbon

DPV

Chewing gum

BHA, BHT

Conventional glassy
carbon, carbon fiber,
and platinum disk
microelectrodes
Glassy carbon

FIA–amperometric
detection

Corn oil

DC sampled, DPV

Glassy carbon

LSV

Dehydrated soup
(extraction into
acetonitrile)
Food

Glassy carbon

DPV NHDGA alone,
sampled DC in
presence of other

Olive oil, sunflower oil a
and packet soup

Carbon disk
ultramicroelectrode
Carbon disk
ultramicroelectrode
Carbon fiber
ultramicroelectrode
Cylindrical carbon fiber
microelectrodes

SWV

Corn oil

Pt, GC

SWV

Dehydrated potato flakes.
Extraction into
acetonitrile
Food

Pt disk

DPV

Potato chips

PG, BHT, BHA

BHT, BHA, PG,
TBHQ
NDHGA in
presence of
TBHQ and PG

BHA, BHT
BHA, BHT, and
PG
BHA, BHT
BHA, BHT

TBHQ, BHA,
BHT
BHT

Sunflower oil and lard

0.2 M ammonium acetate–
methanol–benzene–acetic
acid (4:4:4:1)
0.1 M H2SO4 in ethanol or
ethanol–benzene (2:1)
0.12 M H2SO4
ethanol–benzene

Extraction with hexane and
reextraction with acetonitrile.
Solution in 0.1 M HClO4–5%
methanol
Emulsified medium: ethyl
acetate and pluronic F68

Notes

Reference

The method gives the total amount of antioxidants
(0.01%–0.02%). BHT cannot be determined

430

Sensitivity increases 2 times compared with the static
electrode
PG in lard (>0.001%) BHA in vegetable oils (>0.001%).
Advantage: previous extraction is not required

431

BHA can be determined in the presence of BHT. Also
can be determined in samples of diethyl ether,
although PG interferes

432

435
437

439
Better baselines with ultramicroelectrode. No
interferences between BHA and BHT; β- and
γ-tocopherols interfere with BHA

454

Britton–Robinson buffer (pH
2.8)

Simultaneous determination by chemometric methods
(PLS)

447

0.1 M HClO4 with 1%
methanol
20% acetonitrile–water;
Britton–Robinson buffer pH 4
(NDHGA alone)

Simultaneous determination by chemometric methods
(CLS, PCR, PLS)
Multivariate techniques: PLS method. Recoveries in
olive oil of NDHGA 97.2%–106.7% by using
univariate method; recoveries in sunflower oil and in
packet soup 95%–102.7% and 69.7%–75.6%,
respectively

449

Benzene–ethanol–H2SO4
(1:2:0.1) or ACN extract
Benzene–ethanol or
AcCN–HClO4

455

451
Selectivity and sensitivity comparable with some
conventional analytical techniques

452
454

DPV, SWV

10−3 M tetrabutyl ammonium
perchlorate in acetonitrile
Different media
Extraction: benzene–acetonitrile
(1:1) and after in the cell
acetonitrile (0.1 M tetraethyl
ammonium)–benzene (33:67)

Simultaneous determination directly in acetonitrile
extract. Interferences from TBHQ, PG, and citric acid
are examined
No overlapping of the signal; not necessary
chemometric methods

442

456
434
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PG, NGDA,
BHA, TBHQ

Conditions
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Pt microelectrode

DDP

—

TBHQ
TBHQ, BHT,
BHA, PG

Pt
Pt band
ultramicroelectrode

DPV
SWV

Edible oil
Spiked olive oil

TBHQ
TBHQ

Hg
Hg

DPP
DPP

Edible oils
Spiked edible oils

TBHQ

Hg

DPP/SWV

Spiked popcorn

BHA, BHT

DPV

Dehydrated mashed
potatoes

BHA, BHT, and
tocopherols
BHA

LSV, DPV

BHT

BHA

TBHQ, BHA,
PG

BHA

BHA

Nickel phthalocyanine
modified carbon paste
electrode
Carbon paste modified
with nickel
phthalocyanine
Glassy carbon modified
with nickel
phthalocyanine
polymer
Glassy carbon modified
with nickel
phthalocyanine
polymer
Modified electrode:
graphite–wax
composite with
Mn(II)hexacyanoferrate
(MnHCF)
hexacyanoferrate
Nickel hexacyanoferrate
(NiHCF) surface
modified graphite–wax
composite electrode

0.1 M NaCLO4 and 0.1 M
NaCH3COO

Benzene–EtOH (1:2) + 0.1 M
H2SO4
Absolute ethanol–toluene (5:1)
Micellar medium (antioxidants
dissolved in surfactant
Pluronic F68). Emulsified
medium: hexane–ethyl
acetate (99:1)– Britton–
Robinson buffer–surfactant
Emulsified medium: ethyl
acetate and pluronic F68 (pH 9)
Benzene

The analysis is possible for each compound
separately or simultaneous as pairs: BHT–BHA or
TBHQ–BHT
BHA interferes but BHT and PG do not
The method allows the qualitative and quantitative
analysis of different mixtures of synthetic
antioxidant, based on their acidic–basic properties
Without previous extraction from the sample
PG interferes but not BHA, BHT, without previous
extraction from the sample matrix

457
436

PG interferes

440

453
458

433
438
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TBHQ, BHT,
BHA

113
436

DPV

Spiked potato flakes

DPV/CV

Stabilized diethyl ether

FIA and LSV

Biscuits

FIA and HPLC
amperometric
detection

Commercial food

CV/DPV

Dry potato chips spiked
food product

FIA

Spiked in dehydrated
potato flakes

Extraction with methanol from
samples 0.1 M HClO4 in
methanol 2%

Extraction from samples in
methanol–water (50:59 v:v),
0.1 M HClO4, 2% methanol
medium
0.1 M Britton–Robinson buffer
(pH 1.5) with 1% methanol
(FIA) 50% Britton–Robinson
methanol
0.1 M NaCl, pH 6 in phosphate
buffer 0.05 M

Interferences of BHT, TBHQ, and PG are examined

428

Catalytic voltammetric determination

416

Ip is twice greater than unmodified electrode, as well
as Ep is less negative. After each injection, no
pretreatment of the electrodes was required.
Interferences of PG, BHT, TBHQ are examined

441

450

LOD: 5 × 10−8 M

459

New approach for fabrication NiHCF electrode
suitable for routine BHA determination

467

(Continued)
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Table 10.9 (Continued)
Electroanalytical Techniques: Bibliographic Summary
Antioxidant
BHA

TBHQ, BHA,
BHT

BHA, BHT

BHA

PG

PG

PG

BHA, TBHQ

BHA

PG

Technique

Samples

Graphite–wax
composite electrode
chemically modified
with silver
hexacyanoferrate
(AgHCF)
Glassy carbon electrode
modified with gold
nanoparticles (AuNPs/
GCE)
Carbon composite
electrode modified
with Cu3(PO4)2
immobilized in
polyester resin
Graphite rod modified
electrode with nickel
aquapentacyanoferrate
(NAPCF),
Carbon fiber
microelectrodes
modified with poly
(3-methylthiophene)
Carbon fiber
microelectrodes
modified with poly
(3-methylthiophene)
Platinum modified with
poly (pyrrole
tetrasulfonate) nickel
phthalocyanine
Platinum modified with
polypyrrole–nickel
phthalocyanine
Boron-doped diamond
electrode (BDD)
Enzyme biosensor
(tyrosinase electrode)

FIA and
chronoamperometry

BHA in spiked samples of
dehydrated potato flakes

Graphite–Teflon
tyrosinase composite
electrode

LSV

Conditions

Notes

Reference

0.1 M KNO3 pH 6

The electrode exhibits one of the unique advantages of
surface renewability by mechanical polishing

460

Edible oil samples

First derivative voltammetry. Recoveries 98.4%

461

SWV

0.1 M KNO3/10% ethanol
pH 6.7

Food samples

95% recoveries

462

Amperometry and
hydrodynamic
voltammetry

0.1 M NaNO3 (pH 7;
0.05 M phosphate buffer)

Cereal spiked samples

Simple and good stability

463

No cleaning or pretreatment is required during each
working day

444

DPV

DPV

Spiked dehydrated soup
samples (extraction into
ethyl acetate–n-hexane)

Emulsified medium

Advantage of use of this electrode are no adsorption
and no necessity of cleaning or pretreatment of
electrode

446

CV

Cornflakes, potato flakes.
Extraction three times
with water–methanol
(1:1)
BHA in glaze biscuits and
TBHQ in mushroom
cream
Mayonnaise, margarine

Britton–Robinson buffer (pH
1.05)

Electrocatalytical oxidation of PG. Interferences from
TBHQ, BHA, and citric acid is examined. Ep less
positive and Ip higher than in Pt unmodified electrode

445

Britton–Robinson buffer 0.1 M
(pH 1.1) and 0.5% of
methanol
Aqueous ethanolic (30%
ethanol, v/v) 10 mM KNO3
Reverse micelles (ethyl
acetate–0.1 M
dioctylsulfosuccinate–50 mM
phosphate buffer [pH 7.4])
0.05 M phosphate buffer pH
6.5

No high interference between the two antioxidants up
to 1/20 relationship

448

The method is simple, quick, and presents good
precision and accuracy
Eastman AQ/enzyme has also been used with the same
sensitivity and to improve stability. PG interferes. No
interference from TBHQ or BHT

471

Spiked olive oil 80:20 acetonitrile–tris 0.05 M pH 7.4.
No interference of BHA has been observed. 40 days
time use of the biosensor

464

CV, DPV

SWV
FIA

Commercial biscuit
(extraction from ethyl
acetate)

Amperometric
detection

Food stuff

443
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BHA, BHT

Working Electrode
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Graphite–Teflon
tyrosinase composite
electrode

TBHQ, BHA

Multiwalled carbon
nanotube screenprinted electrodes
Modified graphite–wax
composite electrode by
catalytic oxidation at a
nickel
hexacyanoferrate
(NiHCF) surface
Surfactant solutions
(AOT, Triton X-100,
and CTAB) and
microemulsions
stabilized by the
anionic surfactant SDS
TBHQ-imprinted
core–shell
nanoparticles
(TICSNs) using silica
nanoparticles
MPA (multiple pulse
amperometry) and FIA
a cathodically
pretreated borondoped diamond
electrode

BHA

PG

TBHQ

BHA, BHT

BHA, BHT

Cathodically pretreated
boron-doped diamond
electrode (BDD)

Fatty food

Reversed micellar medium:
ethyl acetate–5% phosphate
buffer pH 7.4–0.1 M dioctyl
succinate (AOT)

Special versatility

465

CV/LSV

Biodiesel

Britton–Robinson 0.04 M—2%
methanol (pH 2)

Easily adaptation to onsite analysis

466

FIA

Spiked dehydrated potato
flakes

0.1 M NaNO3 (pH 7.0
phosphate buffer)

CV

Foodstuff

Mayonnaise

SWV

Spiked in dehydrated
potato flakes

Aqueous ethanolic (30%
ethanol, v/v) 0.01 M KNO3
(pH cond = 1.5). as
supporting electrolyte.
A dual-potential waveform:
Edet1 = 850 mV/200 ms
Edet2 = 1150 mV/200 ms
versus Ag/AgCl
Aqueous ethanolic (30%
ethanol, v/v) 10 mmol L−1
KNO3 solution (pH conditional
1.5) as supporting

467

Oxidation of PG is more difficult in these media

468

High sensitivity and selectivity

469
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PG

470

In the SWV measurements using the BDD electrode,
the oxidation peak potentials of BHA and BHT
present in binary mixtures were separated by about
0.3 V

471

Note: DPV, differential-pulse voltammetry; LSV, linear sweep voltammetry; DPP, differential pulse polarography; FIA, flow injection analysis; DPSV, differential pulse stripping voltammetry; SWV, square wave
voltammetry.
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without interference from BHA and BHT although PG does
interfere. Robledo [458] proposes a method that allows the qualitative and quantitative analysis of different mixtures of synthetic
antioxidants, based on their acidic–basic properties in a Pt band
ultramicroelectrode.
On the contrary, the determination of TBHQ in edible oil,
without a previous extraction step, has been proposed as a routine
method using a conventional mercury electrode and applying a
differential-pulse technique [433]. In addition, the use of both
micellar and emulsified media has been described [438,439,446].
The use of these media is described in the literature as a successful strategy for overcoming adsorption interferences by protecting the electrode surface and stabilizing the electrochemical
signal, enhancing the electron transfer rate and improving the
detection limits. TBHQ has been determined by using these
media in spiked edible oil [438] and spiked popcorn [440],
improving the limit of detection obtained with other methods
[433] but also using the conventional mercury working electrode.
The determination of BHA has also been described in chewing
gum in emulsified media [439] by using a glassy carbon electrode. The behavior of PG in various surfactant solutions (AOT,
Triton X-100, and CTAB) and microemulsions stabilized by the
anionic surfactant SDS was also investigated by Szymula [468]
using the CV technique.
The modified electrodes have also been used for the analysis of different synthetic antioxidants in foods [441,445,446,448,450,459].
Ruiz et al. [441] used a glassy carbon electrode modified with
nickel phthalocyanine polymers to determine BHA in biscuits
by using FIA and LSV, where IP with the polymeric modified
electrode was twice that obtained with the bare glassy carbon
electrode, and Ep is slightly shifted toward less positive potential at the polymeric electrode with respect to that obtained with
the unmodified electrode and considering that no pretreatment
of the electrode after each injection was required. De la Fuente
et al. [445] used a platinum electrode modified with polypyrrole–
nickel phthalocyanine to determine PG in cornflakes and potato
flakes, TBHQ in mushroom cream, and BHA in glazed biscuits
[448] by using CV and DPV. The use of a glassy carbon electrode
modified with polypyrrole–nickel phthalocyanine tetrasulfonate,
in FIA and HPLC with amperometric detection, has also been
proposed by Riber et al. [450] to determine TBHQ, BHA, and
PG in commercial foods. Jayasri [459] determined BHT using a
carbon-wax composite modified electrode with Mn(II) hexacyanoferrate that presents an electrocatalytic effect over the oxidation of BHT, in food samples, and BHA [460] with carbon-wax
composite modified electrode with Ag(I) hexacyanoferrate that
present an electrocatalytic effect over the oxidation of BHA
in spiked samples of dehydrated potato flakes. Senthil [463]
described the application of an amperometric sensor to determine BHA developed by a mechanically immobilized modified
nickel aquapentacyanoferrate electrode. The analysis of BHA
[467] by FIA in spiked potato chips based on its catalytic oxidation with a NiHcF modified graphite–wax composite electrode
has been proposed. Carbon-fiber microelectrodes modified
with poly(3-methylthiophene) have been used to analyze PG
by DPV [446]. The advantages of these versus modified glassy
carbon electrodes are that adsorption and a cleaning step are
unnecessary in the pretreatment of the electrode. Related to
the biosensors, tyrosinase electrodes have been reported [443]
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for the analysis of BHA in biscuits by FIA. Also, composite
amperometric tyrosinase biosensors for the determination
of PG [464] in foodstuffs, as well as using reversed micellar medium [465], have been developed. Also, Lin et al. [461]
proposed the simultaneous determination of BHT, TBHQ, and
BHA in edible oil, using first derivative voltammetry methodology with modified GC electrodes with gold nanoparticles
(AuNPs/GCE). A carbon composite electrode modified with
Cu3(PO 4)2 [462] immobilized in polyester resin has been used
to simultaneously determine BHA, BHT, and TBHQ in food
samples such as mayonnaise, without the use of any chemometric approaches or prior treatments.
On the contrary, the possibilities that offer the screen-printed
electrodes, can be a fast, sensitive, and simultaneous detection
and quantification of mixtures of antioxidants, which can be
implemented with simpler and less expensive analytical instrumentation to perform even on-site routine quality control. So,
modified screen-printed electrode with multi-walled carbon
nanotubes in the presence of cationic surfactant (CTAB) has
been recently described to determine TBHQ and BHT in biodiesel samples without pretreatment [460]. Other electroanalytical techniques for analysis of synthetic antioxidants in biodiesel
samples have been reported [466,472–476].

10.4.6 Miscellaneous Techniques
The luminescent properties displayed by the synthetic antioxidants BHA, BHT, PG, TBHQ, and ethoxyquin have been
reported by a number of authors [121,334,466,472–476]. Latz
and Hurtubise proposed a fluorimetric method for the qualitative
and quantitative determination of PG in lard in the presence of
BHA and BHT [477] or in the presence of TBHQ [478]. To this
end, they used chloroform as a solvent because in this medium,
a selective quenching of BHA, BHT, and TBHQ fluorescence
occurs, prior separation not being necessary. The luminescence
reaction between PG and terbium(III), in the presence of SDS,
has been used to determine PG in edible and cosmetic oils with
a mean recovery of 99.1% [480]. The initial rate of reaction is
calculated from the slope of a kinetic plot of luminescence signal
as a function of time within only 0.2 s, which implies the use of
the stopped-flow mixing technique.
Hurtubise and Latz [479] proposed a fluorimetric determination of BHA in the presence of BHT and PG in lard and
ready-to-eat food. It is necessary to separate BHA previously by
chromatography for cereals, whereas it can be directly analyzed
in fat, using a 50% ethanol–ligroine medium. Dilli and Robards
[482] proposed a rapid spectrofluorimetric screening procedure
to determine BHA in foodstuffs; in this case, prior steam distillation is necessary before the spectrofluorimetric stage. The
method was applied to margarine, milk, condensed milk, edible oils, cheeses, and chocolate. The use of dansyl chloride as a
fluorigenic reagent capable of reacting with a phenolic hydroxyl
group has allowed the development of a sensitive method for the
determination of BHA, without interference from BHT [483].
The proposed method is applied to the determination of BHA in
dehydrated soup and chewing gum.
A simple and fast luminescent method has been used for the
first time to resolve a mixture of two synthetic antioxidants, PG
and BHA [484]. The determination of these compounds involves
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two different and independent reactions, whose products show
emission spectra without overlapping, and this makes it possible
to measure the analytes separately. The measurement of the initial rate and equilibrium signal are carried out by the joint use of
the stopped-flow mixing technique and a T-format luminescence
spectrometer. The proposed method is applied to the determination of these two antioxidants in several commercial food samples with recoveries ranging between 94.1% and 102.9%.
On the other hand, more recently, Chen et al. [490] proposed
a new method to determine BHA and PG in foodstuff, based
on their derivatization with 4-chloro-7-nitrobenzofurazan
(NBD-Cl) in phosphate buffer of pH 9.0 to yield a highly fluorescent brown product. No interference of TBHQ and BHT in
foodstuffs has been observed.
On the other hand, Wang [491] presented a novel approach
for the simultaneous determination of BHA and PG in a very
interfering environment by combining the sensitivity of molecular fluorescence and the selectivity of the second-order calibration method. The excitation–emission fluorescence matrix data
are processed by applying the second-order calibration method
based on the self-weighted alternating normalized residue fitting (SWANRF) algorithm. Then, it is compared with the HPLC
method in the dosage of cosmetics.
Ethoxyquin determination has been carried out in alfalfa
products [121] and mixed foods, modifying and simplifying the
flourimetric method of the AOAC. For the determination of ethoxyquin in composite foods, Shimada [485] used the method put
forward by the AOAC in 1975. A study of the accuracy and reproducibility of the method by Witt et al. [122] was reported in a
study carried out by six 1aboratories [486], which concluded that
this method could be applied as a routine analysis to determine
ethoxyquin. A chemiluminescence (CL) biosensing system for
antioxidants, based on an inmobilized luminol hematin reagent
immobilized on a cellulose membrane disk, has been developed
and used to assess the antioxidant capacity of water infusions
prepared from the dried leaves of some medicinal plants [487].
The quantification of antioxidants is made through the measurement of the inhibition of the CL emitted when hydrogen peroxide
is introduced into the reagent phase.
In addition, infrared spectrophotometric methods have been
proposed for the determination of PG in foods [488].
Recently, a review [492] covered the application of capillary
electromigration method to analyze synthetic antioxidants and
other compounds in foods and food components. Micellar electrokinetic capillary chromatography (MEKC) [489] has been
used to separate BHA, BHT, PG, and TBHQ. Resolution is produced efficiently in 6 min, and detection is effected by means
of UV absorption. In contrast, reversed-phase HPLC is not efficient, requires large amounts of sample, and is time consuming.
Delgado-Zamarreño et al. [493] developed a method by MECK
to determine BHT and DG in edible oils with bis-(2-ethylhexyl)
sodium sulfosuccinate as the pseudostationary phase and liquid–
liquid extraction with acetonitrile from edible oil diluted with
hexane, a method that allows the determination of the antioxidants present in these samples.
Ding et al. [494] analyzed PG, OG, LG, and NDGHA by using
microchips-MECK with pulsed amperometric detection. Also,
Guan et al. [495] developed a method of MECK with electrochemical detection for the determination of phenolic antioxidants

such as PG, TBHQ, BHT, and BHA in food products (mushroom
cream, fish soup, and vegetable oil). The method provides a
promising and convenient entry to monitor the superscale use of
phenolic antioxidants.
The use of capillary zone electrophoresis (CZE) and MEKC
for the separation of phenolic antioxidants, that is, six derivatives of gallic acid, BHA, and BHT, has been investigated [496].
The CZE separation was not sufficient for reliable analysis while
an optimized phosphate–SDS electrolyte solution in MEKC
provided sufficient selectivity for the analytes. Another MEKC
method has been developed for the determination of the antioxidants BHA, BHT, TBHQ, and gallates, together with preservatives and sweeteners [497]. The mixture is not resolved using
single surfactant micellar systems consisting of SDS, sodium
cholate (SC), or sodium deoxycholate (SDC), but is successfully
separated using borate buffer with SDS and methanol at pH 9.3.
Later, the same author [498] published a review about the determination of additives in food by capillary electrophoresis.
Additives in cola beverages and low-calorie jams were investigated using this method. Another surfactant that has been used
to separate BHA, BHT, TBHQ, and gallates is bis-(2-ethylhexyl)
sodium sulfosuccinate (AOT) [499], and a MEKC method to
resolve the six compound mixture in 15 min is proposed.
On the other hand, methods based on complexometric assessment [148,500–502] have been proposed for the determination
of synthetic antioxidants. These assessments work on the basis
that once the fat is dissolved in petroleum ether and extracted
with water, PG is precipitated with Mg(II), the precipitate is dissolved, and, after adding an excess of EDTA, the excess is measured with Zn(II) [148,500]. For BHA and NDGA, the method
is based on the reduction of Ag(I); after the Ag is isolated and
dissolved in nitric acid, the Ni(CN)2−
4 complex is added. The
displaced Ni(II) is back-titrated with EDTA [148,501,502]. The
above method is used for NDGA in lard [497], but not when there
are mixtures of antioxidants. A modification of this method has
been proposed to determine BHA in lard [501], after previous
separation of NDGA.
Methods of potentiometric evaluation for NDGA, BHA, and
gallates with Ce(IV) sulfate in lard have been reported [273],
72% ethanol being used.
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11.1 Introduction
Sweetening compounds are classified into two main categories,
caloric (or bulk) and noncaloric (or intense) sweeteners. Intense
sweeteners are primarily synthetic, which provide no bulk to food
and present even greater sweetness than sucrose (Kokotou et al.
2012a; Yebra-Biurrun 2005). The synthetic (or artificial) intense
sweeteners are aspartame (ASP), neotame (NEO), advantame
(ADV), alitame (ALI), acesulfame (ACS), saccharine (SAC),
cyclamate (CYC), dulcin (DUC), and sucralose (SCL); their
molecular structures are shown in Figure 11.1. Neohesperidin
dihydrochalcone is a semisynthetic intense sweetener, while
glycyrrhizin, stevioside (STV), rebaudioside A (REB), and thaumatin (THA) are natural intense sweeteners (Pawar et al. 2013;
Tada et al. 2013).
Intense sweeteners are of great importance to human diet,
since in their majority, they are used as substitutes of sucrose
producing sugar-free low-calorie (or reduced calorie) foodstuffs

(Nabors 2001; Stowell 2006). These low-calorie products, also
known as “diet” or “light” products, are characterized as tooth
friendly since they do not adversely affect the microflora of dental
plaque (Maguire 2006). Most importantly, they help obese individuals to maintain their weight, and diabetics to enjoy sweetness without the consequences of sugar consumption (Nabors
2001; Stowell 2006). Once digested, high-intensity sweeteners
do not cause any glycemic effect or insulin response (Nabors
2001; Stowell 2006). When sucrose is substituted by intense
sweeteners, the mouthful sense and texture of sucrose must be
achieved. However, the sensory qualities of foodstuffs are composite of many attributes that are integrated by the human brain
into an overall impression of food quality. Thus, the sensory
properties of sucrose have not yet been singularly reached by any
other sweetener since different flavors and sweetness profiles
occur in foodstuffs; moreover, a number of sweeteners impart
side tastes and aftertastes (i.e., bitter metallic aftertaste of saccharin) (Pearson 2001). Therefore, the majority of low-calorie
219
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food/beverage products are commonly sweetened with different blends of intense sweeteners to benefit from the synergism
and the improved taste characteristics provided by such blends
(Kokotou et al. 2012a).
Today, intense sweeteners are used in a great variety of
foodstuffs, including the following: baked goods (dry bases
for mixes), soft drinks (colas, citrus-flavored drinks, and fruitbased soft drinks), beverages (dairy beverages, instant tea,
instant coffee, and fruit-based beverages), sugar preserves and
confectionery (calorie-free dustings, frostings, icings, toppings,
fillings, and syrups), alcoholic drinks (e.g., beer), vinegar, pickles and sauces (sandwich spreads, salad dressings), candies,
dairy products (yogurt and yogurt-type products, desserts, puddings, dairy analogs, and ice cream), fruit, vegetables, nut products, jams and marmalades, preserves, and others (e.g., liquid
concentrates, chewing gums, frozen, and refrigerated desserts)
(Mac Kinnon 2003). The content of intense sweeteners in foodstuffs is limited by country-specific regulations (Zygler et al.
2009), particularly in the European Union (EU). Directives
94/35/EC (European Commission 1994), 96/83/EC (European
Commission 1996), 2003/115/EC (European Commission
2003), and 2006/52/EC (European Commission 2006) define
in which products and in what quantity the intense sweeteners
are approved for addition.

Owing to the globally increased consumption of sweeteners,
the quality assurance of foodstuffs and the monitoring of human
intake are demanded. Some sweeteners undergo decomposition
during processing and storage (i.e., ASP) (Butchko et al. 2001),
and therefore, the development of multianalyte methods in foodstuff matrices is deemed necessary to simultaneously determine
sweeteners and decomposition by-products. In the last 15 years,
the development of multianalyte approaches in sweeteners analysis has been constantly rising. Sweeteners are even coanalyzed
with compounds that belong to other food additive groups, that
is, dyes. Consumer safety demands the monitoring of intense
sweeteners. A number of analytical methods based on different
principles are available for their determination in a broad range
of food matrices. Consequently, the aim here is to present the
available and most applicable analytical methods and sample
preparation techniques for the determination of intense sweeteners in foodstuffs.

11.2 Properties–Characteristics
of Intense Sweeteners
The principal properties and characteristics of intense sweeteners
such as the year of production/synthesis/discovery, physicochemical
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properties (i.e., molecular weight [M.W.] and solubility), pH/
temperature/shelf life stability, toxicity evaluation, and regulatory status are summarized in this section. The marketing of
every intense sweetener is inevitably linked to these characteristics; the global market for artificial sweeteners reaches $5.1 billion, of which the United States and EU currently make up 65%
(Kokotou et al. 2012b).

11.2.1 Sucralose
SCL (M.W. = 397; 1,6-dichloro-1,6-dideoxy-β-d-fructofuranosyl)
is also known as E955 and is extremely stable at a broad range
of pH (Zygler et al. 2009). It was discovered in 1976 (Kokotou
et al. 2012a), and it was obtained from the substitution of three
hydroxyl groups of sucrose by three chlorine atoms; it is a
white crystalline, nonhygroscopic solid that is freely soluble
in water. The United States is currently the largest market for
SCL, making use of more than 1500 t per year, followed by
Europe, with around 400 t per year, as reported by a major
Chinese company that recently entered into the SCL market
(Kokotou et al. 2012b). It is approved in more than 60 countries, and recently in the EU (Kokotou et al. 2012a). The solubility of SCL in water ranges from 28.3 g/100 mL at 20°C
to 66 g/100 mL at 60°C. If SCL is decomposed in aqueous
systems, it will slowly break down to its component moieties,
4-chlorogalactose (4-CG) and 1,6-d ichlorofructose (1,6-DCF)
(Goldsmith and Merkel 2001).

11.2.2 Neohesperidin Dihydrochalcone
Neohesperidin dihydrochalcone (NHDC; M.W. = 612) is prepared from neohesperidine or naringin, two flavones that are
present in citrus. NHDC was produced in 1963, and it is stable
on pH range 2–6 (Kokotou et al. 2012a). It is approved in the
EU, and in the United States, it is used just for the purpose
of flavoring foodstuffs (Kokotou et al. 2012a). The solubility in water at room temperature is low (0.4–0.5 g/L), but it
is freely soluble in hot (80°C) water. Solubility enhancement
is achieved by preparation of sodium and calcium salts and
combinations with water-soluble sugar alcohols (polyols)
(Kokotou et al. 2012a). In liquid media and under certain conditions of high temperature and low pH, the glycosidic bonds
are hydrolyzed, forming the aglycone hesperetin dihydrochalcone, glucose (GLU), and rhamnose (RHA) (Borrego and
Montijano 2001).

11.2.3 SAC and Dulcin
SAC (M.W. = 205 [sodium form]; 1,2-benzisothiazol-3[2H]-one
-1,1-dioxide) is characterized by its high solubility in water of
100 g/100 g at 25°C (only in its sodium form) and shelf life stability (Pearson 2001). It was first produced in 1878, and it is commercially available in three forms, acid, sodium, and calcium salt
(Kokotou et al. 2012a). It has been approved in more than 90
countries (Kokotou et al. 2012a). Calcium and sodium salts of
SAC are neutral and slightly basic, and they decompose above
300°C. At low pH (~pH 2.5), it can slowly hydrolyze to 2-sulfobenzoic acid and 2-sulfoamylobenzoic acid. SAC is commonly

found in foodstuffs along with ACS and ASP (Asimakopoulos
et al. 2012; Pearson 2001; Yebra-Biurrun 2000). A number of
extensive epidemiological studies in humans have shown no
association between SAC consumption and urinary bladder cancer (Weihrauch and Diehl 2004).
DUL (M.W. = 180; 4-ethoxyphenylurea) was discovered only
5 years after SAC, but it never achieved great recognition, since
hydrolysis to aminophenol may cause adverse health effects during long-term usage (Zygler et al. 2009).

11.2.4 Cyclamate
CYC (M.W. = 201 [sodium form]; N-cyclohexyl-sulfamic acid)
is characterized by a melting point of 169–170°C, an aqueous
solubility of 1 g/7.5 mL, and a high compatibility with most food
additives (especially with SAC). It was discovered in 1937; it
has been approved in several countries, but it is banned in the
United States due to suspicions of toxicity (Kokotou et al. 2012a).
Among sulfamates, CYC is currently the most produced artificial sweetener with volumes reaching 57,800 t in 2010 (Kokotou
et al. 2012b). Better solubility values are presented in salt forms.
CYC solutions maintain temperature and shelf life stability
throughout a wide pH range (Mac Kinnon 2003; Von Rymon
Lipinski et al. 2006).

11.2.5 Acesulfame
ACS-Κ (M.W. = 201; 6-methyl-1,2,3-oxathiazin-4[3H]-one2,2-dioxide) exhibits good temperature and shelf life stability. It was discovered in 1967, and it has been approved in 90
countries (Kokotou et al. 2012a). When the product is heated,
decomposition is normally observed at temperatures well above
200°C and therefore, it can be added before cooking (Kokotou
et al. 2012a). ACS dissolves in water even at room temperature;
the solubility at 20°C is about 270 g/L (Kokotou et al. 2012a).
Furthermore, ACS presents strong synergistic taste enhancement when combined with other sweeteners, that is, SCL (Ager
et al. 1998; Kroger et al. 2006; Nikoleli et al. 2012; Von Rymon
Lipinski et al. 2006).

11.2.6 Aspartame
ASP (M.W. = 294; N-l-α-aspartyl-l-phenylalanine-1-methylester)
is relatively stable in its dry form, but can undergo pH- and temperature-dependent degradation. For this reason, ASP is not suitable for use as a baking sweetening agent (Kokotou et al. 2012a).
It was first synthesized in 1965, and it is permitted in more than
90 countries (Kokotou et al. 2012a). ASP represents the largest
artificial sweetener product segment globally. It is the most popular artificial sweetener in the United States, and it is used in more
than 6000 food products (Kokotou et al. 2012b). Around 16,000 t
of ASP are produced annually in the United States for worldwide
consumption (Kokotou et al. 2012b). Below pH 3, ASP is unstable and it is hydrolyzed to aspartylphenylalanine, and above pH
6, it transforms into 5-benzyl-3,6-dioxo-2-piperazineacetic acid
(Prodolliet and Bruelhart 1993a,b; Yebra-Biurrun 2000; Zygler
et al. 2009). ASP is slightly soluble in water (~1.0% w/v at 25°C)
and works well in sweetener blends, for instance, in blends with
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SAC (Butchko et al. 2001). In 2011, a study on Zebrafish assessed
the physiologic effect of ASP and SAC under a high-cholesterol
diet (HCD) (Jae-Yong et al. 2011). The zebrafish population that
was fed with ASP demonstrated 65% survivability, whereas the
zebrafish population that was fed with SAC demonstrated 100%
survivability (Jae-Yong et al. 2011). Under HCD, the SAC-fed
groups had the highest increase in the levels of serum cholesterol, whereas the ASP-fed group demonstrated a remarkable
increase in the levels of serum GLU (Jae-Yong et al. 2011).

11.2.7 Alitame
ALI (M.W. = 331; (3S)-3-amino-4-[[(1R)-1-methyl-2-oxo-2[(2,2,4,4-tetramethyl-3-thietanyl)amino] ethyl]amino]-4-oxobutanoic acid) is stable at a pH range of 6–8 and at room temperature
for over a year. It was discovered in 1980 (Kokotou et al. 2012a).
It is approved in some countries such as Mexico and China, but
it is not approved in the United States and EU (Kokotou et al.
2012a). Alitame is soluble in water (~13.1% w/v at 25°C) and
it is relatively stable to hydrolysis and to heat. Alitame has
been found to exhibit synergy when combined with both ACS
and CYC. When it is decomposed, alitame is converted into
aspartic acid, β-aspartic isomer, and alanine amide (Auerbach
et al. 2001).

11.2.8 Neotame
NEO (M.W. = 378; N-[N-(3,3-dimethylbutyl)-l-α-aspartyl]-lphenylalanine-1-methyl ester) is an N-substituted ASP derivative also known as E961. It was discovered in 1996, and it has
been approved in the United States, Australia, and New Zealand
(Kokotou et al. 2012a,c). NEO is soluble in water (~1.26 g/100 g
at 25°C). Dry NEO is extremely stable with its major degradation product being de-esterified NEO. Stability studies have
confirmed that products containing NEO with GLU and maltodextrin are stable when stored for extended periods of time at
relevant storage conditions of ambient temperature and humidity
(Kokotou et al. 2012a). NEO’s stability is found to be similar
to that of ASP with the exception of NEO’s greater stability in
baked and dairy goods (Stargel et al. 2001).
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11.2.9 Advantame
ADV (M.W. = 477), which is the N-[3-(3-hydroxy-4-methoxyphenyl]
propyl) derivative of ASP, is the most recently synthesized artificial sweetener among dipeptide sweeteners. It was recently
approved for use in the United States, Taiwan, Korea, Australia,
and New Zealand (Kokotou et al. 2012c; Otabe et al. 2011).
In 2011, a series of studies were conducted on ADV to define
its pharmacokinetics and metabolism in rats and dogs (Otabe
et al. 2011). Subchronic and chronic toxicity experiments were
performed in rats and mice, with the aim of assessing human
tolerability and potential carcinogenicity, genotoxicity, reproductive, and developmental toxicity (Otabe et al. 2011). The
results showed that ADV is well tolerated by both animals and
humans and does not possess any systemic toxicity, and consequently, the use of ADV in foodstuffs was supported (Otabe
et al. 2011).

11.2.10 STV and REB
STV (M.W. = 805), and REB (M.W. = 967) are sweeteningkaurenoid diterpene glycosides that originate from Stevia rebaudiana, a South American plant (Kokotou et al. 2012a). STV is
slightly soluble in water, while REB is considerably more water
soluble than STV, since it contains an additional GLU unit in its
molecule. STV is a stable molecule when maintained in an aqueous solution at 100°C in the pH range 3–9. However, it decomposes at alkaline pH levels (higher than 10). Both STV and REB
have been found to be stable when formulated in acidic beverages
that were stored at 60°C for 5 days (Kinghorn et al. 2001). The
molecular structures of STV and REB are shown in Figure 11.2.

11.2.11 Glycyrrhizin and THA
Glycyrrhizin, known as glycyrrhizic acid (GA; M.W. = 823), is an
oleanane-type triterpene glycoside extracted from the rhizomes
and roots of licorice (Glycyrrhiza glabra L., Fabaceae), and
other species that belong to the Glycyrrhiza genus. Conversion
of glycyrrhizin into ammoniated glycyrrhizin results in a more
water-soluble compound that is reasonably stable at elevated
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temperatures (Kokotou et al. 2012a). The ammoniated form of
glycyrrhizin is only used in carbonated beverages that maintain
a high pH since this form tends to precipitate at pH levels < 4.5
(Kinghorn and Compadre 2001).
THA is obtained from the West African plant Thaumatococcus
danielli (Bennett). THA is stabilized by eight disulfide bridges,
which result in stability in extremes of temperature and pH; as a
freeze-dried powder, it is readily soluble in water (Kokotou et al.
2012a; Sardesai and Waldshan 1991; Yebra-Biurrun 2005).

11.3 Analytical Methodologies
Throughout the literature, numerous analytical methodologies are available for the determination of intense sweeteners
in foodstuffs. Today, multianalyte methods constitute the lion’s
share of modern food additive analysis. In the past 5 years, the
use of mass spectrometry-based methods has gained ground
due to their well-known superiority over sensitivity, selectivity,
and precision, even in difficult matrices such as food. However,
the choice of the best-suited technique for analysis is done by
the analyst himself by thoroughly investigating eight principal
parameters; these parameters are availability of laboratory apparatus, accuracy and precision that is demanded in analysis (fit for
purpose of the analysis), costs of analysis, the method detection
limits, method selectivity, safety issues, sample throughput, and
consumption of sample and reagents.

11.3.1 Sample Preparation
Sample preparation refers to the procedure of pretreatment/
cleanup/preconcentration of a foodstuff sample prior to instrumental analysis with the aims of effectively isolating the target
sweeteners from the rest of the food matrix constituents. Sample
preparation constitutes the most time-consuming step of the
analytical method and cannot be avoided since the interferences
from the food matrix can cause inability of determining the target compounds and even lead to instrumental operation failure.
Food matrix proves a great variability in its composition since
carbohydrates, proteins, lipids, minerals, preservatives, colors,
thickeners, and vitamins may stand alone or coexist (Kokotou
et al. 2012a).
The most negligible sample preparation processes, almost
nonexistent, are mainly reported for fruit and sweet concentrates,
beverages (alcoholic or not), mineral waters, and tabletop sweeteners. These formulations can simply be diluted with water or
the mobile phase, followed by sonication (Biemer 1989; Chen
and Wang 2001; Chen et al. 1997; Galletti and Bocchini 1996;
Kritsunankul and Jakmunee 2011; Lawrence and Charbonneau
1988; Lino et al. 2008; Yang and Chen 2009; Zygler et al. 2009).
The sonication step is mainly incorporated for rapid dissolving
of solid-state samples or degassing carbonated liquid formulations, that is, cola drink reported by Demiralay et al. (2006).
Degassing of samples can also be achieved by nitrogen sparging
or under vacuum (Zygler et al. 2009).
In a great variety of foodstuffs, the most simple and low-cost
sample preparation procedure incorporates a solvent extraction
step. Solvent extraction is divided in two subcategories, liquid–
liquid extraction (LLE) and solid–liquid extraction (SLE). LLE

is the type of solvent extraction used for the interaction of an
immiscible solvent with a liquid-state foodstuff formulation.

Normally, the liquid-state foodstuff matrix will be aqueous and
therefore, the extraction of the target compound(s) will be performed from the aqueous phase into the added immiscible organic
phase (Kokotou et al. 2012a). However, SLE is found when a liquid solvent (or solvent mixture) is put into intimate contact with
a finely divided solid-state sample to achieve partition of the target compounds into the added solvent (Kokotou et al. 2012a).
All solid foodstuff formulations including fruit syrups, hard or
soft candies, solid dairy products, low-joule jam, and gum can be
dissolved and solvent extracted with plain water (Biemer 1989;
Boyce 1999; Chen and Wang 2001; Zygler et al. 2009). However,
dispersion in biphasic systems, that is, water/chloroform reported
by Biemer (1989), is also common. For best solid sample dividing, grounding into fines may be applied (Hennell et al. 2008).
Moreover, prior to extraction, the solid samples can be homogenized, mixed (by an oscillator or vortex), and/or centrifuged.
The homogenization step is not required for the liquid samples
due to their liquid state; however, centrifugation may be needed
to remove solids or insoluble matter, that is, found in fruit juices
and punches. Better results in extraction of the target chemicals
from solid-state formulations can also be achieved by sonication
of samples (Chen and Wang 2001; Scotter et al. 2009; Yang and
Chen 2009). For dissolving and extraction purposes, methanol,
acetonitrile, heptane, and chloroform are the most commonly
used organic solvents (Armenta et al. 2004; Hennell et al. 2008;
Serdar and Knežević 2011; Ujiie et al. 2007). For assisting the
extraction process, temperature is occasionally applied (i.e.,
60°C in Scotter et al. 2009). Yang and Chen (2009) extracted
a number of artificial sweeteners from beverages and canned
solid foodstuff formulations by p erforming LLE with a water/
methanol solution in a proportion of 50:50 (% v/v). Sabbioni et al.
(2006) extracted glycyrrhizin from licorice confectionery products and root samples with a mixture of water/ethanol. Liquorice
roots are also reported to be extracted by water/methanol in a
proportion of 30:70 (% v/v) (Jiang et al. 2004).
Acids such as acetic, α-hydroxyisobutyric, metaphosphoric,
and formic acids are commonly used for pH adjustment during extraction or precipitation of matrix components (i.e., proteins) (Biemer 1989; Chen and Fu 1995; Kokotou et al. 2012a;
Zygler et al. 2011). Clarification of food sample solutions can be
achieved by agents such as Carrez reagents I and II (Zygler et al.
2009). Clarifying agents are applied for removing proteins, fatty
material, and suspended particulate matter (Zygler et al. 2009).
Difficult matrix samples such as chocolate syrup, coffee drink,
coffee creamer, cranberry juice, ice cream, and instant chocolate milk were easily analyzed by applying Carrez reagents, as
reported by Shim et al. (2008). A portion of each food sample was thoroughly mixed with water. The samples were then
maintained at 40°C in an incubator followed by sonication.
Carrez I reagent (3.6 g potassium hexacyanoferrate trihydrate
dissolved and made up to 100 mL with water) and Carrez II
reagent (7.2 g zinc sulfate heptahydrate dissolved and made up
to 100 mL with water) solutions were added to the samples, followed by centrifugation at 4°C. The supernatant was carefully
separated using a syringe to avoid receiving the fat layer for
each sample and the water-soluble extract was obtained. Yan
et al. (2012) extracted artificial sweeteners from ham sausages
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by adding 5.00 g smashed ham sausage samples, 0.5 g granules
of sand, 50.0 mL water, and 1.0 mL sodium hydroxide solution
and oscillated at 90°C for 1 h. Fat was removed by constantly
adding 9.5 mL potassium ferrocyanide and 9.5 mL zinc acetate,
and after the mixture was left to rest for 12 h, it was filtered and
collected (Yan et al. 2012).
Solid-phase extraction (SPE) is the second most common sample preparation technique after solvent extraction; it is simple,
reproducible, and rapid. SPE fractions the compounds of choice
based on their affinity to a stationary phase. SPE sorbents are
silica-based or polymer-based materials, and are modified with
hydrophilic and/or hydrophobic chemical moieties (Kokotou et al.
2012a). Therefore, a great variety of SPE cartridges are available,
employing different types of C8, C18, ion-exchange, dextran,
polystyrene, and copolymer-based packing material (Kokotou and
Thomaidis 2012a, 2013; Zygler et al. 2009). Wasik et al. (2007)
developed a method for the determination of alitame, ACS, SAC,
ASP, CYC, NEO, SCL, NHDC, and DUL in carbonated and noncarbonated soft drinks, canned/bottled fruits, and yogurt. The
sample preparation was carried out with Chromabond C18 cartridges. Zygler et al. (2011) developed a method for the determination of the same nine sweeteners in beverages, juices, yogurts,
and fish products. Strata-X cartridges (polymeric RP, 33 μm,
200 mg/3 mL) were incorporated since Zygler et al. (2010) concluded, after testing many different types of SPE cartridges, that
satisfactory recovery of all target sweeteners was achieved using
this particular cartridge. Zygler et al. (2010) tested Chromabond
C18ec, Strata-X RP, Bakerbond Octadecyl, Bakerbond SDB-1,
Bakerbond SPE Phenyl, Oasis HLB, LiChrolut RP-18, Supelclean
LC-18, Discovery DSC-18, and Zorbax C18. CYC was the only
chemical that was retained less efficiently by Oasis HLB demonstrating a recovery of 83%. Bakerbond SDB-1 showed an unusual
selectivity toward ASP and alitame since the recoveries were very
low, 26% and 42%, respectively (Zygler et al. 2010). It was also
noted that ASP and alitame could be separated from the mixture
of sweeteners using formic acid–triethylamine buffer at pH 3.5
during the SPE process (Zygler et al. 2010). Very high recoveries
(better than 92%) for all target sweeteners were obtained by formic acid/N,N-diisopropylethylamine buffer adjusted to pH 4.5 in
the SPE procedure with C18-bonded silica sorbents (Zygler et al.
2010). Scheurer et al. (2009) also tested a variety of cartridge
materials: Isolute C18, Oasis HLB, Oasis MAX, Oasis WAX,
Isolute SDB-1, Strata X, Strata X-AW, Varian PPL, Isolute ENV+,
and Oasis MCX for the extraction of ACS, SAC, ASP, CYC, NEO,
SCL, and NHDC in water. Optimal recoveries were obtained by
Isolute SDB-1 (Scheurer et al. 2009). Ferrer and Thurman (2010)
reported the extraction of SCL, ASP, and SAC from water samples
incorporating Oasis HLB cartridges. Horie et al. (2007) extracted
CYC from a variety of liquid and solid foodstuff samples such as
fruit in syrup, jam, soy sauce, pickles, confectionery, sunflower
seeds, beverages, and liquor. The solid samples were mashed
(~5–10 g), 30–40 mL of 0.1 M HCl were added, homogenization
followed, and the samples were made up to a volume of 50 mL
with 0.1 M HCl. Thereafter, the solutions were centrifuged and
25 mL of supernatant was loaded onto an Oasis HLB cartridge
(6 mL/500 mg). Gardana et al. (2010) reported that multiple
extractions and sample cleanup steps were required incorporating
C18 cartridges for the extraction of STV from plant material and
from commercial Stevia-derived sweeteners.
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Extraction techniques such as microwave-assisted extraction
and subcritical fluid extraction are also reported, but are less
common. These techniques are mostly applied in herbal plants
for the determination of STV, REB, and glycyrrhizin (Erkucuk
et al. 2009; Mukhopadhyay and Panja 2008; Puri et al. 2011). To
determine glycyrrhizin in raw herb of liquorice, extraction was
achieved by aqueous methanol and by sonication (Hennell et al.
2008). Sonication and reflux extraction gave comparable results
for glycyrrhizin extraction, but the sonication method was by far
preferred due to its ease of applicability (Hennell et al. 2008).
Soxhlet extraction and warm solvent extraction were tested and
extraction of glycyrrhizin was not proven effective enough as
sonication and reflux extraction (Hennell et al. 2008).

11.3.2 Instrumental Analysis
Up-to-date, high-performance liquid chromatography (HPLC) is
the most commonly used technique for analysis of intense sweeteners in foodstuffs. Intense sweeteners are determined individually or simultaneously with other food additives by HPLC mainly
coupled with ultraviolet–visible detection (such as UV–Vis and
diode array detector [DAD]), electrochemical detection (ECD)
(such as amperometric, conductivity and coulometric detector),
evaporative light-scattering detection (ELSD), and mass spectrometric detection (MS or tandem MS detector). On the contrary, gas chromatography (GC) is rarely applied nowadays for
analysis since intense sweeteners are low-volatility chemicals,
and further, it is not an easy task to obtain volatile derivatives of
different sweeteners with a unique derivatization reaction (i.e.,
trimethylsilylation). Alongside with the chromatographic techniques, chemiluminescence (CL), spectrophotometry, Fourier
transform infrared (FTIR) spectroscopy, biosensors, potentiometry, and nuclear magnetic resonance (NMR) have been implicated for intense sweeteners analysis in foodstuffs.
In the past, the preferred technique used for screening intense
sweeteners was thin-layer chromatography (TLC). TLC methods
were developed for separating sweeteners from other impurities
using generally layers of polyamide. A TLC method that was
developed in 1970 detected SAC in a quantity of 2 μg in various foodstuffs (Takeshita 1972). Throughout the literature, there
are a number of methods that determine intense sweeteners by
TLC–UV and are characterized by a sensitivity that fluctuates in
the microgram range (Nagasawa et al. 1970).
Today, the predominant HPLC mode in use is reversed-phase
chromatography (RPC), which features a nonpolar column in
combination with a (polar) mixture of water plus an organic
solvent as the mobile phase. The alternatives of ion-pair chromatography (IPC), ion chromatography (IC), anion-exchange
chromatography (AEC), and hydrophilic interaction chromatography (HILIC) have been used for sweeteners analysis. AEC is
simply a modification of IC when an anion separator column is
used. IPC can be regarded as a modification of RPC for the separation of ionic samples. The only difference in conditions for IPC
is the addition of an ion-pairing reagent R+ or R− to the mobile
phase, which can then interact with ionized acids A− or bases
BH+ in an equilibrium process (Snyder et al. 2010). Several types
of ion-pair reagents have been applied, such as octanesulfonate,
tetrapropylammonium, and cetyltrimethylammonium (Glória
1997). The poor RPC retention of hydrophilic acids and bases
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can be addressed by the use of high- or low-pH mobile phases
to minimize solute ionization and increase retention (combined
with the use of columns that are stable at pH extremes) or by
making use of HILIC (Kokotou et al. 2012a,c, 2013).
Capillary electrophoresis (CE) is an interesting alternative
to HPLC. The resolving power of this technique is comparable with that of HPLC. Different types of CE have been used.
Micellar electrokinetic chromatography (MEKC) (Boyce 1999)
and capillary isotachophoresis (CITP) (Herrmannová et al.
2006) are the types of CE most used for the determination of
intense sweeteners.

11.3.2.1 HPLC Coupled to UV–Vis/DAD Detector
The classic HPLC methods described for the determination of
intense sweeteners were simply based on isocratic and gradient
RPC coupled with a UV–Vis or DAD detector (Kokotou et al.
2012a). An RPC–UV method was able to separate ACS, ASP,
and SAC from other additives in soft drinks using a LiChrosorb
C18 column (250 × 4.6 mm, 10 μm) and a mobile phase that
compromised methanol–phosphate buffer (pH 4). Τhe achieved
recoveries for all determined target analytes ranged between
98.6% and 102.3% (Dossi et al. 2006). ASP, ACS, and SAC and
their degradation products such as diketopiperazine, l-phenylalanine, acetoacetamide, and 2-sulfobenzoic acid were detected by
an RPC–UV method in a yogurt-based drink. The incorporated
column was a Shimpak C18 S-5 μm (250 × 4.6 mm), and the
obtained limits of detection (LODs) were 30 ng for ASP, 15 ng
for ACS, 10 ng for SAC, 10 ng for diketopiperazine, 20 ng for
l-phenylalanine, 20 ng for acetoacetamide, and 10 ng for 2-sulfobenzoic acid (George et al. 2010). An RPC–UV method was
developed for the separation of ASP, ACS, and SAC, and three
other food additives (Demiralay et al. 2006). Optimal chromatographic separation was obtained when the acetonitrile content
in the mobile phase was 15% v/v containing ammonium acetate
buffer (0.005 M) (Demiralay et al. 2006); the best separation
was obtained with an YMC-ODS pack column and by using the
aforementioned mobile phase at pH 4.0 (Demiralay et al. 2006).
Lino et al. (2008) estimated the intake of ACS and ASP from
soft drinks by performing RPC–UV analysis through a Hichrom
C18 (250 × 4.6 mm, 5 μm) column. The pH of the mobile phase
was controlled between 4.2 and 4.3 for an adequate chromatographic separation between ASP and benzoic acid since benzoic
acid was present in most analyzed samples (Lino et al. 2008). Αn
IC–UV procedure was able to separate ACS and ASP from SAC,
and other additives in drinks, juices, fermented milk drinks, preserved fruits, tablet drinks, and powdered tabletop sweeteners.
A Shim-pack IC-A3 (150 × 4.6 mm, 5 μm) column and a mobile
phase that compromised NaH2PO4 (pH 8.20)–acetonitrile were
used. The recovery for all target chemicals was ranging from
85% to 104%, the LODs were ranging from 4 to 30 mg/L, and
the relative standard deviations (RSDs) % were ranging from 1%
to 5% (Chen and Wang 2001). Armenta et al. (2004) developed
an HPLC–UV method where the RSD% was better than 0.3%
for ASP (at a fortification level of 10.5 mg/L) and 0.1% for ACS
(at a fortification level of 6.8 mg/L). The obtained LODs were
0.016% w/w and 0.03% w/w, for ASP and ACS, respectively.
Measurements were carried out with a Kromasil C-18 column
(250 × 4.6 mm, 5 μm), setting the HPLC carrier flow at 0.75 mL/

min and the wavelength of the UV detector at 205 nm (Armenta
et al. 2004). An reverse phase liquid chromatography (RPLC)–
DAD method was developed for the simultaneous determination
of ACS, SAC, and two other additives in ham sausage collected
from China (Yan et al. 2012). Target analytes were separated
with a C18 column and by compromising an isocratic mobile
phase of methanol–ammonium acetate 30:70 (% v/v) (pH 6.0)
at a flow rate of 0.7 mL/min; the target sweeteners were separated within a 10-min window (Yan et al. 2012). Dacome et al.
(2005) determined STV and REB by HPLC using an aminopropyl-silica column (125 × 4.6 mm) under isocratic separation
at a flow rate of 0.75 mL/min and detection was performed at
190 nm. An RPLC–UV method for the simultaneous determination of STV, REB, and glycyrrhizin in foodstuffs was developed
using a Develosil RP Aqueous-AR-5 (250 × 4.6 mm) column
with a 0.02 M phosphoric acid–acetonitrile–methanol (90:5:5%
v/v) mobile phase; detection of STV and REB was performed at
210 nm, and detection of glycyrrhizin was performed at 254 nm
(Sakamaki et al. 2003). The recoveries of STV, REB, and glycyrrhizin from eight kinds of foods spiked at the fortification level
of 0.1 g/kg were ranging from 81.7% to 101%, from 81.5% to
100%, and from 78.6% to 95.0%, respectively (Sakamaki et al.
2003). The LODs were approximately 0.01 g/kg in all foodstuff
matrices (Sakamaki et al. 2003). Recently, Jaworska et al. (2012)
used a mixed-mode reversed-phase weak AEC column incorporating a linear gradient program (adjusted deionized water to pH
3.0 with phosphoric acid and acetonitrile) with UV detection to
analyze STV and other steviol glycosides (Jaworska et al. 2012).
Leth et al. (2007) developed two methods on a C18 column
(250 × 4.6 mm, 5 μm) for the analysis of nonalcoholic beverages;
one method was developed for the estimation intake of ASP, ACS,
and SAC, and the other was developed for the estimation intake
of CYC individually since it was not possible to measure CYC
simultaneously with the other sweeteners. CYC presents poor
UV-absorbing properties, and consequently, Leth et al. (2007)
derivatized it by shaking the diluted beverage samples in a separating funnel with sulfuric acid, n-heptane, and sodium hypochlorite to N,N-dichlorocyclohexylamine. n-Heptane was employed to
extract N,N-dichlorocyclohexylamine. Derivatization of CYC prior
to analysis enhances its UV absorbance, and it can be measured
at 314 nm (Glória 1997; Horie et al. 2007). Scotter et al. (2009)
reported that the method of Leth et al. (2007), which is stated to be
applicable to foodstuffs having a CYC content of 10–800 mg/L,
has limited success because some foodstuffs and beverages give
UV-active interferences in the n-heptane extract. Consequently,
a method for the determination of CYC in carbonated and fruitjuice drinks, fruit preserves, spreads, and dairy desserts without
the derivatization to N,N-dichlorocyclohexylamine was developed
by Scotter et al. (2009). The method used the peroxide oxidation
of CYC to cyclohexylamine followed by derivatization with trinitrobenzenesulfonic acid creating a trinitrobenzylsulfonate derivative; cycloheptylamine was used as an internal standard (IS). The
LODs ranged between 1 and 20 mg/kg in all analyzed foodstuffs,
and the analysis was linear up to 1300 mg/kg in food and up to
67 mg/L in beverages (Scotter et al. 2009). Further, the recovery
of CYC ranged from 82% to 123% (Scotter et al. 2009). Serdar and
Knežević (2011) also reported two RPC–DAD methods, one for
the determination of ASP, ACS, and SAC, and one for the determination of CYC in beverages and nutritional products. So far, other
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chromatographic approaches apart from derivatization of CYC
include using indirect photometry following RPC (Herrmann et al.
1983), and conductivity detection in conjunction with IC (Biemer
1989; Zhu et al. 2005).

11.3.2.2 HPLC Coupled to MS/Tandem MS Detector
HPLC–MS or HPLC–MS/MS techniques do not need a
derivatization step (such as that needed for CYC in UV–Vis
detection), establishing this technique as the best choice for the
analysis of intense sweeteners (Kokotou et al. 2012a). As witnessed in this section, electrospray interface (ESI) is mostly
applied for coupling the HPLC system to the detector of MS and
tandem MS.
A rapid RPC–ESI–MS method was developed for the simultaneous determination of ACS, SCL, SAC, CYC, ASP, DUL, STV,
REB, and glycyrrhizin in various foodstuffs (Koyama et al. 2004).
Mass spectral acquisition was performed in the negative ionization mode by applying single ion monitoring (SIM). The recovery of the nine sweeteners at the level of 0.01, 0.05, and 0.20 g/
kg ranged from 75.7% to 109% and the standard deviation (SD)
values ranged from 0.5% to 10.9%. The limit of quantifications
(LOQs) of ACS, SAC, CYC, ASP, and STV were approximately
0.001 g/kg and those of SCL, DUL, glycyrrhizin, and REB were
approximately 0.005 g/kg (Koyama et al. 2004). Zygler et al.
(2010) determined ACS, SCL, SAC, CYC, ASP, DUL, alitame,
NEO, and NHDC with an RPC–ESI(−)MS method from aqueous solutions. The operating parameters for ESI (in absolute
values) were capillary voltage 4000 V, nebulizer gas pressure
350 kPa, drying gas temperature 300°C, and drying gas flow rate
12 L/min. The separation of chemicals was performed using a
Nucleodur C18 Pyramid (250 × 3 mm, 5 μm) column. The RPC
mobile phase compromised methanol, buffer solution, and acetone (Zygler et al. 2010). Acetone was used in the mobile phase
since it was found beneficial for increasing the ionization efficacy (Yang and Chen 2009). Sodium N-phenylsulfamate, sodium
N-amylsulfamate, sodium N-hexylsulfamate, and sodium N-(2methylcyclohexyl)sulfamate were tested as ISs and among them,
N-(2-methylcyclohexyl)sulfamate was concluded as the best
choice (Zygler et al. 2011). The pseudo-molecular ions that corresponded to ACS, SCL, SAC, CYC, ASP, DUL, alitame, NEO,
NHDC, and N-(2-methylcyclohexyl)sulfamate (IS) were 162,
182, 178, 395, 225, 330, 611, 377, 293, and 192 m/z, respectively.
For most of the target chemicals, optimal fragmentary voltage
was approximately 100 V, but for DUL the optimal fragmentor
voltage was lower, 22 V, and for NHDC, it was higher, 210 V.
DUL provided the most intense signal from a formic acid–DUL
adduct (DUL + HCOO−)−, while LODs for all target sweeteners ranged from 0.002 to 0.01 μg/mL (Zygler et al. 2011). Eight
intense sweeteners, CYC, SCL, NEO, ASP, STV, alitame, ACS,
and SAC, were determined with an RPC–ESI(−)MS system in
wine, beer, orange and apple juices, herbal tea, candied fruits,
canned peaches, canned mangos, canned apples, and cakes.
Warfarin sodium (307 m/z) was used as IS, and the obtained
LODs and LOQs were below 0.10 and 0.30 μg/mL, respectively.
The sweeteners were separated on a Spherigel column (Johnson
Inc., Dalian, China), which was packed with 5 μm C18 silica
(250 × 4.5 mm). A buffer solution was prepared by dissolving
0.8 mL of formic acid and 1.5 mL of triethylamine in 1 L of
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water, and the HPLC mobile phase compromised methanol with
buffer solution and acetone; the flow rate was kept at 1 mL/min
(Yang and Chen 2009). An HPLC–time-of-flight (TOF)–MS
methodology was developed for the measurement of ASP, SAC,
and SCL in water and beverage samples; the unambiguous confirmation of the target chemicals was based on monitoring of the
protonated molecules (M + H)+, their sodium adducts, and their
main fragment ions. A detailed fragmentation study for SCL was
carried out by TOF–MS, and a characteristic spectrum “fingerprint” pattern was obtained for the presence of this compound
in water samples (Ferrer and Thurman 2010). The HPLC system
was equipped with a Zorbax Eclipse XDB-C8 (150 × 4.6 mm,
5 μm) column. The reported LODs were 0.005 μg/mL for
ASP, 0.01 μg/mL for SCL, and 0.1 μg/mL for SAC (Ferrer and
Thurman 2010).
ACS, SCL, REB, and SAC were measured in chewing gum
with an RPC–ESI(−)MS method. The mobile-phase gradient
compromised 10 mmol dibutylammonium acetate as solvent A
and acetonitrile–water (80:20% v/v) as solvent B, and sodium
benzoate (121 m/z) was used as IS (Krause et al. 2010). A rapid
and selective RPC–ESI(−)MS method was developed for the
determination of glycyrrhizin in both raw herb and a commercially prepared dried aqueous extract of liquorice. Baseline resolution of the glycyrrhizin peak was achieved on a Varian Polaris
RP C18-A (250 × 4.6 mm, 5 μm) column. The average recovery
at three spike levels was 95.9% ± 1.0% and 98.4% ± 3.5% for the
spiked raw herb and dried aqueous extract, respectively. ESI was
operated using the following parameters: drying gas temperature, 400°C; needle voltage, −5000 V; shield voltage, −500 V;
capillary voltage, −99 V; detector voltage, +1850 V (Hennell
et al. 2008). Gardana et al. (2010) validated two HPLC–ESI-MS
methods using a C18 column for the determination of STV and
its glycosides in S. rebaudiana leaves from southern Italy. In
2012, a rapid HPLC-(−)ESI-MS method was reported by Shafii
et al. (2012), with a total run time of 8 min for the separation
of seven Stevia glycosides including STV and REB. SAC and
other food additives were determined by RPC-ESI(−)-MS/MS.
SAC was identified and determined by single reaction monitoring (SRM) of product ion (m/z = 106) from its precursor ion
(m/z = 182) (Ujiie et al. 2007). An RPC-ESI(−)-MS/MS method
was developed for the determination of CYC, SCL, NEO, ASP,
NHDC, alitame, ACS, and SAC; Zorbax Eclipse XDB-C8
(150 × 4.6 mm, 5 μm) column provided excellent retention and
separation of all target analytes. Lower recoveries were observed
for ASP and NHDC; recoveries were <75% (Scheurer et al.
2009). Another RPC-ESI(−)-MS/MS method was developed for
CYC. The separation was achieved using a bridged ethyl hybrid
C18 high-pressure column with a mobile phase consisting of
0.15% v/v acetic acid and methanol; quantitation was achieved
by monitoring the fragment m/z 79.7, while simultaneously collecting the parent ion at m/z 177.9 (Sheridan and King 2008).
Lim et al. (2013) reported HPLC-MS/MS analysis of CYC, SCL,
NEO, ASP, NHDC, DUC, ACS, and SAC in imported foods
by incorporating a thermo hypersil BPS C18 column. Twodimensional liquid chromatography (LC) systems have also been
described for the analysis of steviol glycosides; Pόl et al. (2007)
analyzed aqueous extracts of S. rebaudiana leaves using a comprehensive two-dimensional LC–ESI-TOF mass spectrometer.
Using a C18 column as the first-dimension column and an amide
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column as the second-dimension column, they separated a total
of nine known Stevia glycosides. They denoted that the system
could not distinguish which one of the two peaks with m/z 965.4
belonged to REB or to rebaudioside E. They concluded that the
two-dimensional LC system was more reliable than a single-column LC system because it allowed better separation of the target
compounds and provided the possibility of identification on the
basis of two independent retention times (Pόl et al. 2007).
RPC–ESI(−)MS analysis of CYC was performed by a Cosmosil
5C18-AR-II (150 × 2.0 mm) column at the operational temperature of 40°C. The mobile phase for analysis compromised methanol–0.1% v/v formic acid; and the flow rate was 0.2 mL/min
(Horie et al. 2007). The recovery of CYC at a fortification level
of 200 μg/g was ranging from 93.3% to 108% (Horie et al. 2007).
A sensitive method for the determination of CYC in foodstuffs
by IPC–ESI(–)-MS was developed and validated by Huang et al.
(2006). The separation was achieved on a C8 column with 5 mM
tris(hydroxymethyl)aminomethane aqueous solution (pH 4.5,
adjusted by acetic acid) as the mobile phase with an isocratic
mode. The quantification of the target chemical was achieved
by ion monitoring (SIM) at 178 m/z, and tiopronin (162 m/z) was
used as IS. The LOD was 5 ng/mL and the LOQ was 20 ng/mL
(Huang et al. 2006).
The applicability of an HILIC-ESI(–)MS method was demonstrated on the analysis of STV and REB from Stevia plants;
good separation was performed on a Luna HILIC (250 × 4.6 mm,
5 μm) column with a mobile phase consisting of acetonitrile–
water (85:15% v/v). The calibration curves were linear from 10 to
800 μg/mL (Woelwer-Rieck et al. 2010a). Woelwer-Rieck et al.
(2010b) applied an HILIC-ESI(–)MS method in soft drinks incorporating the same HILIC column for the determination of STV,
REB, and other steviol glycosides. In a recent work, the chromatographic behavior of ADV was described, and an HILIC-ESI-MS/
MS method for the measurement of ASP, alitame, NEO, and ADV
was developed on a Kinetex HILIC (fused core silica) and ZICHILIC column (zwitterionic sulfoalkylbetaine) (Kokotou et al.
2012c).

11.3.2.3 HPLC Coupled to ECD or ELSD Detector
Methods that employed an ECD or ELCD detector were commonly reported prior to 2005, and consequently, we demonstrate
in this section some characteristic methods and applications.
Hanko and Rohrer (2004) developed a gradient AEC method
to determine simultaneously SCL and other carbohydrates; the
linearity ranged from 0.01 (LOD) to 40 μM (Hanko and Rohrer
2004). An IC-conductivity detector procedure was able to determine ACS and ASP with SAC and CYC in carbonated cola
drinks, fruit-juice drinks, and preserved fruits; a Dionex Ionpac
AS11 (250 × 2 mm) column was used, and the recovery for all
sweeteners was ranging from 97.96% to 105.42%, while the
LODs were ranging from 0.019 to 0.89 mg/L (Zhu et al. 2005).
ASP was determined with ECD detection even though this compound is electrochemically inactive; ASP was made oxidizable in
the range 0.1–1.1 V after postcolumn irradiation at 254 nm. An
LOD of 0.5 mg/L (signal-to-noise ratio 3:1) was obtained using a
coulometric detector with the working cell set at 0.8 V and a C6
column (150 × 4.6 mm) operated under isocratic conditions with
0.1% v/v perchloric acid–methanol (85:15% v/v) at a flow rate of

1 mL/min. A linear response for aqueous solutions of ASP was
obtained in the range 1–20 mg/L (Galletti and Bocchini 1996).
For the determination of STV, an HPLC system was developed
by compromising an isocratic water–acetonitrile mobile phase,
and employing a LiChrosorb NH2-bonded silica column. The
signal was monitored by integrated pulsed amperometry in an
alkaline medium (pH > 12) after adding sodium hydroxide postcolumn; peak responses were linear from 1 to 100 mg/L with an
LOD of 0.3 mg/L (Ahmed and Smith 2003).
In 2007, an RPC–ELSD method was developed for the simultaneous determination of ACS, alitame, ASP, CYC, DUC, NEO,
NHDC, SAC, and SCL in carbonated and noncarbonated soft
drinks, canned or bottled fruits, and yogurt. In all three matrices, the LODs for all target sweeteners, except from DUC, were
below 15 μg/g and the LOQs were below 30 μg/g. DUC demonstrated slightly higher values since the LOD and LOQ were
approximately 30 and 50 μg/g, respectively. The used column
was a Nucleodur C18 Pyramid (250 × 3 mm, 5 μm), while
Purospher Star RP18, Zorbax Extend-C18, and Nucleodur C8
were tested, providing good separation for all nine sweeteners.
The best separation for all nine sweeteners was obtained using
an aqueous buffer solution composed of formic acid and triethylamine (pH = 4.5), and a mobile phase compromising a gradient
of a buffered methanol–acetone mixture (Wasik et al. 2007).

11.3.2.4 CE Coupled to UV–Vis Detector
An MEKC–UV procedure was able to determinate ACS and
ASP, SAC, DUC, alitame, caffeine, benzoic acid, and sorbic
acid in low-energy soft drinks, cordials, tomato sauce, marmalades, jams, and tabletop sweeteners. An uncoated fused-silica
capillary (75 cm × 75 μm) was used as the stationary phase
and a mobile phase consisted of buffer that compromised Na
deoxycholate, K-dihydrogenorthophosphate, and Na borate (pH
8.6). The recoveries were ranging from 104% to 112%, and the
RSDs% were ranging from 0.63% to 2.6% for all target analytes
determined (Thompson et al. 1995). Another MEKC–UV procedure was able to determinate ACS and ASP with SAC, preservatives, and antioxidants in cola beverages and low-energy jams. A
fused-silica capillary (52 cm × 75 μm) was used as the stationary
phase, and the mobile phase compromised borate buffer with Na
cholate, dodecyl sulfate, and methanol (pH 9.3). The recoveries ranged from 98.9% to 100.86% and the RSD% ranged from
0.9% to 1.5% for all analytes determined (Boyce 1999). Finally,
an MEKC–UV procedure was able to determine ACS and ASP
with SAC, preservatives, and colors in soft drinks. An uncoated
fused-silica capillary (48.5 cm × 50 μm) was used as the stationary phase, and the mobile phase compromised carbonate buffer
(pH 9.5) with sodium dodecyl sulfate. The LOD was 0.005 mg/
mL for all analytes determined (Frazier et al. 2000).

11.3.2.5 Nuclear Magnetic Resonance
NMR studies have been reported for Stevia glycosides analysis.
Pieri et al. (2011) reported the determination of major Stevia constituents in purified extracts and in fractions obtained during the
purification process by the use of a quantitative 1H NMR method.
S. rebaudiana extracts were analyzed, as well as samples that
contained REB, STV, rebaudioside C, and rebaudioside B. Pieri
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et al. (2011) denoted that the method does not require the use
of standards and it is rapid and reproducible. Tada et al. (2013)
reported an accurate quantitative NMR (qNMR) method, for the
determination of STV and REB in standards, with traceability to
the international system of units (SI units).

11.3.2.6 Chemiluminescence–Spectrophotometry–FTIR
Spectroscopy–Biosensors–Potentiometry
A CL sensor array based on catalytic nanomaterials for the determination of sweeteners, including natural sugars and artificial
sweeteners (ASP, ACS, CYC) has been reported (Niu et al. 2012).
The CL response patterns can be obtained for a given compound
on the nanomaterial array and thereafter identified through linear discriminant analysis (LDA). Moreover, each pure sweetener
was quantified based on the emission intensities of selected sensor elements. The applicability of this array to actual samples
was demonstrated by applying it to various beverages, and the
results showed that the sensor array possesses excellent selectivity power and reversibility (Niu et al. 2012).
Spectrophotometry is a detection technique widely used for the
determination of sweeteners. This technique is not commonly used
in food samples because it is sensitive to foodstuff interferences.
The reaction of intense sweeteners with dyes is a smart way to
enhance sensitivity. Spectrophotometry coupled with a flow injection analysis (FIA) system offers reproducible and accurate results
(Capitán-Vallvey et al. 2004). Spectrophotometric procedures for
determining ASP involve different chemical reagents, such as ninhydrin, chloroanilic acid, diethyldithiocarbamate, and p-dimethylaminobenzaldehyde (Filho et al. 1999). However, these methods
are time consuming or do not have the selectivity required for ASP
determination in some commercial samples. Recently, a sensitive
spectrophotometric method was proposed, taking advantage of the
different kinetic rates of a number of artificial sweeteners, that is,
SAC, in their oxidative reaction with KMnO4. The data obtained
from the kinetic rates of each sweetener were processed with the
application of chemometrics (Ni et al. 2009). A multianalyte flowthrough sensor spectrophotometric method achieved the simultaneous determination of ASP and ACS-K in tabletop sweeteners.
The procedure was based on the transient retention of ACS-K
in the ion exchanger Sephadex DEAE A-25 placed in the flowthrough cell of a monochannel FIA setup using a pH 2.70 orthophosphoric acid/sodium dihydrogen phosphate buffer (0.06 M)
as the carrier. In these conditions, ASP is very weakly retained,
which makes it possible to measure the UV absorbance of ASP
first at 226 nm and then the absorbance of ACS at 205 nm after
desorption by the carrier itself. The LOD of ASP and ACS is 5.65
and 11.9 μg/mL, respectively (Jiménez et al. 2006).
A new method to determine mixtures of two sweeteners, ASP
and ACS-K, in commercial sweeteners was proposed making use of chemometrics. A classical 52 full factorial design for
standards was used for calibration in the matrix. Salicylic acid
was used as IS to evaluate the adjustment of the real samples
in the PLS-2 model. This model was obtained from UV spectral data, validated by internal cross-validation, and was used to
find the concentration of analytes in the sweetener samples. The
mean value of recovery was 99.2%. The proposed procedure was
applied successfully in the determination of mixtures of ASP and
ACS-K in bulk samples (Cantarelli et al. 2009).
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FTIR spectroscopy was reported as a quick method for the
determination of ACS-K in commercial diet food samples without the use of even an extraction procedure prior to analysis. The
water-soluble extract obtained was directly poured onto the surface of an attenuated total reflectance (ATR)–FTIR (Shim et al.
2008).
In the past two decades, there was an interest in the development of analytical devices for the detection and monitoring
of various analytes. Biosensors offer the capability to develop
methods for the rapid screening of intense sweeteners such as
SAC with a respective low cost. Lipid films were used for the
rapid detection or continuous monitoring of a wide range of compounds in foods. Such electrochemical detectors were simple to
fabricate and provided a fast response and high sensitivity. A conductimetric method based on the use of surface-stabilized bilayer
lipid membranes (s-BLMs) was developed for monitoring SAC
and other sweeteners (Nikolelis et al. 2001). The interactions of
sweeteners with s-BLMs produce a reproducible electrochemical ion current signal increase that appears within a few seconds
after exposure of the membranes to a sweetener. The current signal increases relatively to the concentration of the sweetener in
the bulk solution in the micromolar range (Nikolelis et al. 2001).
Recently, a nanohybrid membrane sensor was proposed (artificial BLMs) and was compared with the s-BLMs offering higher
stability (Chalkias and Giannelis 2007).
Potentiometry is the technique by which a single measurement of electrode potential is employed to determine the concentration of an ionic species in a solution. A potentiometric
technique is characterized by the selectivity, the stability,
and the response time of the applied electrode. The selectivity of the electrode is generally evaluated considering some
important ionic species normally found as food components.
Stabilization and response times are evaluated by recording the
potential response of the membrane versus time, as the concentration of an intense sweetener increases. Throughout the literature, a number of electrodes were proposed for potentiometric
determination of SAC in the foodstuff with specific selectivity,
stability, and response time properties in each case. A polymer
(silsesquioxane 3-n-propylpyridinium chloride)-coated graphite rod ion-selective electrode with fast response times was
proposed by Alfaya et al. (2000). The electrode response was
based on the ion pair formed between saccharinate acid and the
3-n-propylpyridinium cation from the silsequioxane polymer
(Alfaya et al. 2000). A silver wire electrode (Filho et al. 1999)
and a saccharinate ion-sensitive electrode immobilized in a
graphite matrix (Santini et al. 2008) has also been proposed,
demonstrating great stability and lifetime. In brief, characteristic method applications based on spectrometry and potentiometry, were demonstrated in Table 11.1 for the determination of
SAC in foodstuffs.

11.4 Future Prospects
With the development of small column particles and the constant rising of the availability of ultra-high-pressure liquid chromatography (UHPLC) systems in laboratories, ultrafast elution
separations can be witnessed on the subminute scale (Carr et al.
2011). In the near future, the potential of high-throughput food/
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Table 11.1
Method Applications Based on Spectrometry and Potentiometry for the Determination of SAC in Foodstuffs
Matrix

Technique

LOD

Recovery and Linear Range

References

96.7%–102% and
5 × 10−7–1 × 10−2 mol/L
98%–104% and 1–200 μg/mL

Santini et al. (2008)

98.2%–103.1% and
1 × 10−1–5 × 10−5 mol/L
99.2%–104.3% and N/A

Elmosallamy et al. (2005)

Instant tea powders, diet soft
drinks, and strawberry dietetic jam
Soft drinks, juice, bakery products,
and tabletop sweeteners
Dietary products

Potentiometry

3.9 × 10−7 mol/L

FIA with spectrophotometric
detection
Potentiometry

0.2 μg/mL

Solid and liquid sweeteners

Spectrophotometry

1.55 × 10−5 M

N/A

beverage multisweeteners profiling may well be given through
these ultrafast separations. Furthermore, the development of new
robust analytical methodologies will be needed to meet the needs
of a worldwide market that constantly increases the human consumption of sweeteners (Kokotou et al. 2012a).
Most recently, Kokotou and Thomaidis (2013) studied two different silica HILIC columns, a core–shell technology column
(KINETEX HILIC) and a bridged ethylene hybrid (BEH) particle technology column (XBridge HILIC) for the fast separation
(<15 min) of ASP, alitame, NEO, ACS, SAC, CYC, SCL, and
NHDC in an HILIC-ESI(−)MS/MS system. In the near future,
more HILIC separations will follow as an interesting and powerful alternative of reversed-phase separations.
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12.1 Introduction
There is a growing concern about the quality and safety of foods
(Di Stefano et al. 2012; Lopez 2008). Food authentication and
traceability enable food quality and safety control. Authentication
of food products is of primary importance for regulatory agencies, food processors, retailers, and consumers, at all levels of
the production process from raw materials to finished products.
Authentication may be associated with botanical or geographical origin, year of production, food processing methodology, or
the content of specific compounds (Kvasnicka 2005). In addition,
traceability involves the control of the entire chain of food production and marketing, allowing the food to be traced through

every step of its production back to its origin (Montealegre et al.
2010). European food legislation is particularly strict and traceability systems have become mandatory in all European countries (Dalvit et al. 2007). Although the implementation of these
systems does not totally ensure consumers protection against
fraud, food authenticity and traceability will help to quickly
locate them. There are different agencies that control and regulate food quality and safety in the world. The European Union
(EU) has a central agency for formulating food regulations and
related directives, the European Food Safety Authority, with
enforcement responsibility at country and local levels. In the
United States, there are national food regulatory systems operated by the U.S. Food and Drug Administration (FDA) and the
U.S. Department of Agriculture (USDA). State governments and
233
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local authorities also have food control agencies and efforts are
coordinated with federal authorities (Lupien 2005). At the international level, since 1962, the Food and Agriculture Organization
of the United Nations/World Health Organization (FAO/WHO)
Codex Alimentarius Commission has developed international
standards for foods designed to protect consumers’ health and
promote fair practices in foods trade (Lupien 2005).
False description of foods can occur in many forms, from
the undeclared addition of water or other cheaper materials to
the wrong declaration of a particular ingredient in the product
(Kvasnicka 2005). Food frauds habitually lead to adulterated food
products and include the subcategory of economically motivated
adulteration and food counterfeiting (Spink and Moyer 2011).
Intentionally or economically motivated adulteration was defined
by the FDA as “the fraudulent, intentional substitution or addition of a substance in a product for the purpose of increasing the
apparent value of the product or reducing the cost of its production” (Spink and Moyer 2011). The U.S. Federal Food, Drug, and
Cosmetic Act declares food adulteration “if any valuable constituent has been in whole or in part omitted…or if any substance has
been substituted wholly or in part…or if damage or inferiority has
been concealed…or if any substance has been added thereto…so
as to increase its bulk or weight, or reduce its quality or strength,
or make it appear better or of greater value than it is.” Thus, food
adulteration involves a change in the identity and/or purity of an
original food ingredient by its substitution, dilution, or modification by physical or chemical means (Spink and Moyer 2011). Food
adulteration includes the addition of nonauthentic and fraudulent
substances and the substitution or replacement of authentic components or ingredients. In this regard, it is important to take into
account the fact that there are permitted food additives to color,
sweeten, or help preserve foods. However, these additives are
strictly limited and only additives explicitly authorized may be
used for these purposes. From June 2013, authorized food additives in the EU are collected in a database that also specifies permitted amounts (http://ec.europa.eu/food/food/fAEF/additives/
lists_authorised_fA_en.htm, February 2015). The authorization
procedure for food additives is declared in the EC Regulation No
1331/2008 (Regulation [EC] No 1331/2008).
The first to address food adulteration was the analytical
chemist Frederick Accum, who completed an essay on adulteration of food, published in 1820. Currently, the number of publications on this topic continues to grow and during the past years
(2005–2013), about 100 reviews have been published in this
area. In this context, a database has been created and published
by the U.S. Pharmacopeia Convention’s Food Chemicals Codex
(8th edition at www.usp.org and www.foodfraud.org) (Moore
et al. 2012). In this database, information about common or regular ingredient names, ingredient category, common or usual
name of reported adulterants, types of fraud, publication year,
and reference are included. Categorization and classification
of adulterations are sometimes difficult and misclassification
errors are widespread. Only those cases related to fraudulent
additions, dilutions, removals, simulations, or replacements of
authentic substances without the purchaser’s knowledge are
considered as food adulteration events. Moreover, fraudulent
practices associated with food contamination due to nondeliberated or accidental events and food authenticity are also
included as food adulterations.
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Food adulteration, due to globalization and rapid distribution
systems, can have international impacts with far-reaching and
sometimes lethal consequences (Ellis et al. 2012). Symptoms
deriving from the use of adulterated foods are normally immediate (Galimberti et al. 2013). As new and advanced technologies
have become widely available, fraudulent practices have also
become more sophisticated (Kvasnicka 2005). Although most
food adulterants have been fairly innocuous, some were poisonous, causing illness or death in consumers (Jackson 2009). An
example was the addition of melamine and related nonprotein
compounds to protein-based foods in 2007 and 2008, which
resulted in injury and death of infants and pets (Moore et al.
2010). Food adulteration is also of great concern in cases of religious, moral, cultural, or dietary health considerations. In fact,
some consumers choose foods based on their lifestyles, such as
vegetarianism, or religious practices, such as Jews and Muslims
who follow Jewish dietary laws (Kashrut) and Islamic dietary
laws (Halal), respectively. For example, pork meat is not halal or
kosher food and it is not allowed in Jewish and Muslim religions.
Regarding health considerations, one of the most important
issues in adulteration is the nondeclared addition of components
with high allergenic potential such as milk, peanut, egg, nuts,
soybean, fin fish, or crustacean shellfish (Jackson 2009).

12.2 Common Types of Food Adulterations
Adulteration is commonly motivated by the thought of maximizing profit by adding a cheaper components. Therefore, food
products targeted for adulteration are high-commercial-value
products or food produced in high quantities around the world
(Cordella et al. 2002). Additionally, those foods or ingredients
that are influenced by climatic conditions during their growth or
harvest are also more likely to be adulterated (Moore et al. 2012).
Olive oil, milk, saffron, orange juice, coffee, apple juice, and
honey are the most common targets for adulteration (Moore et al.
2012). Indeed, from the 18 food categories considered by Moore
et al. (2012) in the database published by the U.S. Pharmacopeia
Convention, these seven were the most likely to be adulterated
accounting for more than 50% of the records collected in this
database. According to a recent article by Everstine et al. (2013),
137 incidents within 11 food categories were identified from
1980; fish and seafood, dairy products, fruit juices, and oils and
fats being the main affected food categories.
A general overview of most common practices in food adulteration and the type of foodstuff suffering every adulteration is collected in Table 12.1. The most common adulteration is the partial
substitution or addition of other species, generally cheaper or more
available than the authentic one, as in the case of coffee elaborated with other grains such as corn. It is important to differentiate between adulteration and fraud in the replacement of food
varieties or cultivars since sometimes this issue is more related to
food authentication than to food adulteration. An example is origin
denomination in some foods such as olive oils or wines, which
mainly depends on the variety or cultivar used in their elaboration. Mislabeling incidents, such as the incorrect declaration of
species, varieties, or geographical origin in the final food product,
result in a fraud more than an adulteration and is, therefore, beyond
the scope of this chapter. Other important adulteration to reduce
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Table 12.1
Common Types of Food Adulterations
Adulteration Event

Purpose/Intention/
Objective

Addition/
replacement of
undeclared species

To use more accessible
or low-price species

Addition/
replacement of
different cultivars
or varieties
Addition of
vegetable proteins

To use more accessible
or low-price varieties
or cultivars

Addition of/dilution
with water

Addition of illegal
components
Addition of
melamine
Addition of sugars
and derivates

Undeclared
pulpwash addition
Addition of artificial
or natural colorants
Addition of aromas
Addition/
replacement of
alcohol
Addition of bulking
agents

Food Category
Meat, fish, milk, cheese,
butter, juice, coffee,
olive oil, vegetable oil,
oregano, turmeric, and
so on
Coffee, wine, olive oil,
paprika, oregano, rice,
and so on

To naturally increase
apparent protein
content
To increase food
volume using water
as bulking agent or to
dilute food products
To retain water

Meat

To artificially increase
apparent protein
content
To improve taste, to
mask astringent taste,
and to increase
alcohol content
To increase sugar
content or as a
clouding agent
To increase or improve
food color
To enhance or change
natural aroma
To reduce cost and
maintain alcohol level

Fishmeal and milk

To increase food
volume and weight

Culinary species and
saffron

Meat, frozen fish, juice,
and wine

Fish

Milk, juice, wine, and
honey

Juice

Juice, wine, culinary
spices, and saffron
Wine
Wine

the overall product cost is based on the addition of water to dilute
or as a bulking agent. This fraudulent malpractice, although not
unlawful, must be indicated in the product label to prevent and
avoid consumer misunderstanding. The addition of ingredients to
improve appearance, taste, or aroma in a food product is a practice very usual in foods adulteration due to the economic profits
derived from a more attractive food appearance. A brief explanation of every adulteration type sorted by foodstuff is next included.

12.2.1 Meat/Fish
12.2.1.1 Meat
According to the European legislation, the term “meat” refers
to the edible parts removed from the body of bovine, porcine,
ovine, and caprine animals as well as domestic solipeds, poultry, lagomorphs, wild, and farmed game (Pereira and Vicente
2013). Therefore, meat is a food product greatly appreciated by
consumers and expensive compared to others foodstuffs. Owing

to its high cost and its widespread consumption, meat is very susceptible to be adulterated in different ways. The most common
adulteration is the addition or substitution of particular meats by
other meat species of lower quality and/or less value. This meat
fraud is especially important in minced meat (Meza-Márquez
et al. 2010), where morphological features have disappeared.
Substitution of meat by other meat species can bring allergies, intolerances, cultural conflicts, and religion conflicts. The
accurate labeling of meat products is essential for consumers’
confidence. Other frequent adulteration in meat and meat products is the fraudulent addition of vegetable proteins. One of the
most commonly used is soybean protein (Ballin 2010). Indeed,
soybean concentrate, flour, isolate, and so on are frequently
used due to their low cost and nutritional and health benefits.
Depending on product quality, the addition of soybean proteins
can be acceptable up to a certain level or even, in some cases,
may be disallowed. Most countries have established regulations
to control the addition of meat extenders (Belloque et al. 2002).
Gluten protein is another protein source commonly employed as
meat extender (Cawthorn et al. 2013). Adulteration of meat products by fat substitution with vegetable or other animal fat is other
fraudulent practice (Ballin 2010).

12.2.1.2 Fish
More than 20,000 species of fish and seafood are used worldwide
for human consumption (Rasmussen and Morrissey 2008). Both
increasing worldwide fish and seafood consumption and varying levels of supply and demand of certain species have led to
cases of economic frauds in this kind of foods. Main adulterations occur on seafood species that can be illegally substituted
by other of lower market cost or which present a major preservation value (Everstine 2013; Filonzi et al. 2010). The detection of
this adulteration in foodstuffs such as frozen fillets, precooked
or processed seafood is troublesome due to the absence of morphological characteristics for their identification (Gayo and Hale
2007; Rasmussen and Morrissey 2008). An example of food
adulteration by fish species substitution occurred in tuna candy
products sold in Taiwan that were adulterated with cheaper fishes
as bonito (Hwang et al. 2010). Other example was the adulteration of Atlantic blue crabmeat with blue swimmer crabmeat. Blue
swimmer crab presents year-round availability and reduced cost
in comparison with Atlantic blue crab (Gayo and Hale 2007).
Another adulteration in frozen fish and seafood is based on the
addition of excess water to increase product weight (Everstine
2013) or the addition of illegal chemical components to retain
water (Everstine 2013). A special mention is to be made of fishmeal, which is a commercial product for animal feeding obtained
by processing bones and whole fishes. This high-value commercial product is an important source of proteins and it was subjected to adulteration with melamine in China (Liu et al. 2010).

12.2.2 Dairy Products
Dairy products are all foodstuffs made from mammalian milk.
This group includes products such as yogurt, cheese, butter,
and ice creams. By Codex Alimentarius, milk is defined as the
normal mammary secretion of milking animals, intended for
consumption as liquid milk or for further processing (CODEX
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STAN 206-1999). Milk contains many nutritional relevance
properties and it contributes to the daily recommended intake of
important nutrients for all age groups (Teegarden 2005). Owing
to the great demand of this product, there is a wide variety of
milk products such as whole milk, reduced-fat milk, free-lactose
milk, enriched milk, synthetic milk, infant formulas, and others. In addition, milk can also be found with liquid or powdered
appearances.
One main milk adulteration is the addition of milk extenders,
especially water or whey (Kasemsumran et al. 2007). The addition of less expensive bovine milk to others such as sheep, goat
(Rodrigues et al. 2012), or water buffalo milks is also a food
fraud of great concern (Calvano et al. 2013a,b). Caseins and
α-lactalbumin are the main proteins in bovine milk and their
detection has been widely employed to identify fraudulent additions of nonbovine milk and nonbovine milk products (GasoSokac et al. 2011). Moreover, the presence of counterfeit fats,
mainly vegetable fats such as soybean or palm oils, in bovine
milk is another fraudulent practice (Garcia et al. 2012; Gutierrez
et al. 2009).
A scandal that occurred in China in 2008 based on the addition
of melamine to milk, infant formula, and milk products led to
serious human health consequences (Bhalla et al. 2009; Sharma
and Paradakar 2010). Melamine is an organic compound used
in the manufacturing of certain plastics (Sharma and Paradakar
2010; Tyan et al. 2009) and during melamine synthesis, harmful subproducts such as ammeline, ammelide, and cyanuric acid
are formed (Tyan et al. 2009). Melamine presents high level of
nitrogen and the addition of this synthetic product to foodstuffs
increases the total nitrogen content and, therefore, the apparent
protein content. In fact, the procedures used so far to measure
protein content, the standard Kjeldahl and Dumas tests, are
based on the determination of total nitrogen content regardless
of its source and are, therefore, not useful to detect this fraud.
Melamine contamination incidence prompted FDA and other
regulatory agencies to develop reliable analytical tools.

12.2.3 Beverages: Juice, Coffee, and Wine
Studies on adulteration of citrus juice have mainly been focused
on orange juice as it is the most produced and consumed worldwide (Vaclavik et al. 2012; Yamamoto et al. 2012). Juices are
often adulterated with cheaper juice concentrates (Ehling and
Cole 2011; Krueger 2012; Rodriguez-Saona and Allendorf 2011;
Yamamoto et al. 2012). Therefore, ensuring that both the type
and quantity of supplied raw material is as declared is an important issue in juices adulteration (Kvasnicka 2005). It is important to highlight that most of these additions are not unlawful
or unhealthy, but manufacturers must declare these additions to
avoid frauds (Scott and Knight 2009). Other common adulteration practice is the addition of other fruits or pigments to poorquality juices in order to imitate juice color. An example is the
addition of highly concentrated juices or natural pigments to
high-value pomegranate juice (Zhang et al. 2009). The addition
of pulpwash, which is a by-product in juice industry, as a sugar
source or as a clouding agent for providing body and mouthfeel
is another fraudulent practice in juice manufacturing (Kvasnicka
2005; Petrus et al. 1984). Pulpwash addition to juice concentrates
is allowed in Brazil and in the United States up to 5%. Unlike
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this, EU regulations do not allow that a product containing pulpwash be called orange juice (Petrus et al. 1984). Since the main
components of fruit juices are water and carbohydrates such as
fructose, glucose, and sucrose, addition of sugar in the form of
sugar solutions or syrups and water are also common adulterations in juices (Ogrinc et al. 2009; Simo et al. 2005). Inexpensive
commercially available sweeteners such as partially inverted
cane syrup, beet sucrose, high-fructose corn syrup, and synthetic
solutions of fructose, glucose, and sucrose have been used for
this purpose (Kelly and Downey 2005). Since every fruit and
fruit juice has a typical amino acid pattern, and juice adulteration
by water addition alters absolute amino acid concentrations, the
addition of synthetic amino acids to mask water dilution is very
common (Ooghe et al. 1984; Simo et al. 2005).
Coffee is one of the most consumed beverages in the world with
a great social and commercial importance. Although there are
several varieties, commercial coffee comes from two main varieties, arabica (Coffea arabica L.) and robusta (Coffea canephora
var. robusta) (Garrett et al. 2012). For economic reasons, one of
the most common adulterations is the substitution of high-quality coffee by cheaper ones (Pischetsrieder and Baeuerlein 2009),
such as the illegal admixture of cheaper robusta coffee beans
with high-quality Arabica coffee (Garrett et al. 2012). In addition, roasted coffee is quite vulnerable to adulteration due to its
physical characteristics, which are easily reproduced by roasting
and grinding numerous materials such as cereals, seeds, roots,
and so on (Reis et al. 2013). Coffee has also been adulterated
with coffee husks or twigs (Reis et al. 2013), and other roasted
grains such as corn, barley, maize, or soybean (Nogueira and do
Lago 2009; Oliveira et al. 2009; Reiset al. 2013). Indeed, corn
has been one of the cereal grains most used to adulterate coffee
due to its significant lower cost (Jham et al. 2007; Nogueira and
do Lago 2009; Zambrozi et al. 2009).
In recent years, viticulture and enology have played important
roles for the economy of many countries and considerable efforts
are devoted to improve product quality and to match the widest market approval (Flamini and Panighel 2006). Prevention of
illegal substitution or adulteration of wines is an economically
important area due to their high value. One of the most common
adulteration procedures is the illegal mixing of different wine
cultivars with others to amend the sensory characteristics of the
final product and/or to decrease production cost (Spaniolas et al.
2008). In fact, wine quality is highly dependent on the vinification process, soil, and climate conditions and, above all, grape
variety. Grape variety is of special significance in the case of
monovarietal wines or in wines with a specific denomination of
origin (Spaniolas et al. 2008). Wine is also usually adulterated
with coloring or flavoring agents (Di Stefano et al. 2012). Several
practices have been employed to naturally increase the color of
red wines. In Italy, wines are blended with a wine very rich in
anthocyanins but, in the Asian market, anthocyanins from black
rice are used for increasing wine color. Although the external
addition of anthocyanins in red wines does not produce negative
effects on health, it is considered as food adulteration in many
countries such as Italy and its detection is of high importance
(Ferrari et al. 2011). Wine elaboration involves sugar molecules
that undergo alcoholic fermentation to produce ethanol and glycerol. Nevertheless, only those beverages with a specific amount
of total alcohol result in a stable and tasty wine (Cabanero et al.
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2010). For that reason, sugar enrichment in wine elaboration to
increase alcohol content in the final product is a common wine
adulteration (Kvasnicka 2005). This addition is usually performed in wine grape and consist of, for example, non-grape
sugar addition such as beet and corn. According to Regulation
No 1622/2000, this practice is allowed in northern Europe but
forbidden in Mediterranean countries (Di Stefano et al. 2012). On
the other hand, glycerol is associated with mouthfeel p roperties
and wine smoothness and its fraudulent addition is common in
poor-quality wines (Cabanero et al. 2010). Addition of water during fermentation to maintain the correct components balance and
a suitable taste is an other adulteration issue in wines (Cabanero
et al. 2010). Methanol has also been used in the production of
adulterated wine because it is cheap and easily accessible.
However, methanol ingestion can be fatal because it could be
metabolized to formic acid and formaldehyde, which cause headache, vertigo, vomiting, blindness, and even death (Lin and Shaw
2009). More sophisticated adulterations include the addition of
aromas, for example, spices, essential oils, herbal extracts, or
synthetic linalool, to enhance or change product natural aroma.
The addition of such compounds is illegal in most cases, except
for the group of “aromatized wines” (Rajchl et al. 2009).

12.2.4 Oils
Olive, soybean, palm, and rapeseed oils are the most produced.
Olive oil is highly appreciated for its nutritional value and healthy
properties and it is considered within the healthiest foods of the
Mediterranean diet. This fact together with its high price makes
olive oil adulteration one of the leading food frauds. Adulteration
of virgin olive oil with other oils is a serious problem and, in the
global market, it comprises a great chance for the economic development and prosperity of several communities (Ben-Ayed et al.
2013; Vlachos et al. 2006). Most common adulterations in olive
oils have been related to the addition of lower price or low-quality
oils. Olive oil is often illegally adulterated with less expensive or
low-quality vegetable or seed oils obtained from other species different to olive (Agrimonti et al. 2011; Bosque-Sendra et al. 2012).
Oils widely used for this purpose include corn, peanut, hazelnut,
cottonseed, sunflower, soybean, almond, sesame, and poppy seed
oils. Olive oil adulteration represents a significant issue for the
health and safety of olive oil consumers (Vlachos et al. 2006). In
fact, some of the vegetable oils added to olive oil, such as peanut oil, present high allergenic potential and it could have a great
repercussion in human health. Identification of olive oil adulterations, especially with hazelnut oil due to its similar composition,
still represents a challenge (Arvanitoyannis and Vlachos 2007; Di
Stefano et al. 2012). Cottonseed, rapeseed, sunflower, and corn
oils, with lower market price, are the most commonly used oils for
its adulteration (Gurdeniz and Ozen 2009). The mixture of extra
virgin olive oil with other low-quality or low-commercial-value
olive oils such as refined, lampante (olive oil which comes from
bad fruit or careless processing), or pomace oils (olive oil extracted
from olive pulp left over from pressing olive oil), is another
important adulteration used to reduce oil costs (Arvanitoyannis
and Vlachos 2007; Bosque-Sendra et al. 2012).
Besides olive oils, vegetable oils have also been adulterated
with other oils. For instance, sesame is highly expensive oil and a
candidate for adulteration practices with cheaper oils. Moreover,

oils such as corn, hazelnut, sunflower, palm, peanut, soybean,
sesame, apricot, or coconut have also been partially replaced with
less-value or more-available vegetable oils (Marina et al. 2009).
Lard is a by-product from the food industry that has been used
for this purpose. The nondeclared addition of lard is of great concern in some religions in which consumption of foods containing
porcine and its derivatives is forbidden (Marikkar et al. 2005).

12.2.5 Spices: Saffron, Paprika, and Oregano
Spices essentially contribute to flavor, aroma, or color of aliments, and changes in the quality and composition of spices
result in an unwanted impact on foodstuff (Banach et al. 2012).
The two major adulterations in spices are the addition of components to increase the weight or the fraudulent mixture with lowvalue spices or herbs (Kvasnicka 2005). In this context, addition
of Sudan I to culinary spices deserves special attention, just as in
paprika (Di Anibal et al. 2009a, 2012). Addition of colorants to
food products is a common practice because colorants improve
food appearance and, thus, promote sales. Although Sudan dyes
are normally used for coloring plastics and textile materials (Di
Anibal et al. 2011b), their addition to culinary spices to intensify
and maintain its natural red appearance has also been a common practice in some European countries due to their low cost
and availability (Di Anibal and Callao 2011a,b; Di Anibal et al.
2012). However, the addition of Sudan dyes is not allowed in
foodstuffs for human consumption due to its carcinogenic and
genotoxic effects (Di Anibal et al. 2009a,b, 2011a,b,c,).
Saffron is obtained from the dried stigmas of Crocus sativus
L. flowers. Besides its use as spice and food colorant, saffron
is also employed in perfumery or as textile dye. Moreover, saffron is also interesting for health purposes due to its analgesic
and sedative properties (Hagh-Nazari and Keifi 2007; Marieschi
et al. 2012). As a consequence of these interesting properties and
its high price, saffron has always been a significant candidate
to adulteration (Winterhalter and Straubinger 2000). The most
common adulteration issues in saffron are related to the addition
of artificial and natural bulking agents to increase its volume and
weight (Marieschi et al. 2012). Wax, sugar or honeys, fats, or
inorganic compounds have been used for this purpose (HaghNazari and Keifi 2007; Marieschi et al. 2012; Winterhalter and
Straubinger 2000). The addition of natural or artificial components with similar color and/or morphology, such as red beet,
safflower, madder, pomegranate fibers, red-dyed silk fibers,
tartrazine, turmeric, or paprika, has also been used to decrease
saffron’s high prices and/or to increase its yellow–red color
(Haghighi et al. 2007; Hagh-Nazari and Keifi 2007; Zougagh
et al. 2005). A complete list of the possible adulterations of
saffron is collected in the White book of the European saffron
project (http://www.europeansaffron.eu/archivos/White%20
book%20english.pdf, February 2015).
Other examples of spice adulterations have been in paprika,
oregano, and turmeric. Smoked paprika, “Pimentón de La Vera,”
is a high-quality spice obtained from specific varieties of pepper from La Vera region (Spain) (Hernandez et al. 2006, 2007).
Smoked paprika quality is highly related to pepper variety.
Indeed, the use of pepper varieties from other regions different to “La Vera” is considered an adulteration (Hernandez et al.
2006, 2007, 2010). Oregano is another culinary spice obtained
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from dried leaves and floral parts of few species marketed as
true Mediterranean oregano: Origanum vulgare L. subsp. hirtum
(Link), Ietsw. (syn. O. heracleoticum auct. non L.), and O. onites
L. (Marieschi et al. 2009, 2011). Oregano adulterations have been
performed by mixing with Origanum species different from
those listed above with similar essential oil profiles and/or with
plants having similar silvery gray color and leaf size (Marieschi
et al. 2009, 2010), such as olive leaves (Marieschi et al. 2011).
These plants are added as bulk and cheap materials to illicitly
increase oregano volume.

12.2.6 Others: Honey, Rice, and Wheat
Honey is a natural sweet product made by bees using nectar from
plants. The type of honey as well as its chemical composition
depends on different factors such as the extraction procedure,
the botanical origin of flowers, and also the season in which
bees collected honey (de la Fuente et al. 2011). Honey is a natural energy source mainly due to its carbohydrate components
such as fructose, sucrose, glucose, and reducing sugars (Doner
1977) and also due to its vitamins and minerals content. It has
been used as a valuable natural sweetener as well as in some
medical applications due to its beneficial properties to human
health (Bogdanov et al. 2008). According to the definitions of
the Codex Alimentarius and other international standards, honey
is consumed raw and without any kind of additives (CODEX
STAN 12-1982, revised in 2001). The most common adulteration
in honey is the addition of cheaper sweeteners from beet, corn,
cane, sucrose, saccharose, and glucose syrup and/or invert sugar
to increase total sugar content (Prodolliet and Hischenhuber
1998). Honey adulteration with cheap sweeteners may not be
easily detected by the direct analysis of the own adulterant since
adulterated products have physical properties similar to natural
honey.
Cereals, including rice, barley, and wheat, are the major crops
of global food supply (Di Stefano et al. 2012). Rice is a primary
food very important in some cultures, especially in underdeveloped countries where it is the main daily energy intake
(Kvasnicka 2005). There are more than 1000 recorded rice varieties worldwide (Vlachos and Arvanitoyannis 2008). Rice varieties most susceptible to adulteration are those of high quality as
the aromatic rice Basmati, which is four times more expensive
than other rice varieties (Lopez 2008). This rice has been usually
substituted with non-Basmati rice for economic gain (Kvasnicka
2005). Regarding wheat adulteration, it is well known that pasta
made traditionally from 100% semolina or durum wheat is better
than pasta made from common wheat (Pasqualone et al. 2007).
However, substitution or partial addition of other lower price
wheat is a common malpractice to increase manufacturer benefits (Pasqualone et al. 2007).

12.3 Detection of Food Adulterations: Most
Relevant Examples and Applications
The complex composition of food and foodstuffs, together with
the fact that adulterants are generally similar to food products,
makes identification of food adulterations a challenge. Multiple
approaches have been employed to reveal deliberate substitutions
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or additions of substances in food and food products. Cordella
et al. (2002) have clearly divided these approaches into three categories depending on the strategy employed:
• The first approach consists of the use of a specific
marker that provides information about food adulteration. This marker is generally a chemical constituent
that is present in the adulterant and not in the food
product or vice versa.
• The second possibility is the determination of a broad
range of compounds and the establishment of the food
fingerprint. For that purpose, ratios between selected
components should be constant in the unaltered food
and, consequently, the removal or addition of any substance would modify food fingerprint. The use of this
approach generally requires the analysis of large set of
samples and the use of chemometrics tools (e.g., principal component analysis [PCA], partial least squares
[PLS] regression, and linear discriminant analysis
[LDA]).
• A third alternative is the use of a global approach
generally based on food physicochemical properties,
which can yield information on food integrity or on its
modification. For instance, thermal properties or melting points of a food sample can provide information on
the authenticity of the food sample or its modification.
In order to cover the specific requirements of each modification, different analytical techniques are available. Figure 12.1
shows the technologies/methods mainly employed for the detection of food adulterations. They include spectroscopic techniques (infrared [IR] spectroscopy, Raman spectroscopy, nuclear
magnetic resonance [NMR], and mass spectrometry [MS]),
separation techniques (liquid chromatography [LC], gas chromatography [GC], and capillary electrophoresis [CE]), biochemical
methods (enzyme-linked immunosorbent assay [ELISA], and
DNA-based methods), thermal methods (calorimetry), and others (electronic nose/electronic tongue). The choice of technique/
method will depend on multiple factors such as chemical composition, nature of molecules to analyze (e.g., proteins, fatty acids,
DNA), or physical properties of food products and adulterants.
The applicability of each aforementioned technique/method is
described in this chapter in order to provide a general overview
of its potential for the identification of food adulterations. This
chapter is limited to the works published from 2005 focusing on
the detection of food adulterations. Applications of these techniques in the years before are well summarized in the reviews of
Reid et al. (2006) and Cordella et al. (2002).

12.3.1 Spectroscopic Techniques
12.3.1.1 IR (NIR, MIR, FTIR) Spectroscopy
IR spectroscopy is the preferred technique for the identification
of food frauds and its applications cover different food categories
and fraudulent malpractices (see Table 12.2). When a complex
sample, such as a food product, is analyzed by IR spectroscopy
the final spectrum consists of a combination of signals corresponding to every functional group. This spectrum can be used
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Figure 12.1 Main analytical techniques used for the identification of food adulterations. The y-axis represents the number of publications containing the
term “adultera*” and the name of the technique using the database Isi Web of Knowledge.

as food fingerprint since it is characteristic of the food and can be
employed to evaluate its identity. The use of mid-infrared (MIR)
spectroscopy (4000–400 cm−1) yields information on molecular bonds whereas near-infrared (NIR) spectroscopy (14,000–
4000 cm−1) provides more complex structural information. In
addition, depending on the instrument employed, two main
kinds of IR techniques can be found: dispersive and interferometric Fourier transform infrared (FTIR). In dispersive instruments, only one spectral element is identified by the detector at
a time. In contrast, in FT instruments, all the radiations arriving
at the detector are examined simultaneously. FTIR has shown to
be a powerful tool for the rapid authentication and detection of
food adulterations (Rodriguez-Saona and Allendorf 2011), however, its cost is considerably higher than the cost of dispersive
instruments.
All these IR techniques are characterized by their speed, high
throughput, and nondestructive analysis of solid, liquid, and gas
samples without requirement of sample preparation. Analysis
time is around 30 s per sample, allowing the analysis of large
set of samples in short time (Nicolaou et al. 2010). The main disadvantage of MIR spectroscopy is the high absorption of water
being necessary for its removal. Different strategies have been
explored for that purpose such as the use of dehydrated samples,
sample reconstitution in D2O, subtraction of water signal, reduction of path lengths, or use of attenuated total reflectance IR.
These techniques usually allow detecting adulteration in foods at
the level of 5%, although in some case lower percentages can be
detected (around 1%).
The main contributions of IR spectroscopy in the identification
of food adulterations are summarized in Table 12.2. Different
foods and foodstuffs have been analyzed using IR spectroscopy
including solid, semisolid, and liquid samples. NIR and FTIR
spectroscopy are the preferred techniques, whereas the use of
MIR spectroscopy is less extended for the detection of food adulterations. The main applications of IR spectroscopy are related
to the detection of adulterations in oils, dairy products, and

meats. Regarding oils, the absence of water in this sample and
the strong absorption of the fatty acids in the IR make this technique an adequate choice for the identification of adulterations
in this kind of samples. IR spectroscopy has demonstrated, on
several occasions, its usefulness for the fast and simple detection
of oil adulterations with cheaper and lower-quality oils; NIR and
FTIR being the most employed. FTIR spectroscopy has shown a
great sensitivity and accuracy in the detection of blends of olive
oils with non-olive cheaper oils. In fact, the use of FTIR enables
the quantification and detection of additions of sunflower oils to
olive oils at the level of 1% (Oussama et al. 2012). However, using
NIR, adulterations below 4% are difficult to detect and this spectroscopic technique is most employed for screening purposes
(Ozdemir and Ozturk 2007).
IR spectroscopy has also significantly contributed to the
identification of frauds in dairy products. In fact, additions of
sodium bicarbonate, sodium citrate, and nonacid whey (Cassoli
et al. 2011) or additions of plant filling material (Li Liang and
Ding Wu 2010) to raw milks could be detected using FTIR
spectroscopy. Moreover, additions of water and whey to bovine
milks (Kasemsumran et al. 2007) or starch, whey, and sucrose
to powdered milks (Borin et al. 2006) could be detected using
NIR spectroscopy. However, because of the limited sensitivity of
IR with respect to minor compounds, only additions above 10%
are usually detected. Interestingly, portable MIR and NIR equipments (Santos et al. 2013b) and MIR microspectroscopy (Santos
et al. 2013a) have shown to be useful analytical techniques for
the identification of adulterants such as additions of whey, hydrogen peroxide, synthetic urine, urea, or synthetic milk to bovine
milks. The spectra obtained using MIR microspectroscopy for
nonadulterated and adulterated milks are shown in Figure 12.2a.
Adulterated milks yielded IR spectra with slight modifications in
comparison with nonadulterated milk. However, the application
of chemometric tools (in this case, soft independent modeling of
class analogy [SIMCA]) to the data obtained from these spectra allowed the clear discrimination between unaltered milks
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Table 12.2
Main Contributions of IR Spectroscopy in the Identification of Food Adulterations
Food/Food Product
Olive oil
Olive oil
Olive oil
Olive oil
Olive oil
Extra virgin olive oil
Olive, peanut, corn, germ, and
pumpkin oils
Olive oil
Olive oil
Olive oil
Olive oil
Olive oil
Olive oil
Coconut oil
Coconut oil
Coconut oil
Coconut oil
Corn, peanut, rapeseed, and soybean
oil
Raw milk
Raw milk
Bovine milk
Powdered milk
Bovine milk
Bovine milk

Adulterant

Reference

Sunflower and corn oil
Colza, corn, peanut, camellia, sunflower,
and poppy seed oil
Soybean, cotton, corn, canola, and
sunflower oil
Sesame, soybean, and sunflower oil
Corn, hazelnut, soybean, and sunflower oil
Lower price olive oil
Sunflower and corn oil

NIR
NIR

Ozdemir and Ozturk (2007)
Zhuang Xiao-li et al. (2010)

NIR

Ozturk et al. (2010)

NIR
NIR
NIR
NIR

Weng Xin-xin et al. (2009)
Kasemsumran et al. (2005)
Mignani et al. (2011)
Alexa et al. (2009)

Corn, sunflower, cottonseed, and rapeseed
oil
Sunflower and soybean
Palm oil
Sunflower, corn, soybean, and hazelnut oil
Hazelnut oil
Sunflower, soybean, sesame, and corn oil
Corn and sunflower oil
Lard oil
Palm oil
Palm kernel
Frying oil

MIR

Gurdeniz and Ozen (2009)

FTIR
FTIR
FTIR
FTIR
FTIR
FTIR
FTIR
FTIR
FTIR
FTIR

Oussama et al. (2012)
Rohman and Man (2010)
Lerma-Garcia et al. (2010)
Baeten et al. (2005)
Vlachos et al. (2006)
Rohman and Man (2011)
Mansor et al. (2011)
Rohman and Man (2009)
Manaf et al. (2007)
Zhang et al. (2012b)

Sodium bicarbonate, sodium citrate, and
nonacid cheese whey
Plant, butter, vegetable protein, and starch
Water and whey
Starch, whey, and sucrose
Whey, hydrogen peroxide, synthetic urine,
urea, and synthetic milk
Tap water, whey, hydrogen peroxide,
synthetic urine, urea, and synthetic milk

FTIR

Cassoli et al. (2011)

FTIR
NIR
NIR
MIRmicrospectroscopy
Hand held and
portable MIR and
NIR
MIR
FTIR
NIR

Li Liang and Ding Wu (2010)
Kasemsumran et al. (2007)
Borin et al. (2006)
Santos et al. (2013a)

Butter
Bovine, goat, and sheep milks
Milk

Margarine
Bovine, goat, and sheep milks
Melamine

Soybean meal
Powdered infant formula

Melamine
Melamine

Minced beef
Minced beef
Minced beef
Atlantic blue crabmeat
Fish meal
Halal sausages
Beef meatball
Mince beef

Turkey meat
Pork, fat trimming, and offal
Spinal cord content
Blue swimmer crabmeat
Soybean
Pork
Pork
Horse meat, fat beef trimmings, and
textured soybean protein
High-fructose corn syrup
Fructose and glucose
Jaggery syrup
Standard sugar solutions and syrups
Citric and tartaric acid

Honey
Honey
Honey
Honey
Orange juice

Technique

NIR
NIR, FTIR, and
DRIFT
NIR and MIR
NIR
NIR
NIR
NIR
FTIR
FTIR
FTIR
NIR
NIR
NIR
FTIR
NIR

Santoset al. (2013b)

Koca et al. (2010)
Nicolaou et al. (2010)
Yuan Shi-lin et al. (2009), Dong Yi-wei
et al. (2009)
Haughey et al. (2013)
Mauer et al. (2009)
Alamprese et al. (2013)
Morsy and Sun (2013)
Gangidi et al. (2005)
Gayo et al. (2006), Gayo and Hale (2007)
Shi Guang-tao et al. (2009)
Xu et al. (2012)
Rohman et al. (2011)
Meza-Marquez et al. (2010)
Chen et al. (2011b), Kelly et al. (2006)
Zhu et al. (2010)
Mishra et al. (2010)
Rios-Corripio et al. (2012)
Cen et al. (2007)

Free ebooks ==> www.ebook777.com
241

Food Adulterations
Table 12.2 (Continued)
Main Contributions of IR Spectroscopy in the Identification of Food Adulterations
Food/Food Product

Adulterant

Apple juice
Whiskey, brandy, rum, and vodka
White wine vinegar
Red wines
Roasted coffee
Roasted coffee
Cake formulation
Chocolate and chocolate products
Ground black pepper
Durum wheat flour

Inverted cane syrup, beet sucrose,
high-fructose corn syrup, and standard
sugar solutions
High-fructose corn syrup and standard
sugar solution
Water, ethanol, and methanol
Alcohol of molasses
Rossissimo
Corn and coffee husk
Robusta coffee
Lard
Lard
Buckwheat or millet
Bread wheat flour

and milks subjected to different kinds of adulterations (Figure
12.2b). Regarding the addition of other milks, which is of great
concern in the field of dairy products, only one contribution has
been found to be focused on the detection of blends of bovine,
goat, and sheep milks by FTIR spectroscopy (Nicolaou et al.
2010). In this case, the strong contribution of the fatty acids present in the milk samples used as adulterants allowed the discrimination between different mixtures over 5%. MIR spectroscopy
has also resulted to be useful in the detection of frauds due to the
addition of margarine in the manufacture of butter (Koca et al.
2010). Furthermore, melamine additions in milks (Dong Yi-wei
et al. 2009; Yuan Shi-lin et al. 2009), soybean meals (Haughey

-C–H groups of lipids

Amide I and II

-C–H and carbonyl of fat

Absorbance

-O–H hydroxyl groups
-N–H group

(a)

Reference

FTIR

Kelly and Downey (2005)

NIR

Leon et al. (2005)

NIR
NIR
FTIR
DRIFT
NIR
FTIR
NIR and MIR
NIR and MIR
NIR

Pontes et al. (2006)
Saiz-Abajo et al. (2005)
Ferrari et al. (2011)
Reis et al. (2013)
Pizarro et al. (2007)
Syahariza et al. (2005)
Man et al. (2005)
McGoverin et al. (2012)
Cocchi et al. (2006)

et al. 2013), and infant formulas (Mauer et al. 2009) have been
efficiently identified by NIR spectroscopy. Melamine additions
were also determined by FTIR spectroscopy and diffusive reflectance infrared Fourier transform spectroscopy (DRIFT), which
has shown to be the most suitable IR technique for the determination of small particles and powdered samples since penetrating
light is reflected in all directions through particle surface (Mauer
et al. 2009).
Owing to its ability to analyze solid samples, adulterations of
foods such as meat and fish can be easily identified using NIR.
The presence of proteins and fatty acids with strong absorption
in the IR region in this kind of samples makes this technique

O=P–O of protein
C–O–C of lactose

Apple juice

Technique

(b)
Hydrogen peroxide
PC2
Control milk
Whey

PC3
PC1

Synthetic milk
Synthetic urine
Urea

(v)
(iv)
(iii)
(ii)
(i)
4000

3500

3000

2500

2000

Wavenumber (cm–1)

1500

1000

Figure 12.2 (a) MIR-microspectroscopy spectra of dried films for: (i) a control milk and for milks adulterated with, (ii) hydrogen peroxide (0.15 g/L),
(iii) synthetic milk (0.8 g/L of urea), (iv) whey (30 g/L), and (v) urea (12.5 g/L). (b) SIMCA 3D projections of MIR-microspectroscopy data. (From Santos,
P. M., E. R. Pereira-Filho, and L. E. Rodriguez-Saona. 2013b. Journal of Agricultural and Food Chemistry 61(6) (Feb 13): 1205–11. With permission.)
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a suitable tool for the identification of adulterations. Addition
of low-price meats such as horse meat, fat trimming, or offals,
or addition of soybean proteins have been detected using this
technology. Of special significance is halal food verification in
Muslim and Jewish societies. In this regard, pork additions in
halal sausages (Xu et al. 2012) and beef meatballs (Rohman et al.
2011) were identified by FTIR spectroscopy.
Examples of honey adulterations with different kinds of sugars, as high-fructose corn syrup (Chen et al. 2011b; Kelly et al.
2006), jaggery syrup (Mishra et al. 2010), and fructose and glucose solutions (Zhu et al. 2010) can also be found using NIR
spectroscopy and in less extension, FTIR spectroscopy (RiosCorripio et al. 2012).
IR spectroscopy was useful for the detection of malpractices
in beverage manufacture such as juices, spirits, and coffee (Cen
et al. 2007; Leon et al. 2005; Pizarro et al. 2007; Reis et al. 2013;
Saiz-Abajo et al. 2005). Special mention deserves the use of IR
for the detection of adulterations of alcoholic beverages with ethanol, methanol, or by dilution. These kind of adulterations can
be revealed by NIR as a consequence of the strong IR absorption of the alcohols, with limits of detection (LOD) of around
5% (Pontes et al. 2006). NIR was also evaluated as a rapid and
nondestructive technique to detect the fraudulent addition of
organic acids as citric and tartaric in orange juice (Cen 2007).

12.3.1.2 Raman Spectroscopy
Raman spectroscopy measures the intensity of inelastically scattered UV radiation by molecules at longer wavelengths (lower
frequency) than the incident radiation wavelength. Scattered
radiation promotes vibrational transitions as those in IR spectroscopy. Despite the information in Raman spectra that could
have some similarity with IR spectra, they do not provide exactly
the same information (Kudelski 2008). IR spectroscopy detects
vibrations if they involve changes in the molecule dipole moment
(and thus, it can absorb IR radiation), whereas Raman spectroscopy detects vibrations if natural vibrational movements change
bands polarizability. As a result, molecules with polar functional
groups and low symmetry show strong IR signals while molecules with polarizable functional groups and high symmetry
exhibit strong Raman signals. Therefore, the information derived
from both techniques can be complementary. In addition, one of
the advantages of Raman over IR is the low absorption of water.
As in IR spectroscopy, dispersive and FT instruments are also
available for Raman spectroscopy. Recently, portable instruments
have also been described and applied in food science (Cheng
et al. 2010; Mecker et al. 2012). Examples describing the use
of surface-enhanced Raman spectroscopy (SERS) enabling the
enhancement of vibrational spectra by the previous absorption of
molecules on surfaces have also been found (Zhang et al. 2010).
Raman spectroscopy is a fast, versatile, and nondestructive
analytical technique suitable for the analysis of many food components (from lipids or proteins to minor components such as
flavorings or dyes) with minimal sample preparation. As in IR
spectroscopy, the main drawback of this technique is the requirement of large sets of samples and validated chemometric methods for data interpretation. In comparison with IR spectroscopy,
Raman spectroscopy presents lower sensitivity, resulting in a less
extensive use in the food field.
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Raman spectroscopy has recently been introduced in food
analysis and the number of applications in the identification of
food frauds is still not too high. Raman spectroscopy has been
applied in combination with different chemometric tools for the
detection of olive oils adulterations with lower price vegetable
oils such as sunflower and soybean, corn, and rapeseed (Kim
et al. 2012; Zhang et al. 2010; Zhang Ying-Qiang et al. 2012) oils
(Dong et al. 2012; Zhang et al. 2011; Zhang Ying-Qiang et al.
2012; Zou et al. 2009) and for the detection of adulterations of
basic vegetable blends, including soybean oils, used for animal
feeding, with mineral oils (Graham et al. 2012).
Another extended use of Raman spectroscopy is the identification of milk adulterations. Melamine has been detected in
powdered milk (Cheng et al. 2010; Mecker et al. 2012) infant
formulas, whey protein, wheat bran, and wheat gluten (Mecker
et al. 2012) using conventional and portable Raman instruments.
SERS was also a suitable tool for the identification of melamine
in liquid milks (Zhang et al. 2010). FT-Raman spectroscopy has
also been applied in the detection of adulterations of powdered
milks with whey and starch (Almeida et al. 2011; de Almeida
et al. 2012).
Raman spectroscopy also enabled the identification of other
food frauds as the detection of high-fructose corn syrup and
maltose syrup in honeys (Li et al. 2012) or the detection of Sudan
I dye adulterations in culinary spices (Di Anibal et al. 2012).

12.3.1.3 NMR Spectroscopy
NMR is based on the measurement of the response of atomic
nuclei with nonzero spins to magnetic fields yielding information related to molecular structure of compounds. Active nuclei
in NMR must contain an odd number of protons or neutrons
or both. 1HNMR and 13CNMR are the most employed since
their relative large momentum produces strong signals as well
as their high abundance in organic compounds in comparison
with other elements. NMR spectra can be used as fingerprints
allowing to compare, discriminate, or classify food samples as
IR and Raman spectroscopy (Ellis et al. 2012) or can be used
for the identification of specific markers. This technique can be
employed with liquid and semisolid samples after simple sample
treatment. Generally, liquid samples are analyzed by adding
5%–10% of D2O while solid samples need to be extracted with
deuterated solvents. In addition, the nondestructive nature of
this technique offers the possibility of multiple sample analysis.
Another major advantage of NMR spectroscopy over other analytical techniques is its unequalled reproducibility and stability
(Holmes et al. 2006), while its low sensitivity and high cost are
main weaknesses.
The main applications of NMR are related to oils. Detection
of adulterations of olive oils with hazelnut, soybean, sunflower,
and canola oils have been reported by 1HNMR and/or 31PNMR
(Agiomyrgianaki et al. 2010; Garcia-Gonzalez et al. 2004; Jafari
et al. 2009; Mannina et al. 2009). 1HNMR also resulted to be useful for the detection of animal fat additions in canola oils (Fang
et al. 2013). All these methodologies allow a fast detection of oil
adulterations in the range 5%–10% after a simple dilution in chloroform-D. However, 1HNMR also showed a huge potential for
the determination of Sudan dyes in culinary spices allowing the
determination of the specific type of adulterant employed (Sudan
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I, II, III, or IV) using targeted analysis (Di Anibal et al. 2011a,b).
The adulteration of red wines with anthocyanins extracted from
black rice (Rossissimo) was detected by 1HNMR in combination
with chemometric tools (Ferrari et al. 2011). Regarding honey
adulterations, 1HNMR has been successfully employed to detect
sucrose in bee honeys (Boffo et al. 2012). In addition, this method
in combination with chemometric analysis showed to be a useful tool for the discrimination of honeys concerning the nectar
employed in their production (Boffo et al. 2012).

12.3.1.4 Mass Spectrometry
MS enables high sensitivity and selectivity and its use has significantly grown in the last few years. Among its disadvantages are
its high cost and the necessity of sample preparation. Whereas
most of the employed ionization sources only allow the analysis
of samples in liquid and gas state, the introduction of desorption
electrospray ionization (DESI) and direct analysis in real time
(DART) in the recent years allow the direct analysis of mainly
solid samples in their native state (Law et al. 2010). MS can be
used in both fingerprinting and targeted analysis. Fingerprinting
approaches are generally performed through coupling with a
separation technique as LC or CE. Targeted analysis has been
performed by both direct MS and hyphenated-MS. In this section, only the use of direct MS for food adulteration purposes
will be discussed.
Table 12.3 shows some recent applications of MS in the
identification of food adulterations. One of the main contributions of MS is in the field of olive oil adulterations. Both
fingerprinting approaches (Alves et al. 2010; Catharino et al.
2005; Gomez-Ariza et al. 2006; Pena et al. 2005) and target
analyses of phospholipids (Calvano et al. 2010, 2012a), amino
acids and betaines (Sanchez-Hernandez et al. 2012), and fatty
acids (Lerma-Garcia et al. 2008) have been employed. The
use of amino acids and betaines allows good sensitivity (1% of
adulteration) but long sample treatment is required to extract
the selected compounds (Sanchez-Hernandez et al. 2012). In
the case of fatty acids, lower sensitivity (5%–11% adulteration) is obtained but sample treatment consists in a simple
dilution of the oils in an alkaline propanol/methanol mixture
(80:15, v/v) prior to the injection in the electrospray ionization
(ESI)-MS system (Lerma-Garcia et al. 2008). Despite ESI and
matrix-assisted laser desorption ionization (MALDI) being the
preferred ionization techniques, atmospheric pressure photoionization (APPI) and extractive ESI (EESI) have also resulted
to be useful for the identification of olive oils adulterations.
EESI is a modern ionization source that is gaining attention
because of its ability to analyze liquids and suspensions with
dirty and complex matrices. Thus, samples such as milk can be
directly injected into an electrospray plume. Then, the sample
spray collided with the droplets from the primary ESI spray
solvent producing the analyte ions. This allows the analysis of
complex matrices such as food avoiding problems of matrix
effects (Law et al. 2010). MS has also been employed for the
detection of adulterations of other kinds of oils such as nut oil
with soybean oil (Funasaki et al. 2012). In this case, ambient
sonic spray ionization mass spectrometry (EASI-MS) allowed
to observe differences on triacylglycerol profiles between pure
and adulterated nut oils without any sample treatment.

Identification of milk and dairy product adulterations by MS
has been performed using both fingerprinting (Garcia et al. 2012;
Nicolaou et al. 2011) and targeted analysis monitoring different
kinds of analytes, such as intact (Cunsolo et al. 2013) or digested
proteins (Calvano et al. 2012b, 2013a,b; Schneider et al. 2010) or
disaccharides and trisaccharides (Sanvido et al. 2010).
DART-MS has also contributed to the food adulteration field
(Shen et al. 2012; Vaclavik et al. 2011). As mentioned before,
DART allows the direct analysis of solid samples without sample treatment. Thus, the adulteration of Chinese star anise with
Japanese star anise was easily identified by the determination of
anisatin in solid start anise fruits (Shen et al. 2012). The measurements can be carried out in seconds without any prior sample
treatment and with good sensitivity (>1% adulteration). This technique has also been employed for the determination of triacylglycerol (TAG) profiles for the identification of beef tallow in pork
lard (Vaclavik et al. 2011) although in this case, TAGs were previously extracted from the mixtures of minced meats in order to
obtain an adequate sensitivity (5%–10%) (Vaclavik et al. 2011).
Isotope ratio mass spectrometry (IRMS) is based on the measurement of isotopic ratios within an analyte (2H/1H, 13C/12C,
15N/14N, 18O/16O). IRMS has been applied to evaluate food
authenticity and geographical origin since isotopic composition
of molecules can change with climatic conditions and geographical origin (Rossmann 2001). Moreover, IRMS has also been used
to detect adulterations in foods such as fraudulent additions of
sugar in honey (Cotte et al. 2007; Pang et al. 2006; Simsek et al.
2012; Tosun 2013; Wytrychowski et al. 2012), or other nonsugar
substances to food products, such as acetic acid in vinegars and
synthetic terpenes in feed additives (Greule et al. 2008; Thomas
and Jamin 2009).

12.3.2 Separation Techniques
12.3.2.1 Liquid Chromatography
LC is the most employed separation technique in analytical
laboratories and also in the field of food adulterations. Reversed
phase, ion exchange, and hydrophilic interaction chromatography are the preferred separation modes for the detection of food
adulterations (see Table 12.4). Hydrophilic interaction liquid
chromatography (HILIC) constitutes an interesting approach
for the separation of hydrophilic compounds using polar stationary phases. Unlike normal-phase chromatography, mobile
phases used in HILIC are aqueous and the separation is based on
a complex mechanism involving both partition and polar/ionic
interactions. Some advantages are that it does not require the use
of ion-pairing reagents, it enables the separation of compounds
eluting in the void volume in reversed-phase high-performance
liquid chromatography (RP-HPLC), and it can be conveniently
coupled to MS, especially with ESI. In general, good selectivity
and sensitivity through a variety of analytes could be obtained
with LC. The main disadvantages of LC are the long analysis
times obtained and the requirement of sample treatment.
Different kinds of applications in food adulteration detection have been described using LC (see Table 12.4). This technique has contributed actively to the detection of adulterations
in milk and dairy products, olive oil, and fruit juices. As can be
observed in Table 12.4, the identification of adulterations in dairy
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Table 12.3
Main Contributions of MS in the Identification of Food Adulterations
Food/Food Product
Olive oil
Olive oil
Olive oil

Hazelnut oil
Hazelnut oil
Soybean, sunflower, and corn oil

Olive oil

Soybean, corn, canola,
sunflower, and cottonseed oil
Hazelnut oil
Ordinary olive oils
Virgin olive oil
Hazelnut, sunflower, and corn
oils
Sunflower, rapeseed, and sesame
oil
Soybean oil
Bovine, goat, and sheep milks

Olive oil
Extra virgin olive oil
Extra virgin olive oil
Olive oil
Olive oil
Nut oil
Bovine, goat, and sheep
milks
Donkey milk

Cow or goat milk

Raw cow milk
Sheep and goat milk
Powdered cow milk
Cheese
Powdered milk

Powdered cow milk
Cow milk
Vegetable oils and fats
Lysozyme
Maltodextrin

Red yeast rice
Arabica coffee
Chinese star anise
Pork lard
Honey

Lovastatin
Robusta coffee
Japanese star anise
Beef tallow
Starch-based sugar syrups,
high-fructose corn syrup, glucose
syrup and saccharose syrups
Artificial sugars
Fructose corn syrup and cane
sugar syrup
C-4 syrup
High-fructose corn syrup
Sugar and exogenous CO2

Royal jelly
Honey
Honey
Honey
Cider
Maple syrup
Vinegar
Feed additives (carvacrol,
thymol, and trans-anethole)

Analyte/Group of
Analytes

Adulterant

Sugar addition
Synthetic acetic acid
Synthetic terpenes

Technique (Ionization
Source-Analyzer)

Reference

Phospholipids
Lysophosphatidylcholine
Nonprotein amino acids
and betaines
Fingerprinting

MALDI-TOF
MALDI-TOF
ESI-QqQ
ESI-QTOF

Calvano et al. (2012a)
Calvano et al. (2010)
Sanchez-Hernandez et al.
(2012)
Catharino et al. (2005)

Fingerprinting
Fingerprinting
Fatty acids
Fingerprinting

ESI-Q
ESI-IT
ESI-IT
APPI-QTOF

Pena et al. (2005)
Alves et al. (2010)
Lerma-Garcia et al. (2008)
Gomez-Ariza et al. (2006)

Fingerprinting

EESI-QTOF

Law et al. (2010)

TAG profiles
Fingerprinting

EASI-Q
MALDI-TOF

Funasaki et al. (2012)
Nicolaou et al. (2011)

Lactoalbumin and
lactoglobulin
Specific tryptic peptides
Specific tryptic peptides
TAG profiles
Lysozyme
Disaccharides and
trisaccharides
Lovatin
Fingerprinting
Anisatin
TAG profiles
13C/12C isotopic ratios

MALDI-TOF

Cunsolo et al. (2013)

MALDI-TOF
MALDI-TOF
MALDI-TOF
MALDI-TOF
ESI-LTQ FT

Calvano et al. (2013a,b)
Calvano et al. (2012b)
Garcia et al. (2012)
Schneider et al. (2010)
Sanvido et al. (2010)

ESI-QqQ
ESI-FTICR
DART-Orbitrap
DART-TOF
IRMS

Song et al. (2012)
Garrett et al. (2012)
Shen et al. (2012)
Vaclavik et al. (2011)
Tosun (2013)

C/12C isotopic ratios
C/12C isotopic ratios

IRMS
IRMS

Wytrychowski et al. (2012)
Simsek et al. (2012)

13

C/12C isotopic ratios
C/12C isotopic ratios
13C/12C isotopic ratios

IRMS
IRMS
IRMS

C/12C isotopic ratios
C/12C isotopic ratios
13C/12C isotopic ratios

IRMS
IRMS
IRMS

Cotte et al. (2007)
Pang et al. (2006)
Cabanero and Ruperez
(2012)
Tremblay and Paquin (2007)
Thomas and Jamin (2009)
Greule et al. (2008)

13
13

13

13
13

Abbreviations:	TOF, time of flight; QqQ, triple quadrupole; QTOF, quadrupole-time-of-flight; IT, ion trap; LTQ FT, linear trap quadrupole Fourier transform; FTICR, Fourier transform ion cyclotron resonance.

products have been carried out by monitoring proteins (Ballin
2006; Czerwenka et al. 2010; Enne et al. 2005), tryptic peptides
(Ballin 2006; Russo et al. 2012), or TAGs (Povolo and Contarini
2012) as markers. An interesting example is that of ultra highperformance liquid chromatography (UPLC)-MS/MS employed
for the detection of buffalo mozzarella adulteration with cheaper
bovine milk by monitoring specific transitions of a phosphorylated peptide as adulteration marker (Russo 2012).
LC has also been shown to be a useful tool for the determination of melamine and other nitrogen-containing molecules

in different food products as a consequence of its sensitivity
(Abernethy and Higgs 2013; Chao et al. 2011; Jafari et al. 2009;
Kim et al. 2010; Lutter et al. 2011; Mondal et al. 2010). LOD
obtained with this technique are in the range of 0.5–0.02 ppm
far below the limits established by the FDA (1 and 2.5 ppm for
infant formulas and other foods, respectively).
The usefulness of LC to detect adulterations in oil industry has
been demonstrated. The determination of different triacylglycerides by RP-HPLC in combination with different detection methods has been employed to identify mixtures of olive oils with
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Table 12.4
Main Contributions of HPLC in the Identification of Food Adulterations
Food/Food Product

Adulterant

Analyte

Powdered skimmed
milk
Powdered milk
Milk fat

Vegetal proteins
(soybean and pea)
Whey protein
Beef tallow and palm
kernel oil
Nitrogen-containing
compounds (including
melamine)
Cow milk

Detection
Method

Technique (Mode)

Reference

Tryptic peptides

Nano-LC (RP)

ESI-QTOF

Luykx et al. (2007)

Cystein
TAG profiles

HPLC (RP)
HPLC (RP)

Fluorescence
ELSD

Nitrogen-containing
compounds

HPLC (HILIC)

ESI-QTrap

Ballin (2006)
Povolo and Contarini
(2012)
Abernethy and Higgs
(2013)

HPLC (RP)

ESI-QTOF

Russo et al. (2012)

Cow milk
Cow milk

Phosphorylated β-casein
f33-48 peptide
β-Lactoglobulin
β-Lactoglobulin

HPLC (RP)
HPLC (RP)

UV
ESI-QTrap

Enne et al. (2005)
Czerwenka et al. (2010)

Melamine and cyanuric
acid

Melamine and cyanuric
acid

HPLC (RP)

UV

Lutter et al. (2011)

Nitrogen containing
compounds

Nitrogen-containing
compounds

HPLC (HILIC)

ESI-QTrap

Mac Mahon et al.
(2012)

Melamine and cyanuric
acid
Melamine and cyanuric
acid
Melamine
Soybean oils

Melamine and cyanuric
acid
Melamine and cyanuric
acid
Melamine
Triacylglycerides

HPLC (RP)

UV

Chao et al. (2011)

HPLC (HILIC)

ESI-QTrap

Mondal et al. (2010)

HPLC (RP)
HPLC (RP)

UV
APCI-IT

Sunflower oil
Soybean, sunflower,
peanut, corn,
rapeseed, canola, seed,
sesame, and grape
seed oils
Sunflower, hazelnut,
and peanut oils
Chemically modified
oils and fats

TAG
Triacylglycerides profiles

HPLC (RP)
HPLC (RP)

ESI-QqQ
CAD

Kim et al. (2010)
Fasciotti and Pereira
Netto (2010)
Lisa et al. (2009)
de la Mata-Espinosa
et al. (2011)

α and β Tocopherols

HPLC (RP)

Fluorescence

Chen et al. (2011a)

Isomeric octadecenoic
fatty acids

HPLC (IE)

UV

Orange juice

Apple or grape juice

20 Specific metabolites

HPLC (RP)

Orange juices

Amino acids

HPLC (NP)

Pomegranate juice
Lemon juice
Shiikuwasha juice
Apple juice
Wines
Honey

Apple juice or grape
juice, dilution, glycine
or glutamic acid
additions, and so on
Grape and apple juice
Bergamot juice
Calamondin juice
Malic acid
Glycerol and ethanol
Sugars

ESI/APCI-QqQ/
QqTOF/IT
ESI-IT

Momchilova and
Nikolova-Damyanova
(2010)
Vaclavik et al. (2012)

Quinic and tartaric acid
NRG, NHS, and NRC
Nobiletin and tangeretin
d-Malate
13C/12C isotope ratio
Sugars

HPLC (HILIC)
HPLC (RP)
HPLC (RP)
HPLC (IE)
HPLC (IE)
HPLC (IE)

IRMS
UV
UV
OR
IRMS
IRMS

Honey
Honey
Meat products
Beef and pork

Sugars
Invert syrup
Soybean proteins
Pork and horse

Sugars
5-Hydroxymethylfurfural
Glycinin G4 subunit A4
Amino acids and peptide
profiles

HPLC (IE)
HPLC (RP)
HPLC (RP)
HPLC (RP)

IRMS
UV
UV
ED
(amperometry)

Fresh milk

Buffalo mozzarella
Buffalo mozzarella
Buffalo milk and
mozzarella
Bovine milk and
milk-based powdered
infant formula
Wheat gluten and flour,
soybean protein, skim
milk, and corn gluten
meal
Nondairy creamer
Powdered egg and
soybean protein
Pet food
Olive oil
Olive oil
Olive oil

Olive oil
Vegetable oils

Gomez-Ariza et al.
(2005)

Ehling and Cole (2011)
Cautela et al. (2008)
Yamamoto et al. (2012)
Yamamoto et al. (2008)
Cabanero et al. (2010)
Elflein and Raezke
(2008)
Cabanero et al. (2006)
Kukurova et al. (2006)
Leitner et al. (2006)
Chou et al. (2007)
(Continued)
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Table 12.4 (Continued)
Main Contributions of HPLC in the Identification of Food Adulterations
Food/Food Product
Saffron
Oregano and sage
Soybean sauce
Chickpea flour and
other Indian
legume-based foods
Chickpea flour

Adulterant

Analyte

Detection
Method

Technique (Mode)

Reference

Safflower, madder, and
red beet
Olea europaea L.
leaves
Hydrolyzed vegetable
protein
Grasspea

Nine secondary
metabolites
Secoiridoid oleuropein

HPLC (RP)

UV

Haghighi et al. (2007)

HPLC

ESI-QqQ

Levulinic acid

HPLC (RP)

UV and ESI-Q

Bononi and Tateo
(2011)
Sano et al. (2007)

3-N-oxalyl-l-2,3diaminopropanoic acid

HPLC (RP)

UV

Misra et al. (2009)

Grasspea

2-N-oxalyl-l-1,2diaminopropanoic acid

HPLC (RP)

Fluorescence

Thippeswamy et al.
(2007)

Abbreviations:	ELSD, evaporative light scattering detector; CAD, charged aerosol detector; IE, ion-exchange; NP, normal phase; OR, optical rotation
detector; ED, electrochemical detector; QTOF, quadrupole-time-of-flight.

soybean (de la Mata-Espinosa et al. 2011; Fasciotti and Pereira
Netto 2010), sunflower oils (de la Mata-Espinosa et al. 2011; Lisa
et al. 2009), and other different vegetable oils such as peanut,
corn, rapeseed, canola, seed, sesame, and grape seed oils (de la
Mata-Espinosa et al. 2011). TAG distributions of different oils
obtained by HPLC–APCI-MS and HPLC–APCI-MS/MS were
evaluated as a possible tool to detect olive oil adulteration by
Fasciotti et al. (Fasciotti and Pereira Netto 2010).
Another field in which LC has shown high potential is in the
detection of juice adulterations. As this topic represents an ongoing and current issue, suitable analytical methods are required
to detect possible adulterations. LC represents an interesting
preference in this area because it enables to profile a wide range
of useful compounds in juice adulteration detection as carbohydrates, phenolic compounds, carotenoids, amino acids, or other
organic acids. Detection of orange juice adulteration with apple
juice or grape juice using RP-HPLC-MS (Vaclavik et al. 2012)
and NP-HPLC-MS (Gomez-Ariza et al. 2005) has been reported.
Another example is the use of RP-HPLC-UV for the determination of lemon juice adulteration with bergamot juice (Cautela
et al. 2008). Figure 12.3 shows the chromatograms obtained for
lemon juices spiked with different percentages of bergamot juice.
In this figure, it can be observed how the increase in the percentage of bergamot added to lemon juice results in an increase in the
three neohesperidose flavonoids proposed as markers (neoeriocitrin [NRC], naringin [NRG], and neohesperidin [NHS]).

12.3.2.2 Gas Chromatography
GC is the preferred technique for the separation and determination of volatile compounds and has been widely employed in the
detection of food adulterations (see Table 12.5). Among detectors, flame ionization detector (FID) and MS systems have been
the most used. In addition, comprehensive multidimensional
chromatography (GC × GC) has emerged in the last years as a
fast and highly efficient alternative to GC enabling to increase,
in different orders of magnitude, peak efficiency without increasing analysis time. Moreover, different derivatization steps can
be employed to increase volatility allowing GC separation in
the case of nonvolatile compounds. Thus, sample preparation

generally involves a trapping or extraction of analytes followed
by a derivatization step in the case of nonvolatile compounds (de
Koning et al. 2009).
GC is a powerful tool to detect oil adulterations due to the simplicity in the analysis of fatty acids without previous derivatization
and of TAGs after methylester formation. Filbertone, a marker
for hazelnut oil additions to olive oils, has been determined using
GC and GC × GC (Flores et al. 2006; Perez et al. 2009). Good
LOD were obtained with both methodologies, allowing to detect
filbertone in concentrations as low as 0.3 ppbs. However, the low
concentration in which filbertone is sometimes present in hazelnut oils made it possible to only detect adulterations above 7%
after extraction of filbertone from the oils samples. Other adulterations in oils have been detected by GC using fingerprinting
approaches as shown in Table 12.5. For instance, the addition of
lard or beef tallow to canola oils have been detected by combination of fingerprinting GC-MS with chemometric tools (PLS-DA).
This strategy enabled to detect adulterations of 5% without laborious sample treatments (Fang et al. 2013).
Although scarce in comparison with other techniques, GC has
also been employed for the detection of milk and dairy products adulterations. For instance, melamine has been determined
in cow milk (Lutter et al. 2011), infant formulas (Goodman and
Neal-Kababick 2009; Lutter et al. 2011), and other dairy products
(Goodman and Neal-Kababick 2009) by GC-MS. Adulterations
of milk fats with different kinds of oils, margarines, and animal
fats have also been identified using GC (Gutierrez et al. 2009).
Finally, the illicit addition of caseinates in cheeses has been successfully determined using GC-FID (Montilla et al. 2007). Other
applications of GC-MS have been focused on the detection of
honey adulteration using different adulteration markers (RuizMatute et al. 2007, 2010).
Pine nuts products made from nonedible pine nuts have been
identified comparing fatty acids profiles obtained by GC-FID
(Destaillats et al. 2010). Fingerprinting approaches in combination with PCA demonstrated to be very useful for the identification of roasted barley in ground roasted coffee (Oliveira et al.
2009) and for the identification of pork in different halal meat
products (Nurjuliana et al. 2011). Finally, IRMS has been successfully employed as GC detector for the differentiation between
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Figure 12.3 HPLC pattern of the lemon juice spiked with increasing amounts of bergamot juice: eriocitrin (ERC), NRC, NRG, hesperidin (HSP), and
NHS. The absorption wavelength was set at 287 nm. (From Cautela, D. et al. 2008. Journal of Agricultural and Food Chemistry 56(13) (Jul 9): 5407–14.
With permission.)

nonadulterated fruit spirits and fruit spirits adulterated with beet
sugar, maize, cane, sugar, grain, potato, and/or synthetic alcohols
(Winterova et al. 2008).

12.3.2.3 Capillary Electrophoresis
CE is a versatile technique enabling not only the separation of
charged molecules but also the separation of neutral compounds
and chiral molecules. For that purpose, the addition of pseudostationary phases to the background electrolyte (electrokinetic
chromatography, EKC, and micellar electrokinetic chromatography, MEKC), the use of capillary columns filled with gels (capillary gel electrophoresis, CGE), or the use of capillary columns
filled with stationary phases (capillary electrochromatography,
CEC) is required. This versatility has made CE a suitable technique for the separation of a wide variety of compounds ranging
from small inorganic compounds to big molecules as proteins,
viruses, or even particles. Capillary zone electrophoresis (CZE),
or commonly defined as CE, and EKC are the preferred modes
for the identification of adulterations in food and food products (see Table 12.6). Other advantages of CE include its high

efficiency, low sample and solvent consumption, and compatibility with different detectors, including, for example, MS, fluorescence, or electrochemical detection. Moreover, CE in chip format
has shown to be a powerful tool for the fast, effective, and, in a
future, in situ analysis of different kinds of samples including
foods. Weaknesses of CE are its low reproducibility compared
with other separation techniques and its limited sensitivity as
consequence of the low sample volumes injected.
CE is a current technique for the separation of DNA fragments. Indeed, its combination with PCR techniques has shown
to be a fast and sensitive alternative to conventional agarose gel
separations (Rodriguez-Ramirez et al. 2011). This combination
has a great significance and applicability for the identification
of many fraudulent practices (see Table 12.6). For instance, the
combination of PCR with Chip-CE and fluorescence constitutes
a selective and accurate methodology for the determination of
mandarin juice in orange juice. For this purpose, a PCR heteroduplex assay was employed demonstrating an adequate sensitivity with a LOD of 2.5% v/v.
CE with MS detection has also demonstrated its suitability for the identification of some adulterations. For instance,
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Table 12.5
Main Contributions of GC in the Identification of Food Adulterations
Food/Food Product
Olive oil

Adulterant

Analyte

Technique

Detection
Method

Reference

Fatty acid profiles

GC

EI-Q

Yang et al. (2013)

TAG profiles

GC

EI-IT

Olive oil
Olive oil

Corn, peanut, rapeseed, and sunflower
oil
Sunflower, corn, seeds, sesame, and
soybean
Soybean, sunflower, and canola oils
Sesame oil

Fatty acid profiles
Fatty acid

GC
GC

FID
FID

Olive oil

Lampante oil

GC

FID EI-IT

Extra virgin olive oil

Olive oils

9(E),11(E)-18:2 fatty
acid methyl ester
TAG profiles

Ruiz-Samblas et al.
(2012)
Jafari et al. (2009)
Rohman and Man
(2012)
Saba et al. (2005)

GC

EI-IT

Olive oil

Hazelnut oil

Filbertone

GC

EI-Q

Olive oil
Canola oil
Sesame and peanut oils
Virgin coconut oil

Hazelnut oil
Lard and beef tallow
Soybean oils
Lard

Filbertone
Fingerprinting
Fingerprinting
Fingerprinting

GC × GC
GC
GC × GC
GC

Cow milk and infant
formula
Infant formula and
dairy products
Milk fat

Melamine

Melamine

GC

FID
EI-Q
EI-TOF
Surface acoustic
wave detector
EI-Q

Melamine

Melamine

GC

EI-Q

Pork lard, bovine tallow, fish oil,
peanut, corn, olive, and soybean oils
Vegetable oils, animal fats, and
margarine
Caseinates
Fructose syrups from inulin

TAG profiles

GC

FID

Goodman and
Neal-Kababick (2009)
Gutierrez et al. (2009)

Fatty acid profiles

GC

FID

Marekov et al. (2011)

Lysinoalanine
Inulotriose

GC
GC

FID
EI-Q

High-fructose corn syrup and inverted
syrup
Thyme essential oil

Difructose
anhydrides
Thymola and
carvacrole
Fatty acid profiles
Fingerprinting
Fingerprinting

GC

EI-Q

GC

EI-Q

GC
GC
GC

FID
EI-Q
EI-Q

Montilla et al. (2007)
Ruiz-Matute et al.
(2010)
Ruiz-Matute et al.
(2007)
Mannas and Altug
(2007)
Destaillats et al. (2010)
Oliveira et al. (2009)
Nurjuliana et al. (2011)

GC

IRMS

Winterova et al. (2008)

Olive oil

Milk fat
Cheeses
Honey
Honey
Thyme honey
Pine nuts products
Ground roasted coffee
Meat products (beef,
mutton, and chicken)
Fruit spirits
Abbreviation:

Nonedible pine nuts
Roasted barley
Pork
Beet sugar, maize, cane, sugar, grain,
potato, or synthetic alcohol

C/12C isotope ratios

13

Ruiz-Samblas et al.
(2011)
Perez Pavon et al.
(2009)
Flores et al. (2006)
Fang et al. (2013)
Zhao et al. (2013)
Mansor et al. (2011)
Lutter et al. (2011)

EI, electron ionization.

differentiation between pure olive oil and olive oil adulterated
with vegetable oils could be achieved by CE-MS using betaines
(Sanchez-Hernandez et al. 2011) and nonprotein amino acids
(Sanchez-Hernandez et al. 2011) as markers. As an example,
Figure 12.4 shows the electropherograms corresponding to soybean oil, olive oil, and a mixture of both observing the suitability
of this methodology for the detection of soybean oil addition to
olive oils (Sanchez-Hernandez et al. 2011). In this case, the presence of two nonprotein amino acids as ornithine and alloisoleucine in seed oils but not in olive oils constituted a valuable tool
to detect olive oil adulterations with soybean oils up to 2% (w/w).
Other adulterations in oils, milks, and so on are detailed in Table
12.6. An interesting contribution of EKC is in the detection of

adulterations due to citric acid additions in fruit juices. The citric
acid/d-isocitric acid ratio is established as indicator of fraudulent
additions of citric acid to citric juices. EKC-UV has shown to
be an easy and reliable technique for the detection of this kind
of adulteration due to the ability of EKC with chiral selectors to
separate chiral compounds (Kodama et al. 2010).

12.3.3 Biochemical Methods
12.3.3.1 Immunological Assays (ELISA)
ELISA is the most used immunological assay for the identification of food adulterations. This technique is based on the specific
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Table 12.6
Main Contributions of CE in the Identification of Food Adulterations
Food/Food Product

Adulterant

Analyte

Technique

Detection Method

Reference
Zhang et al. (2012a)

Olive oil

Maize, soybean, sesame, and
sunflower oils

DNA fragments

CZE

Olive oil

Maize, rapeseed, sesame,
sunflower, soybean, and
peanut oils
Sunflower, soybean, almond,
hazelnut, corn, cotton, and
walnut
Evolved basmati and
non-basmati
Grapefruit and mandarin juices
Robusta coffee
Sunflower, corn, and soybean
oils
Sunflower, corn, and soybean
oils
Sunflower and soybean oils

DNA fragments

CZE

DNA fragments

Chip-CE

Single-strand
conformation
polymorphism
Single-strand
conformation
polymorphism
Fluorescence

DNA fragments

CZE

Fluorescence

Vemireddy et al. (2007)

DNA fragments
DNA fragments
Nonprotein amino
acids
Betaines

Chip-CE
Chip-CE
CZE

Fluorescence
UV
ESI-IT

CZE

ESI-IT

Trigonelline

CZE

UV

Powdered milk

Melamine, ammeline,
ammelide, and cyanuric acid

CZE

ESI-MS

Ovine or caprine milk
Coffee

Bovine milk
Cereals and coffee husks

Melamine, ammeline,
ammelide, and
cyanuric acid
Whey proteins
Xylose and glucose

Scott and Knight (2009)
Spaniolas et al. (2006)
Sanchez-Hernandez
et al. (2011)
Sanchez-Hernandez
et al. (2011)
Sanchez-Hernandez
et al. (2010)
Kohler et al. (2011)

CZE
CZE

ESI-IT
UV

Durum wheat pasta
Smoked paprika “Pimentón
de La Vera”

Common wheat
Lower price peppers

Wheat proteins
Proteins

CZE
CZE

UV
UV

Cereal vanilla snack
Orange, grapefruit, pineapple,
apple, and grape juices

Ethyl vanillin
Citric acid

Ethyl vanillin
Citric acid/d-isocitric
acid ratio

Chip-CE
Chiral EKC

ED (amperometry)
UV

Olive oil

Basmati rice
Orange juice
Arabica coffee
Olive oil
Olive oil
Olive oil

reaction between an antibody and the compound of interest or
antigen (Asensio et al. 2008). The antibody can be conjugated
to an enzyme (enzyme-linked), catalyzing the conversion of a
substrate to a product with specific light absorbance. There
are several variations of ELISA. For instance, the antigen can
be detected either directly (labeled primary antibody) or indirectly (labeled secondary antibody). The most powerful ELISA
assay format is the sandwich assay where the analyte is bound
to two primary antibodies, the capture antibody and the detection-labeled antibody. The sandwich format is more sensitive
and robust. Another alternative is the use of competitive assays
where a highly purified antigen is labeled (instead of the antibody). Then, the unlabeled antigen from samples and the labeled
antigen compete for binding the antibody producing a decrease
in the signal corresponding to the purified antigen proportional
to the presence of antigen in the sample (Lai et al. 2005; Asensio
et al. 2008).
Because of the specificity of ELISA, liquid samples are usually analyzed after simple dilution. In the case of solid samples,
compounds of interest are analyzed after extraction with aqueous or organic solvents. The main strengths of ELISA assays
are its huge selectivity, allowing to detect and quantify specific

Zhang et al. (2012a),
Wu et al. (2011)
Spaniolas et al. (2008)

Muller et al. (2008)
Nogueira and do Lago
(2009)
Piergiovanni (2007)
Hernandez et al. (2006),
Hernandez et al.
(2007)
Avila et al. (2007)
Kodama et al. (2010)

proteins in complex food matrices, and its high sensitivity (in
the range of nanomolar to picomolar) (Lai et al. 2005). One of
the limitations of ELISA is the susceptibility of the antigen to
processing, heating, changes in pH or use of denaturing conditions, the use of a specific antibody for every antigen, its poor
reproducibility, method complexity, and long analysis times
(Moore et al. 2010).
The potential of ELISA for the identification of melamine has
been demonstrated on several occasions. Indeed, the simplicity of
preparation and low LOD (<1 ng/mL) have promoted that several
companies such as Abraxis (Warminster, PA), Bioo Scientific,
Romer Labs (Union, MO), or Strategic Diagnostics (Newark,
Del) have commercialized ELISA test kits for the determination of melamine (Garber 2008; Garber and Brewer 2010; Lutter
et al. 2011). Detection of melamine using these commercial kits
has been proven in bovine milk and milk-based powdered infant
formulas (Lutter et al. 2011), liquid infant formulas and wheat
products (Garber and Brewer 2010), and pet foods (Garber 2008).
Additionally, alternative methods for the detection of melamine
using indirect competitive ELISA in raw milk (Lei et al. 2011;
Yin et al. 2010), powdered milk (Yin et al. 2010), and animal
feeds (Yin et al. 2010) have also been reported.
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Figure 12.4 CE-MS2 EIE for (a) ornithine and (b) alloisoleucine in (i) soybean oil sample (RSYO-3), (ii) extra virgin olive oil sample (HEVOO-1), (iii)
oil mixture of an Hojiblanca extra virgin olive oil (HEVOO-1) with a 5% (w/w) of soybean oil sample (RSYO-3) to ornithine and with a 2% (w/w) of RSYO-3
to alloisoleucine, (iv) MS2 spectra for ornithine and alloisoleucine in the oil mixture, respectively. (From Sanchez-Hernandez, L., M. L. Marina, and A. L.
Crego. 2011. Journal of Chromatography A 1218(30) (Jul 29): 4944–51. With permission.)

ELISA has also shown its ability to determine other kinds of
adulterants in milk and dairy products. Thus, adulteration of raw
milk with liquid whey could be easily determined by detecting
a specific glycomacropeptide using sandwich ELISA (Chavez
et al. 2012). Fraudulent additions of goat milk (Song et al. 2011)
or sheep milk (Zelenakova et al. 2011) to bovine milk could also
be identified by measuring bovine-β casein. An interesting application of ELISA has been the detection of P-lactamase, which is
a molecule added to milks for avoiding detection of penicillin G.
A direct competitive ELISA method enabling the measurement
of the P-lactamase degradation product benzylpenicilloic acid
was developed (Zhang et al. 2010). Adulterations of soft goat,
sheep, and buffalo milk cheese with bovine milk could also be
detected by an indirect sandwich ELISA using a specific antibody for bovine IgG (Hurley et al. 2006). Moreover, two commercial ELISA tests, Quantispeed Bov test and Quantispeed
Goat test (CERB, Baugy, France), were tried for the detection of

cow and goat milk, respectively, in ewe milk and cheese (Costa
et al. 2008).
Another area in which ELISA has shown a huge potential
is in the detection of meat/fish adulterations. Adulteration of
meat products with soybean proteins could be identified by an
indirect competitive ELISA method (Rencova and Tremlova
2009). A direct competitive ELISA method was employed for
the determination of a specific 12-kDa protein, enabling the
detection of bovine blood in heat-processed meats (Rao and
Hsieh 2008). Different sandwich ELISA methods have been
developed for the determination of Troponin I as marker of
pork muscle in other meat species (Liu et al. 2006) and for the
determination of a 36-kDa protein allowing the identification
of pangasius catfish in crabmeat (Hsieh et al. 2009). The ability of indirect competitive ELISA to determine Sudan red I in
tomato sauce and chili powder samples has also been described
in the literature (Xu et al. 2010).
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12.3.3.2 DNA-Based Methods (PCR)
DNA-based methods involve the use of polymerase chain reaction (PCR) to amplify one or more DNA fragments for their use
as markers (Fajardo et al. 2010). In the simplest PCR strategy,
the amplification is followed by agarose gel electrophoresis to
detect the specific DNA fragment. Nevertheless, in most cases
additional confirmation methods are required. This additional
confirmation can be achieved, for example, by analysis of restriction fragment length polymorphism (PCR-RFLP), by sequencing
DNA amplicons (PCR-sequencing), by analysis of single-strand
conformation polymorphism (PCR-SSCP), by analysis of random amplified polymorphic DNA (PCR-RAPD), or by using
real-time fluorescence PCR assays where DNA fragments are
amplified and detected, simultaneously. Among all, real-time
PCR is the most suitable technique to obtain quantitative results
with good accuracy (Fajardo et al. 2010). The simultaneous
amplification of two or more fragments with different primer
pairs, commonly called multiplex-PCR, can also be employed. In
addition, specifically designed oligonucleotides under restrictive
PCR conditions (species-specific PCR) are commonly used for
species identification in food and processed food products avoiding subsequent sequencing or RFLP (Mane et al. 2012).
As PCR approaches are based on DNA measurements, these
techniques are limited to the detection of adulterations involving
the use of other food species (e.g., vegetable or seed oils and animal species in meat products) and not for the addition or removal
of chemical compounds. For this reason, these techniques have
been widely used for food traceability and authenticity, allowing
a complete and reliable identification of food origin and enabling
an unequivocal discrimination among food species, varieties, or
cultivars. Nevertheless, it is necessary to consider that adequate
protocols for the suitable isolation of DNA from food are required
for PCR amplification of a specific target DNA sequence. After
these tips are solved and a specific marker has been established,
PCR-based methods are fast, specific, and highly sensitive to
adulterations, allowing to detect less than a 0.1% of contamination in most cases (Demarquoy 2013). Another advantage of PCR
over other biochemical methods such as ELISA is the higher stability of DNA to high temperatures in comparison with proteins.
This fact makes this technique very suitable for the detection of
adulterations in processed or cooked food products (Ballin 2010).
Table 12.7 shows some recent applications of PCR-based techniques for the identification of food frauds. Unlike other techniques, the main applications of PCR are aimed at the identification
of adulterations in meat and fish products. In fact, PCR has a huge
potential for the detection of pork in different meat products including halal and kosher products. The use of multiplex-PCR can also
be employed for the detection of pork in poultry meats allowing to
monitor both species at the same time, as can clearly be observed
in Figure 12.5 (Soares et al. 2010). This figure shows the agarose gel electrophoresis bands obtained from the addition of pork
meat to poultry samples using an optimized number of 25 PCR
cycles. Other meat adulterations, like the addition of buffalo meat
to different species of meat and meat products (Mane et al. 2012)
or the addition of vegetable products like soybean and gluten to
minced meats, burger patties, deli meats, sausages, and dried meats
(Cawthorn et al. 2013) have been identified using species-specific
PCR. Regarding fish, fraudulent additions of fish species such as

bonito (Hwang et al. 2010) or meat species such as pork (Kung et al.
2012, 2010) or poultry (Kung et al. 2010) to tuna products could be
detected using PCR-RFLP and multiplex-PCR techniques.
Moreover, PCR is becoming increasingly used for the specific
detection of milk and cheese origin using PCR-agarose, realtime PCR, and multiplex-PCR. Other less-extended applications
of PCR for the identification of food frauds, such as the identification of marzipan adulterations by substitution of almonds by
other seeds or fruits, the detection of additions of non-basmati rice
to basmati rice, the quantification of adulterations in oils, and the
addition of common wheat to durum wheat bread and semolina,
are grouped in Table 12.7. PCR-RAPD-based techniques have
been used for the screening of O. europaea leaves (Marieschi
et al. 2011), or Cistus incanus L., Rubus caesius L., and Rhus
coriaria L. species (Marieschi et al. 2010) in commercial oregano. PCR-RAPD has also been employed for the identification of
smoked paprika “Pimentón de la Vera” adulterated with paprika
from non-La Vera pepper varieties (Hernandez et al. 2010).

12.3.4 Others
12.3.4.1 Electronic Nose/Electronic Tongue
Compared with other analytical techniques, electronic noses and
electronic tongues present practical advantages since they are
rather easy to handle, usually low-priced, simple, and fast (Dias
et al. 2009). These systems consist of arrays of nonselective gas
or liquid sensors coupled to pattern recognition softwares such
as PCA, LDA, or artificial neural network (ANN) (RodriguezMendez et al. 2006). The main purpose of electronic noses and
tongues is qualitative analysis such as recognition, classification,
or identification issues.
Electronic noses are very popular as monitoring tools in evaluating food quality and safety. They offer a fast and nondestructive alternative for the measurement of volatile compounds in
food products. Most common sensors in electronic nose devices
are based on metal oxides, surface acoustic wave sensors, or
conducting polymers. Data obtained using electronic noses are
usually accomplished and correlated with those obtained from
other analytical techniques such as FTIR, MS, and GC. In fact,
the combination of FTIR with electronic nose data was useful for the differentiation between pure and adulterated honeys
(Subari et al. 2012). In the case of oil adulterations, an MS-based
electronic nose has been applied to detect fraudulent additions of
palm stearin oil, a cheaper and lower-quality oil resulting from
the fractionation of palm oil, to palm olein oil, a more expensive and very popular oil widely used as frying oil (Hong et al.
2011). Electronic nose has also been applied to detect the addition of maize oil to sesame oil (Hai and Wang 2006; Jun and Hai
2006). An odor pattern obtained using an electronic nose based
on a surface acoustic wave sensor was successfully employed for
halal food verification. Differentiation of pork from beef, mutton, and chicken meats was possible using an electronic nose
device (Nurjuliana et al. 2011). This surface acoustic wave sensor electronic nose has also been employed to study the pattern
of volatile compounds in virgin coconut oil adulterated with different percentages of palm oil (Marina et al. 2010). Electronic
noses have been employed in combination with electronic
tongues and chemometric tools to detect adulterated honey
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Table 12.7
Main Contributions of PCR in the Identification of Food Adulterations
Food/Food Product

Adulterant

Halal sausages and casings, bread, and biscuits
Commercial meat products
Poultry meat
Halal and kosher food products (marshmallow, cake,
gum-drops, jelly, and turkish delight)
Beef burger
Poultry meat products
Meat and meat products (cattle, buffalo, sheep, goat,
pig, and chicken)
Minced meats, burger patties, deli meats, sausages,
and dried meats
Tuna sausage products
Tuna candy products
Tuna dumpling products
Sheep milk
Bulk goat milk
Dairy products (butter, cheese, cream, milk, and
yogurt)
Water buffalo milk and mozzarella cheese
Ovine cheese
Marzipan

Smoked paprika “Pimentón de la Vera”

2

3

4

5

6

Reference

Pork
Pork meat
Pork
Pork

PCR-RFLP
PCR-RFLP
Multiplex-PCR
Real-time PCR

Aida et al. (2007)
Ali et al. (2012b)
Soares et al. (2010)
Demirhan et al. (2012)

Pork meat
Pork meat
Buffalo meat

Real-time PCR
Real-time PCR
Species-specific PCR

Ali et al. (2012a)
Soares et al. (2013)
Mane et al. (2012)

Soybean and gluten

Species-specific PCR

Cawthorn et al. (2013)

Pork
Bonito
Pork and poultry
Goat milk
Bovine milk
Cow, sheep, goat, and water buﬀalo

PCR-RFLP
Multiplex-PCR
Multiplex-PCR
Real-time PCR
Multiplex-PCR
Multiplex speciesspecific PCR
PCR-agarose
Species-specific PCR
Multiplex-PCR

Kung et al. (2012)
Hwang et al. (2010)
Kung et al. (2010)
Lopez-Calleja et al. (2007)
Rodrigues et al. (2012)
Goncalves et al. (2012)

Real-time PCR
Real-time PCR
Real-time PCR
Species-specific PCR
PCR-RAPD
PCR-RAPD

Lopez (2008)
He et al. (2013)
Pasqualone et al. (2007)
Casazza et al. (2012)
Marieschi et al. (2011)
Marieschi et al. (2010)

PCR-RAPD

Hernandez et al. (2010)

Bovine milk
Caprine cheese
Apricot, peach, pea, bean, lupine,
soy, cashew, pistachio, and chickpea
Non-basmati rice
Sesame oil
Common wheat
Common wheat
Olea europaea L. leaves
Rhus coriaria L., Cistus spp., and
Rubus spp.
Other origin paprikas

Basmati rice
Soybean oil
Durum wheat bread and semolina
Durum wheat
Oregano
Oregano

1

Technique

7

8

C

M

9

10

11

12

Lopez-Calleja et al. (2005)
Lopez-Calleja Diaz et al. (2007)
Bruening et al. (2011)

13

183 bp
149 bp

Figure 12.5 Agarose gel electrophoresis of duplex PCR products from binary reference mixtures of pork/poultry meats amplified with 25 cycles. M:
100 bp ladder; lane 1: 100% poultry; lanes 2–7: 1%, 5%, 10%, 25%, 50%, and 75% of pork addition, respectively; lane 8: 100% pork; lanes 9–13: 1%, 2.5%,
7.5%, 20%, and 40% (w/w) of pork addition (blind validation samples), respectively; C: negative control. (From Demirhan, Y., P. Ulca, and H. Z. Senyuva.
2012. Meat Science 90(3) (Mar): 686–9. With permission.)
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with sugar syrup (Zakaria et al. 2011) and beet and cane sugar
(Subari et al. 2012). Electronic tongues have also been used to
detect food adulterations, especially in wines, milks, honeys, or
oils. They are very useful to classify food products as appropriate or not suitable for consumers based on the information collected by an array of sensors. These devices are generally tested
by evaluating their recognition capability of standard tastes
(Dias et al. 2009). An electronic tongue, based on chemically
modified voltammetric electrodes, was able to detect a range
of chemical forbidden adulterants such as ethanol, some acids,
sucrose, and so on, fraudulently added to red wines to correct
or enhance their organoleptic properties (Rodriguez-Mendez
et al. 2006). This taste recognition capability was also used in
the detection of goat milk adulterations with bovine milk (Dias
et al. 2009). Voltammetric tongues with gold, copper, or a gold
modified with Prussian Blue electrodes were employed to detect
milk adulterations with hydrogen peroxide to restrain milk degradation (Paixao and Bertotti 2009).

12.3.4.2 Differential Scanning Calorimetry
Differential scanning calorimetry (DSC) is one of the most common thermo-analytical techniques used in food analysis. This
technique presents some advantages in the detection of food adulterations in comparison to the above-mentioned techniques, as it is
fast and does not require sample preparation or the use of excessive
amounts of solvents (Chiavaro et al. 2008; Mansor et al. 2012). It
can be used to determine the solid fat content, crystallization and
melting profiles, enthalpy of transitions, and phase diagrams, and to
detect polymorphisms (Jafari et al. 2009). DSC has demonstrated
particular usefulness to assess oil adulterations with other vegetable or seed oils of lower quality or lower economic value (Chiavaro
et al. 2008, 2009; Torrecilla et al. 2011). Satisfactory results were
achieved from quantitation of DSC parameters as crystallization
and melting temperatures in the detection of olive oil adulteration
with soybean, sunflower, canola, corn, refined olive, or pomace
olive oils (Jafari et al. 2009; Torrecilla et al. 2011). The addition
of lard to virgin coconut oil is a common fraudulent practice and
was easily detected using thermal profiling by DSC. Changes in
cooling and heating curves of virgin coconut oil when adulterated
with lard (Mansor et al. 2012) enabled to detect that adulteration.
This technique has also been useful to control fraudulent water
additions to butter (Tomaszewska-Gras 2012).

12.4 Future Trends
Food industry is one of the main industries in the world.
Fraudulent practices such as the replacement, addition, or substitution of one or more food components by less quality or cheaper
ones are performed in order to reduce food cost and maximize
profit. Most adulterated foods are generally those with high economic value or less availability, in many cases due to weather
vagaries during their growth or harvest. As a consequence, there
is an increasing concern about food quality and safety.
Food authorities have established directives to control food
quality and safety, which involves the development of suitable
analytical methodologies. Fingerprinting technologies have
shown several advantages for the detection of food adulterations.

IR spectroscopy in combination with chemometrics is the most
used technique for this purpose since it is rapid, high-throughput, and nondestructive. MS together with NMR are the techniques of choice for the unequivocal confirmation of adulterants
presence, as well as for the identification of new and unknown
components in foods. However, their high running and instrumentation costs are the main limitations for their application in
routine analysis. On the contrary, separation techniques such as
GC, LC, and CE have demonstrated to be versatile and sensitive for targeted analysis of food adulteration markers. In fact,
HPLC is a common instrumental platform for monitoring some
specific food adulterations. Biochemical methods have proven
their ability on the detection of frauds related to the substitution
of food ingredients yielding high sensitivity and selectivity. The
main downside for a more extensive use of these technologies is
the need for specific biomolecules for every adulterant molecule
(e.g., antibodies or primers). Improvements in the development of
this kind of biotechnologies will certainly increase the applications in the food adulteration field. In addition, other techniques
such as electronic noses, electronic tongues, or thermal methods
have still not received much attention although they could constitute an alternative for their ability to low-priced, simple, and fast
detection of adulterations.
All the above-mentioned analytical tools have shown a great
ability to detect particular adulterations covering almost all
kinds of common and currently known ones. However, new and
more sophisticated adulterations are continuously appearing
and new and innovative analytical techniques will be continuously demanded to assure food quality and safety. The future in
the detection of food adulteration events seems to be associated
with the development of powerful analytical techniques and data
processing.
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Food-borne diseases are here to stay. However, a company can
reduce the risk to its financial resources and reputation by implementing an effective and efficient traceability system. From the
loading dock, along the processing line, and through arrival at the
final destination, a traceability system can create a documented
chain of accountability. This accountability can, in turn, influence customer confidence—whoever the customers may be along
a product’s journey, from the origin to the end consumer. Ideally,
a traceability system’s aggregate information is sufficient to trace
back or track forward, thereby minimizing the negative effects of
a product recall. By increasing the speed at which affected products are identified, minimizing the number (volume or count) of
items affected, and accelerating the removal and recovery of the
affected items along the supply chain, companies can mitigate
the immediate crisis while gaining valuable information to help
avoid future recall events.
To accomplish this, several items are needed, including good
planning, up-to-date standard operating procedures (SOPs),
mock recalls, audits, laboratory tests, and training. This chapter reviews many specific tests that can be performed in food
analysis. However, food traceability is “systematic,” and the
analysis of a system’s approach or program is more qualitative
than quantitative at this time. Traceability is an emerging concept and process, with mixed results. An analysis of this type
of system goes beyond the disconnected tests (laboratory) or
isolated verifications. Thus, this analysis of food traceability
focuses on what could or should be analyzed, and identifies and
explains the distinct parts of the food traceability system. This
analysis also suggests the possible matrices of measurement. The
measurements are not per item or by an individual product, so
much as they are comparisons of changes between the before
and after in areas such as SOP changes, in quality control/quality
assurance (QC/QA), in audits, in comparisons of the number of
products affected, time to recall, time to contact vendors, time
to call regulators, and time to replace items. As experience with
traceability programs increases, with several years of comparison data from auditors and third-party laboratories, the data will
reinforce how well different approaches may affect traceability
and recalls.
The problem for most companies is that it is hard for senior
staff to analyze a program that they do not fully understand.
Many companies patch together an ad hoc recall program rather
than commit to an actual system. Fortunately, companies already

have the individual components—administration and procurement departments, quality control—but often, they do not appreciate how these must interact transparently and in coordination
for a successful food traceability program.
The tracing of the foods and ingredients involves the specific
processes applied to the product, the point in the supply chain
where the process was done, and tracking the item’s movements
to the next process, packaging, and transportation. Processes
are usually internal or in-house activities within a company or
location, whereas product movements can be internal to a firm
and external between one entity and another. A traceability system, to be more precise, involves the tracing or tracking of agricultural commodities through data stored and shared, whether
results from laboratory tests and/or audits, through its numerous
changes (growth, modifications, and processes) and its movements from source origination (through the various elevators,
feed lots, millers, processors, packers, process refinement, containerizing, packaging, storage facilities, and modes of transportation), and then onto its final consumption location (grocery
store, restaurant, and school). This two-volume book reviews
many discrete clinical/laboratory methods to analyze food properties, components, and residues, not excluding synthetics and
adulteration. Food traceability naturally incorporates many of
these tests and more, but also defies simple quantification.
This chapter acknowledges the critical importance that each
chapter within this book makes toward food safety and its food
traceability, and summarily analyzes several of the standards,
traceability programs, mock recalls, and audits. Owing to the
relative newness of traceability regulations, most traceability
systems and programs analysis is in the nature of qualitative
measures or comparisons, whereas the well-established laboratory and audit findings are more quantitative. Some of the same
quantitative tools, such as cost–benefit analyses, data velocity matrices (the speed, accuracy, and precision of traceability
data), and quality/purity scorecards, have been incorporated into
traceability programs. Food traceability, as mentioned, traces
and tracks food products along the food chain through the product’s various transformations—it encompasses a product’s continuous, uninterrupted flow of data, test results from laboratories
and audits, whether sequential processing, mixing, added ingredients, or from source to the final customer. Food traceability
analysis involves internal/external reviews of its components
that include the following: (1) traceability standards, (2) QC/QA
265
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programs, (3) traceability audits, and (4) the management’s backing of the food traceability program. All these items are tied to
food safety and its traceability—to trace and track food from its
source to the final destination, or as has been typically coined,
“from farm to fork.”
Food disease, contamination, adulteration, and the resultant
recalls pose a threat to food safety, and elicit a public health
response in the form of a recall. These are the leading reasons
why governments mandate food safety systems that focus on
traceability systems. From the globalization of ingredient sourcing, to the proliferation of sales markets in all corners of the
world, the exponential increase in food-borne safety issues has
grown to affect millions of people. The alarm regarding affected
foods has become an ever-increasing national and international
event, especially over the past two decades. Some recent events
include Salmonella in smoke salmon (AP 2012), Listeria outbreak
with cantaloupes (Tomson 2011), clenbuterol in pork (Burnkitt
2011), mislabeled meat (Craymer 2013), and Escherichia coli
in sprouts (Martin 2011). At a minimum, these events and their
follow-on recalls, affected all food entities that used or came into
contact with the foods/ingredients involved. While it is true that
the company of the affected product directly and immediately
feels the impact, all members of the food supply chain that use
that type of product will also feel the drop-off effects in sales
too. Without an adequate traceability program to trace/track
the affected product, the effects upon the primary company and
subsequent supply chain recipients of the defective product are
magnified. Traceability programs, with their standards, tests, and
audits, greatly help mitigate the scope and breadth of the problem.
A detailed traceability program allows the source company (discoverer of the affected product) to better evaluate the exact number of units involved, and communicate the specific data (lot #s,
etc.) to up- and downstream supply chain members. These supply
chain members can then determine whether they are affected, and
let the public know whether their product is involved or not.
Traceability, as mentioned, is systematic in its scope and
accountability. It goes beyond the firm’s walls and trucks,
encompassing all facets of the food supply chain. This includes
knowing where the ingredient came from, previous processes
involved, all the internal operations that the company performs,
and then downstream to data records for many other entities
that subsequently handle the product. The traceability concept
encompasses the process, program, and system that promote
and bring together the important information/data and results in
transparency, which is essential. Individual entities (companies,
processors, etc.) need a traceability program in the case of recall
or to identify and verify trait attributes, claimed processes such
as organic, geo-origins, chemical(s) used, and unsafe practices
or conditions such as temperature limits. Upon the discovery of
an unsafe ingredient, an electronic trace back through the company’s internal processes can determine whether the ingredient came from a source vendor. If so, the company (a) notifies
the vendor, and (b) determines whether this product went into
any other company products at another location, batch, and so
on. The company also determines which other products may be
affected within the company’s processing, handling, mixing, and
the like, and, whether the product affected has been shipped, to
notify the appropriate customers, government agencies and, if
necessary, the general public.

Handbook of Food Analysis
Traceability systems/programs involve and encompass recognized regulations (domestic, international), industry standards (mandates such as electronic records), shared data points
of agreed essential information fields (usually software driven),
tests (internal and third-party laboratories), and audits (internal
and third party). These help determine which key data, such as
noncompliance of critical temperature, formulation, adulteration, and so on, can be shared, and alert up- and downstream
customers and vendors.
The details of traceability are typically built upon departments
already established within a company and the company’s legacy-
shared software systems. The departments include procurement,
accounting, information technology (IT), safety, quality control,
storage, logistics/transportation, laboratory, administration, executive staff, and the systems that tie or join departments together.
Data and information flows through unique and shared software,
GS1—or Global Standards1—is the most widely used supply
chain standards system in the world, protocols/barcodes, auditing
protocols, and laboratory testing.
Some sell their traceability software as some sort of “silver
bullet” that can stop recalls, an all-purpose answer to food safety
issues. Unfortunately, a truly effective traceability system/program still needs to be based on evaluations and measurements;
it builds upon departments and systems/programs already typically in place by expanding data fields and accelerating the connectivity of selective and essential data between departments.
This data, in turn, can be shared between source suppliers and
customers on a regular basis or in the event of a recall.
The key to government regulations is to know how and to what
degree the industry or firm must comply. If they produce in the
United States and then sell in the European Union (EU), then
both United States and EU regulations apply. The industry standards used within the company must be compatible with their
segment of the food chain and follow-on customers.
For foods and ingredients originating from, or imported to,
the United States, The Food Safety Modernization Act (FSMA)
(Public Law 111–353-Jan. 4, 2011), prescribes requirements for
food surveillance, reporting, and traceability. More specifically,
FSMA Section 204 requires the Food and Drug Administration
(FDA) to improve its capacity to trace and track food during a
food-borne illness outbreak. Although the FDA has formulated
procedures to regulate traceability, little has been written to reflect
quantifiably significant evaluations and measurements pertaining
to the efficiency/effectiveness of data reporting and of the traceability program as a whole. Literature indicates fragmented reviews of
traditionally and well-sensationalized food safety culprits such as
meats, fruits, and vegetables, from consumers’ viewpoints, and the
industry or consumers’ willingness to pay for products with food
safety attributes, such as traceability. Few studies concern perceptions and views regarding food safety certification or food safetyrelated knowledge or training (Peterson 2011).
The key EU traceability regulations include Regulation
European Commission (EC) No. 178/2002, which established
the European Food Safety Authority (EFSA), from which
Regulation (EC) No. 1829/2003 (concerning genetically modified food and feed), Regulation (EC) No. 1830/2003 (concerning
the traceability and labeling of genetically modified organisms
[GMOs], and the traceability of food and feed products produced
from GMOs), and its amending Directive 2001/18/EC.
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The interplay between Regulation (EC) No. 1829/2003 and
(EC) No. 1830/2003—Regulation (EC) No. 1829/2003 on genetically modified food and feed was developed alongside (EC) No.
1830/2003 on traceability and labeling of GMOs and the traceability of food and feed products produced from GMOs, both on
September 22, 2003. The two regulations are intended to operate in tandem and rely on each other for certain requirements.
Notably, the regulation provides traceability requirements for all
food and feed products that fall under the scope of Regulation
(EC) No. 1829/2003. These traceability requirements are of fundamental importance when labeling of the final product relies on
information transmission in the absence of detectable GM material in products.
In general, almost all developed, and many developing nations
have their own food safety regulations or have built on various
international or industry standards. For importing/exporting
of foods/ingredients, it is critical to know the regulatory basis
by which that food/ingredient is governed. Some standards
have nearly the stature of regulations in some industries, such
as EurepGAP. The standards section will expand upon how an
industry or company is affected by some of these standards.
Standards are the practical, shop floor practices that can be
measured, laboratory tested, and audited. Often coined “best
practices,” this term does not give justice to the full impact these
standards have over whole industries. With the globalization of
product sourcing and sales markets, it is important to understand
the perspective of the standard, because there are distinct differences and philosophical approaches between standards and
regulations.
EU regulations, compared to that in the United States, are
much more prescriptive and detailed, describing the how and
why rather than mere quality or tolerances of the end product.
EurepGAP is a good example of an on-farm-prescribed management and documentation program. In some cases, this prescriptive type of program assists in protecting the environment,
people, or culture, while at other times, it may hinder innovation and commerce. EU regulations have also had the effect of
influencing peoples’ purchasing, agriculture, and eating habits
of other nations, by influencing what they import/export from
other countries. In one case, a country that had planned to import
GMO corn (from the United States) for domestic use faced possible trade sanctions by the EU due to the GMO importation.
The EU threatened to ban agricultural imports from that country
if they imported GMO commodity products for fear that unapproved GMO products may be imported into the EU. This type of
practice is especially troublesome for developing nations regarding imports and exports. Additionally, the understanding of each
country’s particular traceability regulation becomes especially
critical, and is not always harmonious with others. This is not to
suggest that progress is not being made. The United States, EU,
Canada, Japan, and several other developed, and nearly developed countries have agreed upon many facets of traceability.
Traceability rules and regulations, whether promoted by the
industry or the state, have grown and advanced tremendously.
Some standards such as Codex, International Organization for
Standards (ISO) 22000, and Hazard Analysis and Critical Control
Point (HACCP) standards are internationally recognized and have
helped streamline and refine many regional and international regulations. Although some of these standards appear more detailed

than most U.S. companies are used to, they are relaxed enough
to offer opportunities toward innovation and competition. As has
been mentioned, several national and international organic organizations are working toward greater rule harmonization for accreditation and certification. This may further assist in expanding the
sale of items such as organic products in the global marketplace.
It is unclear how other regional and religious standards, and
their governed products, will be affected by the larger global
influences that affect agricultural food, feed, and biofuel production. There are numerous smaller organizations vying for
attention to persuade government officials to enact rules and regulations that favor these particular groups. Often, these groups
are of the grassroots type and propose the benefits of “buy local,”
preserve our economy, our countryside, our culture, and an
assortment of other mandates that are important to them. Some,
depending on the nature of the proposal, such as highlighting the
origins of the product (geolocation of production and/or processing), have, in fact, been brought into legislation within the EU
and several other countries. Still other standards, such as Safe
Quality Foods (SQF) guidelines and rules, have expanded from
Australia into new markets, countries, and production industries,
and are expected to continue to do so. The kosher standard is
also expected to expand in both types of food prepared (not of
Jewish or Hebrew heritage), but also in pure volume prepared
under kosher guidelines. This is not due to a substantial increase
in Jewish or Hebrew population, but due to the public’s perception of cleanliness and safety of kosher-prepared foods.
The major international guides toward food traceability, safety,
and quality programs include Codex Alimentarius (CODEX) and
Food and Agriculture Organization/World Health Organization
(FAO/WHO) Food Standards, ISO 9000, ISO 22000, Total
Quality Management (TQM) approach, Deming’s Management
Program, Quality Control, and HACCP standards. Codex provides an overall forum for international participation, which has
resulted in programs and agreements in areas such as Guidelines
on Nutrition Labeling, Food Labeling (country of origin), and
Standard on Food Labeling (traceability). EurepGAP offers a
variety of services, although it is somewhat more restrictive in
its scope regarding the food supply chain. The most prominent
are the Integrated Farm Assurance (IFA) Program and Farm
Assurance Schemes (schemes include food safety, environmental protection, occupational health, safety and welfare, and
animal welfare where applicable). These are primarily on-farm
systems that farmers follow to meet the prescribed demands of
their suppliers. They also offer systems that utilize benchmarking frameworks to achieve certification based on ISO Guide 65.
EurepGAP also accredits bodies to conduct accreditation for its
benchmarking procedures.
Traceability standards offer much more than just opportunities to minimize recalls. Traceability helps market other traits or
credence attributes of interest desired by many individuals and
cultures, namely geolocations, religion, and other specific qualities or characteristics. These other regional and other religious
systems or standards include
• Freshcare
• Woolworths Quality Assurance (WQA) Standard
• NCS International

www.ebook777.com

Free ebooks ==> www.ebook777.com
268
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

Handbook of Food Analysis
British Retail Consortium (BRC)
FARRE
ARVALIS
SOPEXA
FNCIVAM
FNAB
ORGECO
Groene Hoed, or Green Hat
Buddhists
Hare Krishnas
Hindus (lower/high castes)
Mormons
SQFs in Australia
Japanese Agricultural Standard (JAS)
Halal rules
Kosher rules
American Institute of Baking—certificate of standards,
audits, and technical/analytical services

A growing number of major food grocery chains now mandate that, due to increased food/beverage safety regulations,
members of their supply chain must follow several standards
concurrently such as SQF, HACCP, and ISO 22000. This usually occurs in unison with the use of Enterprise Quality and
Compliance Management software, which offers packages such as
Document Control, Corrective, and Preventive Action (CAPA),
Nonconforming Materials, and so on.
Whatever the standard, both internal and external audits help
confirm compliance of the standard. The standard’s performance, including how well the standard was followed, is only
as good as its people, program, management, training, and the
like. So too are the auditors’ competencies, and who performs
the audit. The auditors’ results can weigh heavily upon all facets
of a company as well as on suppliers and customers. Auditors
must have both technical skills and knowledge of the art of auditing to perform their job. Often, this goes from beyond the typical
checking the box to confirm an action, to understanding whole
systems and interpreting the management’s actions to meet compliance (Surak 2014).
For the longest time, in-house testing has focused on the testing of the product, or “product testing,” to ensure food safety.
Some in the processing industry feel that too much reliance is
put on product testing. This is especially true when processed
foods, and their input ingredients, are well known in both origins and safety, and when processed under a critical means of
control. The main advance in process testing or certification
has been prescribed by systems such as HACCP. HACCP was
designed because individual product testing could not meet the
requirements of detecting microscopic defects, such as E. coli or
Salmonella contamination in products. For example, raw ground
meat or fresh produce is nearly impractical and inefficient to
test. Typically, you can test the process by first testing the finished product for indications of microorganisms, which would
verify the effectiveness of the program. The second part is to
sample test the processing environment to determine sanitary
conditions. This can be further subdivided by product-contact

surfaces, non-food-contact surfaces, floors, sinks, work areas,
and changing rooms. Some programs include common hardware
such as sifters, areas where there may be product spillage such as
on conveyers, salvage or rework, dust collectors, drain traps, and
scraper blades (Surak 2014).
Another step toward increasing food safety is hazard analysis
and risk-based preventive control or HARPC. Traditionally, good
manufacturing practices (GMPs) provided the safety structure
for food governed by the FDA. These general rules or guidelines oversaw manufacturing, processing, and sanitary conditions to ensure that food was safe. HARPC goes a step further
by identifying potential threats to the processing environment
and attempts to remedy the situation before an unsafe situation
develops. FSMA, Section 103, requires food facilities to formulate a written plan in place that evaluates facility hazards that
can affect all aspects of production, identify and implements
deterrent controls, and monitors control performance, rather than
deterrent controls to develop corrective actions, and verifies the
effectiveness of preventive controls. Validation of the program
will encompass preventive controls, monitoring effectiveness,
and compliance with corrective action (Lindstrom 2013).
The globalization of input supplies and expanded markets in
which to sell is intensifying, and this helps accelerate the hazardous effects of unsafe foods. International sourcing, be it for
a single firm or by a company upstream and/or downstream,
shifts more and more activities beyond a company’s direct control. Companies are held responsible for a risk that someone
else (another firm) is exposed to, and they may unknowingly or
knowingly take and pass that risk to the next supply chain recipient. Quality standards are further muddled and confused when
cultural and economic differences compound a food safety issue.
Foreign markets, be it for sales or to purchase ingredients, have
different beliefs and experiences regarding food safety risks,
which directly affect safety measures and quality control programs (Oehl 2010).
Change can be difficult for anyone, and manufacturers and
processors are not different in their resistance to it. Adding a
layer of oversight or controls only adds to expenses and reduces
profits. This has been especially true when voices of concern
suggested, several years ago, that food processors incorporate
scientifically based safety programs, which many argued against.
But the programs were implemented, and they not only provided
safer products, but also helped many companies’ bottom line.
The same thing occurred when the notion of system procedures
testing and auditing was introduced, such as with HACCP. The
additional tests, laboratory work, monitors, and additional personnel were enough to discourage many members of the food
industry. However, once again, the additional overhead, tests,
audits, and so on proved beneficial to meet regulations, lowered
overhead, and increased safety.
The adoption of additional layers of safety or quality programs has several common characteristics. (1) The industry is
often reluctant to incorporate the planning, SOPs, audits, and
so on, that eventually they come to embrace. (2) With adoption,
an incremental increase in data transparency occurs, from datadriven matrices that support improving the quality of inputs to
streamlining logistics and availability of readily available desktop data. The linkage distance time (source to user) between
data shortens; the qualities and traits of inputs coming in from
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vendors can be known and measured before they arrive on the
loading dock. In-house processing can be much more detailed
to detect defective product(s) more quickly, thus minimizing
rework and recall. Transparency and the amount of data stored
and shared between upstream vendors and downstream customers further improve safety, logistical controls, and reduce the
likelihood of recall.
A corporation’s traceability program inherently bonds the organization together more closely via their safety culture, training,
and shared knowledge of quality performance. The key driver
for the success of the traceability program starts and ends with
not only the apparent buy-in of senior staff, but in their continual
embrace of the traceability program. All too often, traceability,
or its concept, is overlooked until a catastrophic recall happens.
Most traceability programs begin with evaluating and agreeing on not only safety aspects, but also the business goals they
support. Potential business goals may include (Jorgenson 2004)
the following:
• Gathering the data necessary to support marketing
claims (such as 100% organic, GMO free, fair-trade
products, and adherence to humane animal agriculture
practices),
• Proving compliance with contractual requirements
(meeting the specifications of raw materials and ingredients that are supplied to food manufacturers),
• Verifying regulatory compliance (such as Bioterrorism
Preparedness, USDA National Organic Program
standards).
At food traceability conferences, it is common to have processing and grocery stores’ vice presidents in attendance. Many of
these attendees echo that they know of traceability, or its concept,
and participate in versions of mock recalls. Additionally, most
senior executives depend on traditional internal/external food
audits and marketing reports to justify their system’s performance.
Competition between, and rigidity toward change or risk has
many department heads, directors, and vice presidents reluctant
to share data or power. In spite of modern computers, email, tablets, voice conferencing, instant messaging, and cloud data sharing, there are entrenched barriers and walls that restrict or retard
in-house communications of critical data flow. The traceability
program inherently makes bare where the open access/sharing of
data is buttressed against, be it in-house or external. Sometimes,
procurement people do not speak the same language as logistics
personnel. Departmental cultures sometimes conflict with one
another.
Whether in the mundane of a regular day, or in the heat of a
massive recall, senior management needs to be able to correlate
vast amounts of data from a wide array of sources to manage
the traceability program. Senior management needs to be able to
consolidate and analyze essential data from outbound, inbound,
and internally used products, to incorporate or issue certificates
of analysis (COA), and to track divergence in HACCP control
points and send alerts as required. The traceability program
provides immediate measurements of farmer, supplier, processor, or transportation performances to gain actionable insight;
to ensure vendor compliance with records and verification; to be

able to engage in a surprise audit or mock recall with data and
with records that are immediately available; and to ensure a fully
immersed GS1 barcode system. This is accomplished by various
means and programs, some of which include enterprise resource
planning (ERP) systems that involve cloud-based technology,
mobile and remote accessibility, to advanced laboratory information management systems (LIMSs), which can ensure that all
parts of the production and food supply chain data are captured
and analyzed. These help mitigate the chances of a defective
product and helps promote consumer safety (Philips 2012 and
Thurston 2010).
How a company responds to a recall can determine how willing the customers will be to forgive the company, especially for
those who show a real commitment to doing the right thing. A
denial response, in the face of governmental involvement and
media publicity, only exacerbates the situation and prolongs the
recovery. Regardless of the reason or cause, honesty, transparency, and openness show that they acknowledge the issue or concerns regarding their product, publically obligate themselves to
working with authorities and their customers to resolve the cause
of the recall, and make obvious their promise to protecting consumers, even if it means a reduction in sales (Martinez 2012).
The recall program or plan embodies the legal and ethical
responsibilities that everyone from senior staff to line employees
have to ensure that their products are safe, hygienic, and labeled
correctly. Ultimately, it serves to satisfy the regulators and court
of public opinion. The program mandates their full cooperation
with federal/state agencies, ensures that all prerequisites of a
food safety program are followed, identifies all risks and possible risks and implements corrective actions to mitigate those
risks, incorporates a product identification methodology and
barcode-type tracking system, mandates and checks data recordkeeping, identifies a recall team and recall plan, and frequently
executes unannounced mock recalls that involve “one-up, oneback” traceability.
The plan outlines and is organized by advanced planning, decision making, actions to be taken, communications to be completed,
removal of the affected product, and an after-action review. The
decision tree used to determine when to initiate a recall should be
clearly defined as well as the actual recall process. The recall plan
maps the objectives of the recall program, its features, and general
considerations in its development, and its ongoing improvement.
Documentation, forms, templates, contact lists, and communication logs must be maintained accurately and up to date. Items such
as date, time, conversation details, and medium of communications of contacted government officials, vendors, customers, distribution centers, wholesalers, importers, exporters, retailers, and
paid advertisements and media releases are critical. The recall
plan should hold historical information regarding previous recalls
and mock recalls; appropriate regulations, a listing of possible
issues that could likely be faced by the company, and a library of
past recalls experienced by other companies.
Mock recalls help prepare for the real thing and for the
required audits that take place. Mock recalls test the company’s
recall program and procedures to determine whether identified lots are quickly located, contained, and reconciled against
quantities produced, in the inventory, and distributed. The mock
recall also helps determine possible problems, and allows personnel to deal with the recall procedures. This then allows for
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corrective actions regarding deficiencies in the program. Recalls
affect personnel and food safety programs involved in
•
•
•
•
•
•
•
•
•
•
•
•
•

Raw material inspection
Integrated pest management
Sanitation
Preventive maintenance
Hazard analysis and critical control points
Good manufacturing practices
Quality management systems
Food security
Microbiological monitoring
Environmental monitoring
Finished product inspection
Document policies
Employee training

Plans should be verified and conducted once or twice a year,
be unexpected, at inopportune times, as realistic as possible,
increase in difficulty with time, involve multilevel distribution,
include all departments, test all aspects of the recall plan, and
go beyond the company’s walls to vendors who sell ingredients
and customers of the product. Documentation is essential for all
activities, and all required forms/templates should be used. In the
end, all teams and departments must pull together to critique and
review all aspects of the mock recall. Ultimately, the key staff
will assess the mock recall’s effectiveness, identify issues and
deficiencies found during the exercise, and make the appropriate
changes to the program.
A recall plan has several parts including a mock recall. A
recall plan must be written and includes a table of contents,
dated, and approved by a corporate authority. It should include
its goal(s), definitions, statement of recall plan, legal requirements, roles and responsibilities, how to run a mock recall, and
include all necessary templates, logs, forms, and flow charts.
This framework should include when a recall should be initiated,
includes the decision tree used to determine a recall, memos/
emails of discussions, and team members involved. It also determines whether the recall should be a trade recall (product held
by warehouses and distribution centers) or consumer recall. This
is where the recovering product is held, not only by warehouses
and by distribution centers, but also through all forms of outlets
in which the consumer may have had contact (Burson 2003, Get
Fresh 2010, Nelson 2010, Sanfilippo 2008).
Recall procedures prescribe what the company intends to do
to manage the recall. This includes assignments of roles and
responsibilities, investigation of the complaint/condition, identification of the affected product, notification of affected entities,
and removal of the defective product. The recall manager/coordinator should have a well-defined and recognized authority by
the management (in writing) to execute all activities of the recall.
This includes tasks such as documentation of all recall decisions,
activating assets for priority assistance, and creating a recall
committee. The recall committee should include the following:
Recall manager
Regulatory affairs

Management (Admin)
IT
Quality/safety
Accounting
Procurement
Public relations
Customer service
Logistics
Marketing
Operations
Production
Maintenance
Records management
Legal
Sales
Janitorial
Outside services as needed
Investigation of the complaint or condition includes receipt
of the complaint/condition, an investigation, and its evaluation.
The sources of a complaint may come from in-house testing, customer complaint, a supplier, or government authorities. If it is
from a customer, the complaint should have complainant contact
info, reported problem, product ID/lot #, product location, purchase date, and illness and injury details. This information then
goes to the appropriate staff or committee for determination of
the hazard and evaluation of safety concerns, decision on a product removal plan, communication with authorities, notification of
legal and insurance, and recording of all activities pertaining to
the recall such as dates, actions, communications, and decisions.
The issue may include microbiological results beyond acceptable
limits, chemical contamination, the presence of foreign material, adulteration, labeling error, packaging defect, or improper
processing.
To help identify defective products, all products, their quantities, brands, and sizes, should be barcode/GS1 listed and distributed to all consignees, account addresses, contact-named
personnel, and contact phone numbers/email addresses. Each
product at each stage should be identifiable. On farms, records
should include the name of the product, grower, farm (acreage—section, township, and range), harvest dates, supervisor,
scale tickets, identification of the carrier that transported the
product, weather conditions (if necessary), truck/product destination, storage and packing info, and bills of lading. For food
processors, more information is generally available and required
to discern one product lot from another. This should include
the nature of the problem, including the brand name (to include
product description, package size, and package type), use by
or best-before date, the lot, batch, or serial number identification, quantity of batch, date, and volume released, the number
of affected products, and distribution list of possible customers
(including importers and exporters). A recall checklist helps
ensure that all facets of the recall plan are achieved.
The notification of affected entities or customers must be done
swiftly and include all appropriate regulatory agencies, the distribution network, attorneys, newspapers, extension food safety
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educators, and consumers (when necessary). Recall notices go to
agencies and businesses, whereas press releases go to the public or
consumers. Of note, regulatory agencies should be notified as soon
as the decision to recall a product has been made, and updated
throughout the recall. Members of the distribution chain should
be notified swiftly by telephone, fax, email, letter, and the like;
followed by a written recall notice to all consignees that includes
all relevant recall information. A confirmed receipt of all notifications regarding all those involved in the distribution chain must
be recorded. Consumers must be notified by the most effective
method, usually beginning with press releases of all the relevant
information that the public should know. To ensure that the distribution of the affected product is stopped and arrangements are in
place to recover affected products, customers (distributors, wholesalers, and retailers) will need at a minimum to know the product
name (batch code and/or expiration date), why the product is being
recalled, where to return the unsold product, and whom to contact
at the company for further information. A summary of data should
be made in detail to help facilitate affected products.
The removal stage of the affected product includes its removal,
control, disposition alternatives, measure of the recall plan’s effectiveness, and recall closure. The affected product should be held,
inventoried, segregated, and handled in a predetermined manner,
and all quantities and identification codes must be recorded to
assist in reconciliation. Tracing may take one or many forms, such
as trace by work order or lot number. Typically, food businesses
use intermediate distributors and may not be in a position to provide distribution information for further down the distribution
supply chain. It may be useful, therefore, for businesses to check
that their distributors have a similar ability to quickly provide a
list of their customers receiving the food product and a means
to quickly notify them. Affected products may be recovered by
returns to retailers, returns via distribution supply chain, or direct
returns from customers. If the distribution is widespread, it may
be necessary to establish collection sites across a wide area.
A mock recall begins when the recall team chooses a mock
product, a location where a consumer bought the product, and
further identifies a lot of a given product and lot number that
tested positive for a specified contaminant. Step 1 is to initiate
the recall program and perform trace-back procedures, identify
sources using the lot #, identify where all possible lot #s may
be located, and as an evidence (for review later), get records
and supporting documents for each of these activities. Use preplanned spreadsheets for inventory accountability for items such
as product implicated, # of units, processed date, and so on. Step
2 is to conduct trace-forward procedures to identify all finished
products that contain the defective ingredient, to include all customers and the disposition of the product. Verify communication systems (such as contact information, test emails, faxes, etc.)
to outside contacts. Step 3 is to adjust the recall plan to correct
issues found during the exercise, and records of the mock recall
should be documented.
During the postrecall evaluation, it is important to achieve a
clear understanding of why the recall was required, what caused
the contamination or the product to become defective, if it was
a labeling issue, whether written procedures were not being followed, whether proper laboratory tests were conducted, whether
there was enough or proper in-house expertise, and why supervisors or senior staff were not made aware of possible deficiencies.

Within these reports, matrices, and scorecard successes and shortcomings, regarding items such as media notification and regions
notified, to the percentage of the product reacquired, can be examined and reviewed. Appendices should include recall committee
members and key personnel contact information, document templates, spreadsheets, and forms, additional resources/government
agencies, and a detailed listing of assigned responsibilities.
The mock recall is a practice run for an actual recall, and
the simulated exercises are based on current food products that
can be improved. The mock-recall exercise is an opportunity to
practice and resolve any problems prior to an authentic recall.
Ultimately, traceability occurs within a system, and not at an
individual firm.
There is no quick fix, no software, and no test, which will prevent a recall. Some software providers may help facilitate the
implementation of, or improve, a traceability program by incorporating the working safety and QC/QA programs tied to laboratory tests and audits that most companies already have.
In general, current voluntary procedures provide a wide-
ranging, technically based doctrine to diminish microbial food
safety hazards and outline good agricultural practices (GAPs),
good farming practices (GFPs), good processing practices
(GPPs), and GMPs. On the farm, this can include water and
manure issues, worker hygiene, land history, and surrounding
properties to transportation/warehousing, on through to processing and manufactures (Pabrua 2004).
The basis for a successful traceability program is the melding or overlapping of safety and QC/QA, administration, logistics, accounting, and IT departments’ views of traceability. This
includes working more closely with increased transparency of
data, and with a more commonly shared language. What makes
a traceability program work is the enhanced or greater integration of these and ancillary departments when combined with
executing the program’s associated SOP, mock recalls, lab testing, and in-house/third-party audits. The traceability program
can be evaluated and tested by reviewing mock recalls, in-house/
third-party audits; and most importantly, the development of an
internal traceability cost/benefit analysis and scorecard matrix
of traceability data velocity (or how fast and accurately critical
traceability data can be shared).
A traceability program is unique in its formation and implementation. Critical, as mentioned, is that the senior management and/or executive staff has absolute buy-in for all to see
and believe. Otherwise, the program is lost, awaiting external
regulations to force corporate change. In assisting senior staff, if
no internal traceability specialist is available, the advice or consultation from a recall insurance/assurance provider may help
greatly in shaping how the traceability program is implemented
and mitigates its overall expenses.
The first place to start is the safety department, which should
provide to the senior management (1) an accurate and all-inclusive
database of ingredients and their specifications to include purchasing contracts (with specifications and certification of analysis [COA]), vendor traceability/safety programs, and so on—that
all company departments have helped develop; (2) a detailed
and comprehensive vendor-purchasing agreement that lists, and
shows proof of, compliance in regard to federal rules and regulations, be it domestic or foreign suppliers highlighting the type of
auditing protocols followed, frequency, and results, if there are
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indemnification clauses, and if changes are made in regard to who
processes, packages, to changes in lot size; (3) a preferred certified
auditing program to be used by in-house and third-party auditors
(and protocols to address corrective actions) and specific auditors
who understand the products and appropriate cultural practices
used to include the knowledge of category risks, likelihood and
symptoms of adulteration, historical data, social media, to recent
intelligence; (4) a detailed prescription of preventive controls and
monitoring/testing program to include items such as HACCP and
risk analysis that tie both statistical validity and sound sampling
methodology; and (5) an encyclopedic traceability program to
include its development and implementation, meeting all regulatory mandates and able to track and trace all items one step forward and one step back, to include cleaning agents, materials, or
environmental changes of significance (Ades 2012).
While some suggest (software providers and academia) that
they can determine where in a farmer’s field mycotoxin or E.
coli may have originated, a processor’s practical focus must be
on what the company can realistically control and measure. In
this case, the focus should be on products that are most likely
to be recalled for reasons such as E. coli and Salmonella, products such as vegetables and meats that have had a proportionally larger volume and frequency of recalls. The choice can be
based on the cost of a past recall or likelihood of a product being
recalled. It is suggested that a specific product line (e.g., vegetable or meat product), or beta-processing plant (if a company
has several processing plants), is designated to design and test
the new traceability program. This is especially critical for items
such as imported spices, seafood, vegetables, meats, and items of
unknown quality.
Once a product line and/or plant is determined, an outline
of how, and what, to measure is critical. Cost/benefit analysis,
quality/purity evaluations, and data velocity scorecards must be
developed and compared to in-house and third-party preaudit
assessments of the traceability program, which will help demonstrate the degree of implementation success the traceability
program has accomplished.
The traditional system of documentation is moving from paper
based to computer- or electronic based. However, many of our
more modern technology systems are still very fragmented in
regard to integrating individual traceability systems to one
another in the supply chain. Lack of interest by senior management, disassociated administration training of the traceability
processes, and line workers not being able to connect the dots as
to why traceability matters and where it fits in, needs to be overcome. The company’s strategic plan should include traceability
and its concepts. From there, products and process locations can
be determined to develop the traceability beta program. As the
program develops, mock recalls can be added to audits and laboratory tests as a measure for the management to determine compliance and the risk factor. Traceability program training needs
to be developed and standardized, including emphasizing the
need to be more transparent and linked to improve interactions.
The cost of diverse government regulations, proprietary service
offerings, and incompatible commercial solutions to companies
and the global supply chain call for defining traceability as a core
business process, which should be supported by voluntary business standards that are accepted around the world. Food-borne
diseases are here to stay; however, a company can help diminish
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the risk it bring through the loading docks, along the process
line, and through the end consumer with a traceability program
that helps reduce risk, helps reduce negative brand name exposure, and improves the bottom line through improved supply
chain logistics accounting.
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14.1 Determination of Moisture
14.1.1 Introduction
Water plays a key role as a constituent of practically every food,
not only as a solvent and filling material, but also as a means
to maintain the structure and functions of macromolecules and
cells (Kaatze and Hübner 2010). The amount of water in different foodstuffs varies in a wide range significantly affecting
their properties. Therefore, water content has been an important
subject to food scientists for various reasons. It greatly affects
the texture of foodstuffs, being obvious when comparing grapes
and raisins—it gives a crisp texture to fruits and vegetables and
affects perception of the tenderness of meat and meat products
(Vaclavik and Christian 2008). Furthermore, it determines the
stability and shelf life of foodstuffs, since water is critical for the
growth of microorganisms and enzyme activities. Bulk density
is a food property that is also dependent on water content, being
relevant for determining transport costs and storage capacities

(Isengard 2010). During processing, food products undergo different changes in which certain chemical changes might take
place depending on the moisture present. Therefore, the comprehension of moisture content is crucial to predict the behavior of
foods during the processing, storage, and consumption. Moisture
content is also necessary for calculation of nutritional value, as
a means of expressing analytical data on a uniform basis (dry
weight basis or defined moisture content).
As a consequence of the aforementioned, the determination
of water content represents one of the most important analysis
performed on foodstuffs, but yet is one of the most difficult in
terms of obtaining adequate accuracy and precision. Foods may
contain water in different physical states: gas, liquid, or solid. In
addition, water in food is distributed in different bonding states,
as free, adsorbed, and bound water. Free water is water found
on the surface, within the pores, cavities, or capillaries of food.
It retains the physicochemical properties of pure water and thus
acts as a dispersing agent or solvent for colloids or crystalline
substances. Adsorbed water is water adsorbed on the surface of
275
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macromolecular colloids such as proteins, starches, pectins, and
cellulose (Pierce 2003). Bound water is water that is bound to
polar groups or ionic sites on food constituent molecules (e.g.,
starch, pectin, and protein). Unlike free water, bound water has
different physicochemical properties: it does not act as a solvent
for salts and sugars, its freezing point is below that of free water,
it exhibits negligible vapor pressure, and its density is greater
than that of free water. The fact that water exists in a number of
different molecular environments and may have different physicochemical properties could cause difficulties to a food analyst
trying to accurately determine the moisture content of foods
(Vaclavik and Christian 2008).

14.1.2 Methods for Determination of Moisture
Content
An ideal method for moisture determination should be rapid,
applicable to a wide range of food items, simple, and easy to
perform. Furthermore, it should utilize inexpensive and readily available equipment while demonstrating good accuracy and
precision (Park and Bell 2004; Park 2009). Unfortunately, there
is no ideal method for moisture determination applicable to all
types of food and it is unlikely that it would ever be developed.
The selection of appropriate methodology is crucial for reliable
determination of moisture content of foods, where it depends on
a number of factors such as the purpose of analysis (e.g., compliance with regulatory requirements or quality control), sample
properties, amount of sample, accuracy, sensitivity, specificity,
repeatability, measurement speed, cost, ease of operation, and
so on.
A number of methods for determination of moisture content
of foodstuffs are available. Generally, they can be divided into
two groups: direct and indirect methods (Figure 14.1). Direct
methods are based on the determination of water itself, while
indirect ones determine a sample property that is strongly

correlated with water present in a sample or with the response
of the water molecules to a certain physical influence (Isengard
2010; Reid 2001).
Direct methods are based either on physical water separation
techniques (drying, distillation) or on a chemical reaction of the
water molecules (e.g., Karl–Fischer titration [KFT], calcium carbide, and calcium hydride methods).
Indirect methods have been developed to comply with the
modern trends in analytical chemistry being directed toward the
application of rapid and more environmentally friendly methodologies. Their developments have been stimulated by increasing
demands to minimize the harmful effects of chemical testing
in terms of consumed energy, generated waste, and toxicity of
used chemicals while retaining satisfactory accuracy, sensitivity, selectivity, or precision (Garrigues and De la Guardia 2013).
Most of these methods have been developed for food analysis,
followed by biological and environmental matrices (ToledoNeira and Richter 2012). Indirect methods include spectroscopic
methods (infrared, near infrared [NIR], and low-resolution
nuclear magnetic resonance [NMR]), densimetry, refractometry,
dielectric capacitance, microwave absorption, sonic or ultrasonic
absorption, and conductivity.
The prerequisite for their application is calibration development
against the direct method, whose characteristics largely determine
the characteristics of the indirect method in terms of accuracy,
repeatability of the existing relationship between water content
and the property of interest, and sensitivity of changes in the property of interest with small water content variation (Reid 2001).
Direct methods, commonly used in laboratory practice, are
characterized by a high accuracy, but are often designated as
time-consuming and labor intensive. However, indirect methods due to rapid, continuous, and automated measurement are
needed for a proper management of the technological process
and can be applied in- and online, for real-time control of the
moisture/solids content. Unlike the conventional methods, they

Methods for
moisture
content
determination

Direct
methods

Physical
methods

Indirect
methods

Chemical
methods
Kari–Fischer titration
Gas production methods

Drying methods
Air oven method
Convection oven
Forced draft oven
Vacuum oven method
Microwave drying
Infrared drying
Thermogravimetric analysis
Distillation

Figure 14.1 Classification of analytical methods for moisture determination.

Methods highly
dependent on
moisture content
Refractometry
Hydrometry
Dielectric methods
Conductivity
Capacitance

Methods based on
the response of
the water
molecules
NIR
NIR hyperspectral imaging
NMR
Microwave absorption
Sonic or ultrasonic absorption
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are characterized by more favorable characteristics for routine
analysis, such as higher sample throughput capacity, simplified
operation, lower costs, and fewer sources of measurement uncertainties (Fontana 2007; Toledo-Neira and Richter 2012).
The aim of this chapter is to provide as much comprehensive
overview of the moisture analytical methods as possible, including their measurement principles, applicability, advantages,
drawbacks, and limitations. At the same time, due to the latest
trends in analytical chemistry, this chapter will particularly focus
on indirect methods and measurement uncertainty. In this regard,
the overviews of recognized Association of Official Analytical
Chemists (AOAC) methods for moisture and ash determination
according to groups of food products are given in Figures 14.2
and 14.3, while Tables 14.1 and 14.2 contain relevant details for
the selection of the appropriate method for moisture and/or ash
determination (AOAC 2000, 2007).

14.1.2.1 Direct Methods for Moisture Content
Determination
14.1.2.1.1 Drying Methods
One of the oldest principles underlying the determination of
moisture content is drying. Over the years, several variations of
drying methods have been developed. What is common to all of
them is that they are based on the release of water from a sample
and calculation of moisture content based on weight loss; hence,
they are also referred to as gravimetric methods. The thermal
energy employed to evaporate water from a sample can be provided by heat transfer from an oven (directly) or by conversion of
electromagnetic radiation into heat due to absorption of energy
by the water molecules present in a sample (indirectly). In practice, oven-drying methods have the prevalent application.
14.1.2.1.1.1 Oven-drying Methods There are two common
types of ovens: air and vacuum ovens. Air ovens include both,
convection and forced draft types.
The standard operational procedures for oven-drying methods generally comprise the following steps: sample preparation,
weighting, drying, cooling (in the desiccators), and reweighing.
Moisture and total solid contents determined by drying methods
are calculated as follows:
% moisture =

weight of wet sample − weight of drysample
⋅ 100
weight of wet sample

(14.1)
%totalsolids =

weight of drysample
⋅ 100
weight of wet sample

(14.2)

Oven-drying method is based on the fact that the boiling point
of water is 100°C (this applies to pure water at sea level). However,
the presence of solutes raises the boiling point of water; so, if
1 molecular weight (1 mol) of a solute is dissolved in 1.0 l of water,
the boiling point would be raised by 0.512°C (Bradley 2010). The
boiling point continues to increase during the drying process, as
the sample becomes more concentrated due to the gradual removal
of water. In theory, the increasing of drying temperature or time
leads to a more complete removal of water from the sample, but
in practice, volatilization, decomposition, and chemical reactions
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of the constituents may occur. Foodstuffs often contain volatile
compounds such as organic acids, alcohols, aldehydes, and aromatic components, which may also be lost during the drying process. Weight loss can also occur due to oxidation of unsaturated
fatty acids and certain other compounds. Obviously, the moisture content determined by drying methods comprises all those
substances that evaporate while heated and lead to weight loss
of the sample. For this reason, the drying conditions are usually
standardized in terms of temperature and heating time. Standard
procedure provides accurate and reproducible results as far as possible in compliance with the aforementioned practical limitations.
In cases when there is a need for drying the specific food products
and/or application of new equipment not described in the official
methodology, the determination of the optimal temperature and
heating duration should be based on the conduction of own trials
until the appropriate conditions are established (Li-Chan 2006).
Commonly, the selection of drying time is based on heating to
constant mass, but users must keep in mind the possible sample
transformation, such as browning, indicating moisture loss of the
wrong form. Above all, drying methods are probably the easiest
procedures for use, requiring no chemicals, minimal manpower,
and providing the most accurate results.
Certain types of food samples with high moisture content require
predrying to be carried out as the initial phase of drying. Samples
having a tendency to lump together or form a surface crust during
drying require the application of the sand pan technique comprising the dispersion of the sample within a preweighed amount of
sand or other inert material (e.g., diatomaceous earth) to increase
the evaporating surface and prevent surface crust formation, which
leads to more uniform and complete drying.
Oven-drying method is the internationally recognized standard for the gravimetric determination of moisture content for
the majority of food products—30 of 42 methods for moisture
content determination are recognized by the AOAC as oven-
drying methods (Figure 14.2) (AOAC 2000, 2007).
Convection and forced draft oven: Air oven methods, either
convection or force draft, are widely used for moisture determination. They differ in the mode of air flow within the oven chamber. Convection ovens use gravity convection and they are often
characterized by considerable temperature variations inside the
chamber. Forced draft oven employs air circulated by a fan that
forces air flow throughout the oven, influencing a more uniform
temperature distribution. Temperature difference across the interior of a forced draft chamber usually does not exceed 1°C, while a
temperature differential across a convection oven may reach even
10°C (Reid 2001; Bradley 2010). The temperature variation with
position in the oven can be somewhat reduced by placing the limited numbers of samples on one shelf in the central position of an
oven. The preferred oven should possess a temperature regulation
of ± 0.5°C or less; minimal temperature variations (<3°C); and the
minimal on-and-off cycle (15 min or less). Since the main criterion
of the suitability of an oven for obtaining precise and accurate analytical results is precision and uniformity of temperature within
the oven chamber, force draft ovens are preferred. Although most
of the officially accepted methods for moisture determination generally do not prescribe types of ovens, the drying temperatures
with allowed deviation are exactly defined. With air ovens, the
temperatures and drying duration for various food products are
usually within the range of 100–130°C and 1–16 h (AOAC 2007).
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Moisture
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milk products
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Sugar and
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products

Method

Method type

950.46
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air oven
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Rapid-screening method

Cheese
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Distillation
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Karl–Fischer titration
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Convection air oven
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Figure 14.2 Overview of the recognized AOAC methods for moisture determination according to groups of food products (AOAC 2000, 2007).
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Ash
determination/overview
of legislation methods
Cereals and
cereal
products

Milk and
milk products
Product

Method

Product

Sugar and
sugar
products
Method

Flour

923.03
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Honey

920.181
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lime extracts
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cloves, ground mustard,
nutmeg, mustard flour,
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Spices and condiments/
vinegar

920.138
972.15
975.12
920.73
941.12
930.35

Figure 14.3 Overview of the recognized AOAC methods for ash determination according to most common groups of food products.

Vacuum oven: Compared with air drying, vacuum drying
implies drying in a reduced pressure environment, which lowers
the boiling point of water and consequently the amount of heat
needed for drying. Drying under reduced pressure provides a
more complete removal of water and volatiles without decomposition of the samples. Furthermore, the absence of air minimizes
the oxidative reactions during drying, especially of high-fat
samples. The official methods generally recommend that moisture content of food can be determined by heating at 98–102°C
at a pressure of 25–100 mm Hg for 2–6 h (Park and Bell 2004;
AOAC 2007). Lower temperatures (60–70°C) are commonly
applied for heat-sensitive food products to prevent decomposition, particularly for sugar-rich foods ( jams, fruits, confectionary products, etc.).
Unlike an air oven, in a vacuum oven, thermal energy is
delivered directly to the sample via the metallic shelf; so, the
bottom of metal dish should be in direct contact with the shelf.
Aluminum shelves with good contact with the walls considerably
improve the uniformity of heat transfer within the vacuum ovens.
The oven should have a dry-air inlet and saturated-air outlet to
remove the separated moisture out to prevent the accumulation of
moisture within the oven (Marwaha 2010).
14.1.2.1.1.2 Microwave Drying The microwave-drying technique is the most prominent direct rapid-drying method, which
implies the conversion of electromagnetic energy into thermal

energy through direct interaction of the radiation with the polar
molecules of the sample (e.g., water molecules). As microwaves
penetrate through the samples and accumulate energy, heat
is generated throughout the volume of the sample with rapid
and uniform heat spreading. As in the case with other drying
techniques, a measured variable is the total amount of volatile
components. Still, the microwave method causes water and only
minor amounts of readily volatile components to evaporate; so,
obtained results are very close to the approximate moisture content, and are usually slightly higher than those obtained with the
oven-drying method.
The major advantage of microwave over other drying methods is its simplicity and rapidity. A short analysis time limits the
long exposure of the sample to heat, thereby preventing possible
degradation reactions. Nevertheless, a special attention must be
taken to standardize the drying procedure and ensure that the
microwave energy is applied evenly across the sample. The uniform distribution of the microwaves, the power regulation, and
the sample position on the pad has a great influence on the method
reproducibility. The sample must be uniform, of an appropriate particle size, and evenly distributed on the pad. Improper
spreading of the sample or two high-power settings, may lead
to scorching or burning of samples on the pad (Wrolstad et al.
2005). Microwave moisture/solid analyzers with integrated analytical balance, a digital computer, and a microwave-drying system allow easy handling on the same device. Microwave-drying
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Table 14.1
High Points of Selected Methods for Moisture Determination
Method

Measurement Principle

Applicability

Oven-drying

Determination of weight loss
caused by convection
heating

• Most food

Vacuum oven-drying

Determination of weight loss
caused by heating under
reduced pressure

Infrared drying

Determination of weight loss
caused by heating absorption
of IR radiation

• Most food
• Heat-sensitive
food
• Sugar- and fat-rich
food
• Most food
• Process use

Microwave drying

Determination of weight loss
caused by heating by
absorption of microwave
radiation

TGA

Determination of weight loss
caused by sample heating

Advantages
•
•
•
•
•
•

Nonselective
Loss of other volatiles substances
Possible sample decomposition
Time consuming
Nonportability

• Food rich in sugar fats
and volatile compounds
• Typical range: 0.1%–99%

•
•
•
•
•

• Nonselective
• Loss of other volatiles substances

• Typical range: 0.1%–99%

• Rapid
• Simple handling

•
•
•
•

• Heat-sensitive food
• Typical range: 0.5%–99%

• Medium-to-highmoisture food

• Rapid
• Simple handling

•
•
•
•

• Most food

•
•
•
•

•

Nonselective
Loss of other volatiles substances
Possible sample decomposition
Required calibration against the
standard method
Non selective
Possible sample decomposition
Sooting
Required calibration against the
standard method
Possible sample decomposition

• Not suitable for heat-sensitive
samples
• Not suitable for routine analysis of
multiple samples
• Low precision
• Hazards of organic solvents used

• Samples containing
water-soluble
components
• Typical range: 3%–70%

•
•
•
•
• Food rich in
volatile substances

•
•

Simple sample preparation
Small sample sizes
Adjustable measurement conditions
Combinable with other analytical
instruments
Comparable results with other methods
for moisture determination
Possibility to quantify chemically
bonded water
Small number of uncertainty sources
Suitable for R&D purposes
Enabled the determination of moisture
and ash content in one run
Selective
Oxidative reactions are minimized

• Low-moisture samples
• Typical range: 2%–99%

–
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Distillation of water with an
immiscible solvent

Limitations

Standard method
Simple handling
Low cost
No chemical consumption
Minimal manpower
Simultaneous analysis of a large number
of samples
• Lower-temperature drying
• Oxidative and decomposing reactions are
minimized

•

Distillation

Disadvantages
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Chemical reaction between
water and iodine

• Low-moisture
food

•
•
•
•

KF coulometric titration

Chemical reaction between
water and electrochemically
generated iodine

• Low-moisture
food

•
•
•
•

Refractometry

Measurement of the critical
angle of a light beam as it
passes from mediums of
different optical densities

Dielectric method

Measurement of the change in
electrical capacitance or
resistance to electricity
passing through the sample

• Liquid sugar
products
• Condensed milk
• Fruit and fruit
products
• A wide range of
materials in solid
or particle form
• Process use

NIRS

Measurement of the
absorbance of the NIR
radiation from the sample

NIR hyperspectral
imaging

Low-field NMR
spectroscopy

Generation of a spatial map
of spectral variation caused
by NIR radiation reflection,
scatter, absorption, or
emission from the sample

Measurement of changes in
NMR signal of the sample

• Most food
• Process use

• Most food

Selective
Standard method
High accuracy and precision
Automated equipment available

Selective
Standard method
High accuracy and precision
Quantitation is based on Faraday’s law
and standardization is not required
• Automated equipment available
• Nondestructive
• Small amount of sample

• Simple and rapid measurement

•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

Simple and rapid measurement
Low cost
No chemical consumption
Nondestructive
Minimal manpower
Minimal or no sample preparation
Simultaneous analysis of multiple
parameters
Availability of ready-to-use calibrations
Superior precision
Large selection of equipment
Suitable for R&D purposes
Enables identification, quantification,
and localization of water
Nondestructive
Minimal or no sample preparation
Suitable for R&D purposes

• Enables investigation of the food structure
• Suitable for R&D purposes

• Sensitive to atmospheric moisture
• Standardization of the KFR is
required
• Dependent on sample matrix

• Samples should be
soluble in the titration
reagent
• Typical range:
100 ppm–100%

• Sensitive to atmospheric moisture
• Dependent on the sample matrix

• Typical range:
1 ppm–1%

• Delicate maintenance of prism
surface
• Presence of dust or other debris
might lead to scratches and
inaccuracy
• Calibration curve is influenced by the
solid composition of a sample
• Dependence on the ratios of salts to
nonelectrolytes
• Dependence on the calibration
procedures
• Dependence on sample size, density,
and temperature
• Requires complex knowledge on
multivariate data analysis to develop
calibration
• Dependence on the calibration
models
• Necessity for periodical validation of
the performance

• Requires complex knowledge on
multivariate data analysis to develop
calibration
• Dependence on the calibration
models
• High purchase cost of HSI equipment
• Few commercial suppliers available
• Long analysis time
• Requires complex knowledge
• Not practical

• Typical range: up to
30%–35%

• Typical range is
dependent on the
calibration model
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KF volumetric titration

• Dependence on the
calibration model

• Up to 20% of moisture
content
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Table 14.2
Advantages and Disadvantages of Selected Methods for Ash Determination
Method
Dry
ashing

Wet ashing

Microwave ashing

Low-temperature
plasma ashing

Advantage
•
•
•
•
•
•
•
•
•
•
•
•
•

•
•
•
•
•
•

NIRS

•
•
•
•
•
•
•
•
•
•
•

Disadvantage

Simple to carry out
Safe method
High efficiency of decomposition
Large sample weights
Low consumption of reagents
Many samples can be analyzed simultaneously
Not labor intensive
Low cost
Low safety risks
Standard method for total ash content determination
More rapid
Lower temperature
Little or no loss of volatile elements

Fast, simple, and relatively safe to use
High digestion quality
Little or no loss of volatile elements
Reduced risk of losing trace elements by
volatilization
Low temperatures applied (<150°C)
Suitable for samples with high content of volatile
compounds
Simple and rapid measurement
Low cost
No chemical consumption
Nondestructive
Minimal manpower
Minimal or no sample preparation
Simultaneous analysis of multiple parameters
Availability of ready-to-use calibrations
Superior precision
Large selection of equipment
Suitable for R&D purposes

methods are officially recognized for moisture analysis of meat
and poultry products (AOAC Methods 985.14 and 2008.06) and
cheese (AOAC Method 977.11). Each design of a microwave oven
has a unique heating profile, and, as a consequence, the standard
aforementioned AOAC methods specify the model of the oven
employed.
14.1.2.1.1.3 Infrared Drying To shorten the long drying times
with convective-heating ovens, more efficient infrared (IR) drying methods have been introduced. IR drying involves penetration of heat within the tested sample, rather than conductivity and
convection that are employed in conventional ovens. In IR drying,
the heating source is an IR lamp of 250–500 W, whereby the filament develops a temperature of 2000–2500 K (1726.8–2226.8°C).
Further development of the IR ovens involved the use of a halogen
radiator as a heating source. The halogen radiator is composed of
a glass tube filled with inert halogen gas containing a tungsten
wire as a heating element. Its dimensions are smaller in contrast
to a conventional IR heating source, providing the full heating
power available within seconds and significantly faster drying.

•
•
•
•

Time consuming
The risk of metals losses by volatilization
Inconvenient for liquid samples
The risk of contamination from the ashing containers and muffle
furnace

•
•
•
•

Labor intensive
The use of hazardous chemicals
Caution to prevent injury and accidents
Limitation of the number of samples that can be simultaneously
analyzed
Exposure of the analyst and the laboratory to corrosive fumes
Contamination through the reagents
Suitable for small sample sizes
Small sample size
Small sample throughput
High initial costs
Expensive equipment
Small sample throughput

•
•
•
•
•
•
•
•

• Inorganic substances do not absorb NIR radiation
• Large number of wavelengths are used in the calibration model
• Ash calibrations are matrix sensitive and require frequent
recalibration
• Requires complex knowledge on multivariate data analysis
• Dependence on the calibration models
• Necessity for periodical validation of the performance

Owing to more intensive heating with IR ovens, samples are
more susceptible to decomposition reactions, resulting in production of volatile matter. Obtained results are usually higher than that
obtained with the air drying. Therefore, drying of different types
of food require suitable selection of drying parameters attained by
the calibration procedure. All parameters that may affect the measurement result must be thoroughly considered including drying
temperature and duration, sample size, thickness of the sample,
drying mode, interval between consecutive measurements, distance of the IR source from the sample, and so on (Bradley 2010).
Currently, there is no officially recognized IR drying method for
moisture content determination. However, because of the speed of
analysis, IR drying is widely used in the industry.

14.1.2.1.2 Thermogravimetric Analysis
Thermogravimetric analysis (TGA) is a quantitative measurement
technique that measures the change in sample mass while heated.
Although TGA method resembles the automatic determination of
the water (and ash content), it also provides other analytical possibilities such as determination of the material composition and its
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thermal or oxidative stability. TGA instruments are designed to
contain a sensitive analytical thermobalance, built-in within the
heating chamber (furnace), which enables continuous registering
of the changes in the sample mass during a predetermined heating program. Modern TGA thermobalances may be sensitive to a
change in mass up to 100 ng (Meyer III 2001).
Depending on their construction, the TGA instruments can
be classified as vertical and horizontal balance. In vertical balance TGA instruments, a specimen pan is hung on the balance
or located above the balance on a sample stem. Horizontal balance instruments commonly have two pans (sample and reference) enabling differential thermogravimetric analysis (DTGA)
and differential scanning calorimetry (DSC) measurements. The
continuous changes in temperature during heating are registered
by means of the thermocouple located close to the sample. The
measurements could be performed in air or in helium or argon
atmosphere, as well as in a lean oxygen atmosphere (1%–5% O2
in N2 or He) to slow down oxidation.
Determination procedure is simplified compared to the conventional methods and comprises the loading of the prescribed
amount of sample into TGA crucibles and setting the heating
program, which implies the setting of temperature, ramp rate,
gas flow rate, and gas pressure. During the analysis, moisture
continuously evaporates from the sample until the constant
weight is reached. Besides the numeric values for moisture and
ash content, results are presented in the form of a thermogravimetric curve in which the sample mass is plotted as a function of
temperature (Mayoral et al. 2001).
The reported applications of TGA and DTGA method so far have
been referred to coffee, milk powders, starches, ﬂours, oil seeds,
spices, and honey (Tomassetti et al. 1989; Felsner et al. 2004).
Apart from numerous advantages it offers related to a shorter
analysis time, smaller sample sizes (typically tens of milligrams),
easy handling, and no sample pretreatment, it enables inspection
of the behavior of water within an investigated system, and the
possibility to quantify chemically bonded water apart from total
moisture content (Fessas and Schiraldi 2005). Moreover, it offers
determination of water and ash content in one run. Most modern
TGA instruments are equipped with an auto sampler that provides automatic sample introduction enabling better reproducibility and time optimization. Modern TGA instruments could
be combined with other analytical instruments enabling simultaneous analysis of multiple parameters (e.g., differential thermal
analyses [DTA], Fourier transform infrared [FTIR], and NMR).
Water content as measured by TGA has been found to be comparable with other methods for moisture determination (e.g., KFT,
air, and vacuum drying).
Special care must be taken to avoid thermal decomposition of
the sample, which would lead to unreliable results.

14.1.2.1.3 Distillation Methods
Distillation is almost an old method as drying. This method is
based on the simultaneous distillation of water from a sample
with an immiscible solvent and measurement of released water
volume. Moisture content of the sample, expressed as percent, is
calculated using Equation 14.3.
%moisture =

water volume
⋅100
weight of wet sample

(14.3)
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Two distillation procedures may be used for moisture determination: direct and reflux distillation, with different solvents.
Liquids with a higher boiling point than water (e.g., mineral oil),
or liquids with a boiling point slightly above that of water (e.g.,
toluene, xylene, and benzene) can be used as solvents.
Direct distillation technique with an immiscible solvent with
a higher boiling point than water comprises heating the sample
with liquid with a flash point much above the water. Consequently,
water is distilled, condensed, and collected in glass-graduated
tubes to be measured. The second type of direct distillation
methods involves the heating of a sample with a solvent that is
immiscible with water. Solvent and water are codistilled, collected in a moisture trap, and measured after phase separation.
Reflux distillation method implies the utilization of a reflux system, which allows recycling of the solvent used. This technique
is more commonly used in moisture determination than the direct
one. Reflux distillation procedures can be carried out using either
a solvent of lower specific gravity than water (toluene, xylene, and
benzene) or that of a higher specific gravity than water (tetrachlorethylene, trichlorethylene, and carbontetrachloride). The main
modification of the apparatus lies in the position of the collecting
tube against the boiling flask. The use of a solvent more dense
than water prevents burning the sample since it floats on the liquid
surface. Reflux distillation with toluene is the most widely used
method. However, toluene is one of the most hazardous solvents.
Nowadays, academic research in the area of “green chemistry”
is focused on finding biosolvents to reduce petroleum solventrelated environmental damage. Recent research has demonstrated
that d-limonene and alpha-pinene can be used as distillation solvents instead of hazardous toluene for moisture determination in
the food product (Veillet et al. 2010; Bertouche et al. 2012).
Reflux distillation is based on the azeotropic properties of
solvent mixtures. Water and an immiscible solvent is codistilled
during heating at a constant ratio and often at a temperature
lower than the boiling point of components, and hence, decomposition of the food during heating is reduced (Park and Bell
2004; Park 2009).
Distillation method is particularly suitable for samples with
low moisture content and for products containing volatile compounds such as herbs and spices. This method is unsuitable for
products containing water-soluble compounds (e.g., ethanol, acetone, and glycerol), because they are distilled with water which
may result in obtaining higher values.
Main sources of errors in distillation moisture determination
are incomplete recovery of water as a result of the formation of
emulsion, relatively low precision of the receiving device, and
adherence of the moisture droplets to the glass. Distillation correction factor should be defined by standardizing the apparatus
with a known amount of water and measuring the recovered
amount of water to achieve the higher precision.

14.1.2.1.4 Chemical Methods
Chemical methods for moisture determination are based on a
chemical reaction between water and certain reagents. Unlike
drying methods, these methods are selective and thus applicable only for water determination, assuming that no side reactions occur. Two types of chemical methods are commonly
used: KFT and gas production methods, where water content
is determined on the basis of titrant volume and the quantity
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of gas generated in relevant chemical reactions, respectively.
Since the chemical methods do not involve heating, they are
particularly suitable for foods containing thermally labile or
volatile substances. The most important chemical method for
the determination of moisture content of food products is KFT
method.
14.1.2.1.4.1 KFT Method KFT provides the widest scope of
application in relation to other existing methods for moisture
determination. It is a recognized method for water content determination of a whole range of samples, including chemicals, oil,
food, and pharmaceutical products. This rapid, selective, accurate, and very sensitive method allows determination of water
present in small amounts.
The basic chemical reaction that underlies this method is reduction of iodine by sulfur dioxide (SO2) in the presence of water:
2H 2O + SO2 + J 2 ↔ H 2SO 4 + 2HJ

(14.4)

KF discovered that the above reaction could be used for the
determination of water in a nonaqueous system containing an
excess of SO2. Originally, methanol (primary alcohol) was used
as the solvent of iodine and SO2, and a pyridine (base) as the
buffering agent to shift the equilibrium to the right. Nowadays,
the use of toxic pyridine has been replaced by other nontoxic buffer substitutes such as imidazole or certain amines, along with
the use of solvents other than methanol.
Despite the widespread applications of KFT method for
decades, the actual reaction mechanism is still not completely
clarified (Grünke 2001). Generally, the mechanism of KFT can
be described by the following two-step reaction:
ROH + SO2 + B → BH + + ROSO2−

(14.5)

BH + + ROSO2− + I 2 + H 2O + 2B → 3BH + + ROSO3− + 2I −
(14.6)
In the first step, an alcohol (ROH) reacts with SO2 and base
(B) to form an intermediate alkyl sulfite. In the second stage,
alkyl sulfite is oxidized by iodine to give alkyl sulfate in a reaction requiring water. The base, as in the previous step, provides
quantitative reaction. As iodine reacts stoichiometrically with
water, the consumption of iodine is measured, bearing in mind
that stoichiometry (molar ratio of H2O:I2) depends on the type of
solvent employed. An alteration in the stoichiometry is not to be
expected if the titer determination and water determination are
carried out in the same titration medium.
Determination of water content by KFT may be performed
either by volumetric or coulometric methods.
Volumetric KFT method: In the volumetric method, Karl–
Fischer reagent (KFR) containing iodine is dosed into the titration cell until the first trace of excess iodine is present, while
the volume required is recorded. The water KFR equivalent
(the equivalent amount of water that reacts with 1 mL of KFR)
is determined by titrating standards with known water content.
Finally, water content is calculated on the basis of the volume of
titrant consumed, the water KFR equivalent, and the sample size.
Volumetric KFT method is suitable for samples with medium-tolarge moisture content (100 ppm–100%).

Two main types of volumetric KFT reagent systems can be
distinguished: one- and two-component reagent. One-component
KFT reagent contains all the chemicals required for the KF
reaction: iodine, SO2, and base, dissolved in a suitable alcohol.
Methanol is typically used as a working medium in the titration
cell. One-component volumetric reagents are easier to handle and
have a more favorable price compared to two-component ones, but
its titer is less stable and titration speed is slower. In two-component volumetric KFT reagent, the reactants are separated in two
solutions. The titrant contains iodine dissolved in an alcohol (commonly methanol), while the solution of SO2 and base in a suitable
alcohol is used as a working medium in a titration cell. The main
advantages of two-component KFT reagent are longer-term stability and high titration speed, whereas it has lower solvent capacity
and higher cost compared to the one-component one. The endpoint indication in volumetric KFT methods can be determined by
visual observation of color or by electrochemical methods, which
increase the sensitivity and accuracy.
Coulometric KFT method: In the coulometric method, the
iodine is generated electrochemically in the titration cell during the titration by anodic oxidation of iodide and consumed
for water titration. The water content in a sample is determined
on the basis of the amount of current needed to generate iodine
and reach the end point according to Faraday’s law. Owing to
this procedure, coulometric titration is considered an absolute
method and water equivalent is not required. For the end-point
detection within this technique, only the electrochemical methods, either voltammetric or aerometric techniques, are used.
Coulometric KFT technique is very sensitive and is particularly
suitable for samples with very low water contents (~1 ppm–1%).
Automated coulometric and volumetric KFT apparatus are
commercially available. These titrators, equipped with specially
designed titration vessels and microprocessors, enable performing all operations automatically in the sequentially programmed
manner (Kar 2005). Therefore, automated titrators are suitable
for routine analysis providing high accuracy and precision. The
official KFT methods recognized by AOAC are typically performed using an automated equipment.
The main requirement of the KFT methods is that water be
accessible to the reagents (Isengard 2001; Isengard 2006). To
determine the total water present in the sample, it is necessary
to extract water from samples that are insoluble or partially soluble in the working medium. Total water content can be determined by the external extraction of water and titration of an
aliquot of such a solution, the internal extraction in a titration
vessel, the particle size reduction prior to the titration, working at elevated temperatures, the addition of appropriate solvents to the working medium, or the replacement of methanol
by other alcohols to change the polarity (Isengard 2001; Jairam
et al. 2004). Moreover, the dissolution of the sample should be
avoided if the analysis is performed to determine the surface
water solely.
Owing to very high sensitivity of the KFT method, atmospheric moisture is one of the major sources of error. Therefore,
access of external air into the reaction chamber, titrant, and titration vessels should be prevented. The apparatus and titrant must
be sealed against atmospheric moisture, while glassware and
other accessories must be thoroughly dried before use to prevent
the excess of moisture (Reid 2001; Jairam et al. 2004).
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Certain substances present in the food may react with the assay
reagent causing side reactions in which water may be released
or consumed giving the unreliable results. In general, interfering
substances are reducing agents that are oxidized by iodine (ascorbic acid, carbonate, bicarbonates, nitrites, certain phenols, thiols,
thioacetate, thiosulfate, etc.), strong oxidants that are reduced by
iodide (dichromate, peroxides, and chromate), substances that
may react with water, and substances that form water in reaction
with ingredients of the KF reagent (esters, carbonyl compounds,
basic oxides and hydroxides, and strong acid). The suppression of
these interfering reactions is possible by using special commercially available reagents for the KFT, by performing the titrations
at low temperatures, or by employing KF-oven method. With the
KF-oven method, the sample is weighed directly into the sample
vials and heated in an oven at temperatures between 100°C and
300°C. Released moisture is then brought into the reaction cell by
a stream of dry carrier gas and titrated (Hinz 2007).
KFT is a mandatory method in several standards for moisture
content determination due to its high accuracy and high selectivity for water.

14.1.2.2 Indirect Methods for Moisture Content
Determination
14.1.2.2.1 Refractometry
Refractometry is based on the refracting of light beam as it
passes from one to another medium of different optical densities.
The method involves the determination of the refractive index
(RI), defined as the ratio of the sine of an angle of incident light
beam to the sine of an angle of refracted light beam. RI depends
on concentration, temperature, and wavelength of the light. The
standard RI value is measured at 20°C using monochromatic
sodium light (at ~589 nm) obtained by Amici prisms embedded
in a refractometer (Bradley 2010). By maintaining the temperature and wavelength of a light constant, the quantitative determinations of solids content are enabled, where the value of the RI
indicates the concentration of the compound of interest. Since
all chemical compounds have a characteristic RI, the qualitative
identification of an unknown compound is also enabled by comparison of the obtained RI with literature RI data.
Although refractometers could vary in design, accuracy,
and quantity of the sample to be tested, they work on the same
principle: the measurement of the critical angle. Two types of
refractometer are commonly used for the determination of RI:
bench-top and hand-held instruments. Owing to the possibility of temperature control, bench-top instruments are characterized with better accuracy in comparison to hand-held ones.
Abbe refractometer is a common solution for laboratory use,
while hand-held instruments are most suitable for rapid testing
at the processing line.
Refractometry is commonly used as a rapid method for determination of moisture content (or total solids) of liquid sugar products and condensed milk, as well as the soluble solids content of
fruits and fruit products. Owing to their application in determining solid contents of carbohydrate-based foods, refractometers
are calibrated in Brix (g of sucrose/100 g of sample). Although
being a nondestructive method requiring a small amount of sample, there are certain precautions that end users must be aware of
to maintain the reliability of refractometric measurements: the
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presence of dust or other debris might lead to scratches and inaccuracy; so, special attention must be given to the maintenance of
the prism surface.

14.1.2.2.2 Dielectric Method
Dielectric properties of water have been utilized for development
of the dielectric method for determination of the moisture content of foodstuffs. The method is based on the measurement of
the change in electrical capacitance or resistance to electricity
passing through the sample (Bradley 2010). The moisture content
is obtained from a calibration curve calculated on the basis of
known moisture content of samples, determined by conventional
measurements.
The measuring unit of the instrument is an electric capacitor
consisting of two parallel electrodes separated by an air gap.
When there is a voltage between the electrodes, a static electric
field develops across the air gap, causing a small current between
them (Ia). However, by placing the testing material between the
electrodes, the current between the electrodes increases to a new
value (Ik). Hence, the capacitance of a capacitor depends on
the nature of the material located between the electrodes. The
permittivity of a dielectric material is defined relative to that of
air, which has a relative permittivity of 1. Therefore, the relative permittivity of the testing material is defined by its dielectric
constant, defined as the ratio of the amount of electrical energy
stored in a material by an applied voltage, relative to that of air.
Food is composed of ingredients that are electrical dielectrics
and do not conduct electricity. However, water and foodstuffs
with high water contents are characterized by a high dielectric
constant due to dipolar rotation, a phenomenon that occurs when
the water molecules tend to orient in the direction of the electric
field. Typical values of K for most common insulating materials
are in the range 1–10, with the exception of water having a dielectric constant around 80 (Byars 2008).
The prerequisite for the use of these instruments is the development of calibration against samples of known moisture content
determined by standard methods. Thus, the parameters such as
capacitance, conductance, or their ratio may be used to determine
the moisture contents of unknown samples of the same matrix.
To ensure reliable and repeatable measurements by dielectric
methods, users must be aware that the measurement is largely
dependent on sample size, sample density, and sample temperature. Although the method is applicable for a wide range of
materials in solid or particle form, a limitation on the use of the
method has been estimated to be up to 30%–35% of moisture
content.
The first application of this method was related to the determination of water content in cereals, but over the years, the concept of permittivity measurement has been extended so that it is
currently applicable to different agricultural, food, and biological materials. This technique is particularly suitable for process
control, where continuous measurement is required. The AOAC
methods applicable for dried fruits utilize electrical conductivity
(Reid 2001).

14.1.2.2.3 Near-Infrared Spectroscopy
The application of near-infrared spectroscopy (NIRS) spectroscopic technique for determination of moisture content is
based on the fact that sample exposure to NIR electromagnetic
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radiation (800–2500 nm) leads to excitation of chemical bonds
involving hydrogen, which can be used for their quantification.
However, due to very complex composition of food samples, different hydrogen bonds present in organic compounds (CH, NH,
OH, and SH) simultaneously absorb NIR radiation, while changing their energy. Therefore, the NIR spectra is very complex
and consists of very broad and overlapped molecular overtone
and combination bands that cannot be attributed to a particular chemical compound and as such cannot be directly used to
quantify the water content of a sample being analyzed. To derive
the relevant information from NIR spectra and quantify the
compound of interest, modern chemometrics techniques must be
applied. Chemometrics involves the utilization of applied mathematics, multivariate statistics, and computational techniques
to develop a calibration model that will enable quantification of
the compound of interest and a certain practical application of
NIRS (Lin and Ying 2009; Agelet and Hurburgh 2010). Widely
accepted multivariate techniques for quantitative calibration
model development that have proved to be reliable for most of
NIR applications are multiple linear regression (MLR), principal
component regression (PCR), and partial least squares regression (PLS). Their application is based on the assumption that the
compound (or property of interest) and absorbance are linearly
dependent (Agelet and Hurburgh 2010). However, the existence
of nonlinearity between sample spectra and reference values
requires nonlinear calibration techniques such as artificial neural network (ANN) and support vector machine (SVM) (Wang
and Paliwal 2007; Agelet and Hurburgh 2010). The introduction of global ANN calibration models and their commercial
availability considerably facilitated the utilization of the NIRS
method. They contain a large database covering a broad range of
samples of different geographical origin and production years,
which makes them extremely robust and capable of analyzing
from 90% to 95% of all samples of a product of interest (Shenk
et al. 2008).
The market currently offers a wide range of instruments
of diverse performances, from small portable instruments to
complex sophisticated laboratory instruments. Therefore, the
choice of a suitable instrument is a crucial issue for the end
user. One of the most important things that need to be considered is availability of precalibration as well as its type, due to
fact that the development of reliable calibrations considerably
increases the initial costs of equipment (Agelet and Hurburgh
2010).
To choose a suitable instrument, several important issues must
be carefully considered, such as physical and chemical properties of the samples to be tested, intended applications (routine
analysis or research), environmental conditions in which the
instrument will be used (laboratory or industrial conditions),
and required accuracy (i.e., screening or demanding quality purposes). The availability of technical support, maintenance service, and training provided by the supplier cannot be neglected
when selecting a suitable instrument. Moreover, it must be noted
that modern NIRS systems are often accompanied by different
commercially available software packages for data acquisition
and handling, which largely determine the level of instrument
user friendliness. Currently, the end users must deal with a wide
range of data files and calibration formats requiring very specific
knowledge on data handling. In this regard, the access, import,

Handbook of Food Analysis
and export of data and conversion of files are often difficult due
to nonstandardized procedures in use.
The selection of the appropriate acquiring spectral mode
depends on the sample type and the constituent and/or property
being analyzed, whereby the available modes are transmittance,
reflectance, interactance, and/or transflectance.
Another issue the end users of the NIRS method must be
aware of is that the NIRS method is an indirect method, indicating a necessity for periodical assessments of the performance of
the NIRS method. Therefore, the validation process should be as
comprehensive as possible to demonstrate all the necessary characteristics of the NIRS method for its fitness for purpose, where
accuracy is the characteristic of most concern (Pojić 2006). The
accuracy of the NIRS models is commonly described by the
coefficient of determination (R2), standard error of calibration
(SEC), standard error of cross validation (SECV), and/or standard error of prediction (SEP). Moreover, as being an indirect
method, standard error of reference laboratory method (SEL)
has a great importance for interpretation of predictive ability of
developed NIRS models, by expressing the ratio of SECV versus
SEL and/or SEP versus SEL (Hruschka 2001).
NIRS has been extensively used in a wide range of analytical
applications. However, the measurement of moisture is one of
the earliest NIRS applications. Water has NIR absorption bands
at 960, 1150, 1405, and 1905–2000 nm region for the uncharged
hydroxyl group, –O–H (Baianu and You 2009). It was found
that a wavelength of 1940 nm was superior for moisture content prediction due to an almost complete absence of interference from other food ingredients (Reh et al. 2004). Nagarajan
et al. (2006) confirmed the superiority of NIR spectral region
of 1900–1950 nm for prediction of the moisture content of milk
powder. The NIR spectra of fruit and vegetables are dominated
by the water spectrum with overtone bands of the OH-bonds
at 760, 970, and 1450 nm and a combination band at 1940 nm
(Nicolaï et al. 2007). Because of this dominance of water in the
spectrum of fruit and vegetables, minor constituents might be
poorly measured.
The use of the NIRS method is simple and does not require
qualified personnel. The execution of the test implies placing
the sample in the sample cup, pushing the button, and waiting
for results to appear on the screen. However, the major constraint to its smooth practical implementation is the existence of
an appropriate calibration model, developed to relate the compound (or property) of interest to the sample’s spectral data. The
NIRS method is characterized by the same or better precision
(repeatability and reproducibility) in comparison with that of the
standard methods due to the numerous sources of uncertainties
associated with the reference method procedure measurement
(Frankhuizen 2008).

14.1.2.2.4 NIR Hyperspectral Imaging
NIR hyperspectral imaging has been introduced for the simultaneous identification, quantification, and localization of chemical
constituents of interest. In this respect, the hyperspectral imaging
system (HSI) generates a three-dimensional image—hypercube
enabling both qualitative and quantitative analysis: visualization
of constituents’ distribution within the sample and spectral data
obtained for each pixel of the examined sample to be exploited
for quantitative analysis. The extraction of meaningful results is
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only possible with the application of multivariate analysis associated with visualization tools. The multivariate regression techniques used to relate the spectral data of tested samples with the
concentrations of interest in the NIR hyperspectral imaging are
PCR, partial least squares regression (PLSR), and multilinear
regression (MLR) (ElMasry and Sun 2010; Kamruzzaman et al.
2012).
ElMasry et al. (2007) demonstrated the application of
hyperspectral imaging for nondestructive determination of
water content of strawberries by MLR and PLSR models
developed for the spectral range 400–1000 nm. The optimal
wavelengths for moisture content prediction were found to be
480, 528, 608, 685, 753, 817, 480, 528, 608, 685, 753, 817, 939,
and 977 nm, corresponding to the major absorbance bands of
water at 760 and 970 nm. The possibility to develop models
for prediction of water content in mushrooms was reported by
Taghizadeh et al. (2009), while recently reported application
of NIR hyperspectral imaging for moisture prediction has been
mostly referred to meat and meat products due to the fact that
water, as the major component of meat, dominates its spectral
features (Kamruzzaman et al. 2011). Wavelengths of 970 and
1440 nm were identified as relevant for the water prediction
by many authors, and are commonly used for spatial visualization of water within the sample being examined (ElMasry
et al. 2011, 2013; Kamruzzaman et al. 2011, 2012; Barbin et al.
2013; Iqbal et al. 2013).
The limitations of the hyperspectral imaging are the high
purchase cost of HSI, few commercial suppliers available, and
relatively long time required for hypercube image acquisition,
processing, and classification. The acquisition time usually
takes from 2 to 4 min depending on target size and image
resolution, while processing and classification time highly
depend on computer hardware and software capabilities. The
main advantage of HSI is that it enables accurate, rapid, and
nondestructive characterization of complex heterogeneous
samples. Moreover, the spectral feature allows the identification of a wide range of multiconstituent surface and subsurface features (Gowen et al. 2007).

14.1.2.2.5 Low-Field NMR Spectroscopy
The application of low-field NMR spectroscopy began in the
1970s, when the first bench-top NMR systems became available. The measurement of water content by low-resolution
NMR is based on the measurement of changes in NMR signal,
which is proportional to the number of hydrogen atoms present
in the sample. Hydrogen nuclei in the magnetic field oscillate
with the frequency proportional to the strength of the field. By
using a short and strong radio-frequency pulse, an NMR signal
is induced. However, a termination of the radio-frequency pulse
induces relaxation—return of nuclei to the initial state registered
as a decay of an NMR signal, where the rate of NMR signal decay
depends on the matrix in which the hydrogen atoms are embedded. In solid samples, the oscillations of hydrogen nuclei are suppressed exhibiting a short relaxation time, whereas the opposite
phenomenon is observed for liquid samples. In this regard, on the
basis of different relaxation times, the distinction between solids,
oil, and water is enabled, which represents a basis for the measurement of the content of these. By application of NMR technique, free water is easily determined, in contrast to bound water.
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However, the application of this technique is limited to moisture
content of 20% due to long relaxation times of hydrogen nuclei in
free water (Isengard 2001).
Several applications were developed during the following
years, but they were limited to the determination of water and
fat content and measurement of the solid fat index. Surprisingly,
the number of applications did not increase much during the following 20 years. In 1992, the first International Conference on
Applications of Magnetic Resonance in Food Science was organized and since then, with the improvements in bench-top NMR
characteristics, new applications have been put forward. One of
the most well known is droplet size measurement based on diffusion coefficient measurements. The use of NMR relaxation times
was suggested, not only for determining water and fat content but
also for investigating food structure.

14.2 Determination of Ash
14.2.1 Introduction
Ash in food products refers to the total mineral content, which
represents an inorganic residue remaining after incineration or
complete oxidation of organic matter. For a long time, the primary purpose of ash determination has been to detect adulteration of various food products (Reilly 2002). Ash determination
is part of the proximate foodstuff analysis for nutritional evaluation, and is the first step in the preparation of food sample for
the analysis of individual elements (Nielsen 2006). Ash is considered as a measure of quality and microbiological stability of
foodstuffs, where high mineral contents are sometimes used to
retard the growth of certain microorganisms. The quality of
many foods in terms of taste, appearance, texture, and stability
depends on the concentration and type of minerals they contain.
Ash content is important in monitoring the technological processing of foods during which time, it may change affecting certain physicochemical properties of foods. The quality of certain
food products, in terms of their purity and degree of refining, is
estimated on the basis of the total ash content, as well. The ash
content of various foods may vary over a wide range. Ash contents of fresh foods rarely exceed 5%, whereas some processed
foods may contain over 12% of ash.
The ash of foodstuffs contains the highest amount of potassium, sodium, calcium, magnesium, and iron existing as oxides,
carbonates, sulfates, phosphates, silicates, and chlorides. The
traces of other elements (Al, Ag, Ba, Co, Cu, Zn, Mn, Ni, Sb, Se,
Sn, etc.) may also be found. However, heavy metals (Pb, Cd, Hg,
and As) may be present in ash indicating contamination of food.

14.2.2 Methods for Determination of Ash Content
Ash content of foodstuffs is commonly determined either by dry
or wet-ashing methods, where dry ashing is considered as the
most conventional methodology (Marshall 2010; Pomeranz and
Meloan 2000). However, wet ashing is a convenient methodology for fat-rich samples and/or as a preparation step for specific
elemental analysis. To enable faster and simpler performance,
both dry and wet-ashing methods have undergone certain modifications. In this regard, dry and wet-ashing methods can be
accelerated using microwaves as a heating source (Park and
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Bell 2004; Marshall 2010). With microwave-ashing techniques,
ashing time can be reduced over 90%, resulting in higher laboratory throughput rate and more efficient use of operator time.
Plasma ashing as a low-temperature dry ashing is suitable when
volatile elemental analysis is conducted on ash. Beside listed
direct methods for ash determination, indirect techniques are
also available to determine the total mineral content of foods
such as conductometric and/or NIRS methods (Pomeranz and
Meloan 2000).
The selection of appropriate ashing methodology depends on
the purpose of analysis, the type of the tested sample, and type
of elements to be analyzed (Park and Bell 2004) (Figure 14.3).
The ultimate choice of decomposition method is also influenced by the sample nature, its available amount, and the analysis time. It is essential to thoroughly follow the prescribed
instructions, and to record all pertinent factors, such as time,
temperature, and method of ashing. Sources of error for the ash
determination methods include the use of an unrepresentative
sample, sample losses in a predrying step, contamination with
minerals, volatilization of the elements, and incomplete combustion of organic matter (Nielsen 2006).
Since ash composition may vary depending on the nature of
the food and the method of incineration, a basic knowledge of
the principles of sampling and sample preparation methods, the
characteristics of various ashing procedures, and types of equipment are essential to ensure reliable results.

14.2.2.1 Dry Ashing
Dry ashing is the first method of choice when ash content determination is in question. Dry-ashing procedure comprises placing the sample in a crucible and heating in a muffle furnace
at 500–900°C until the occurrence of light gray or white ash
(Li-Chan 2006; Nielsen 2006). During the ashing process,
water and volatiles are vaporized and organic substances are
incinerated in the presence of oxygen to carbon dioxide and
nitrogen oxides. The original form of minerals changes to
oxides, sulfates, phosphates, chlorides, and silicates. The maximum ashing temperature is determined by the sample matrix
and the volatility of the elements to be analyzed provided that
subsequent analysis is required. Generally, the temperature
should be as low as possible to reduce the loss of volatile compounds, but at the same time high enough to ensure complete
sample combustion. The muffle furnace temperature has to be
raised gradually to avoid burning. The duration of complete
sample combustion depends on the sample size, the chemical
and physical form of the sample before and after ashing, and
the maximum ashing temperature.
Dry ashing is not extensively used as a preparation technique
for determination of some trace elements due to volatilization
losses. Volatility strongly depends on the matrix and on the form
of the metal present; so, metals that are well recovered at a certain
temperature in one type of sample may be subjected to volatilization losses in other matrices (Kebbekus 2003). Elements that
can be lost by volatilization include As, B, Cd, Cr, Cu, Fe, Pb,
Hg, Ni, P, V, and Zn. For samples with high content of organic
matter being analyzed for nonvolatile metals, the organic matter
removal by dry ashing is a relatively simple and undemanding
task (Kebbekus 2003).
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The dry-ashing process, due to extreme heat conditions, is
performed with a controlled electric muffle furnace, specially
designed to provide control of the temperature and air flow during
the ashing process. The crucibles used for dry ashing are made
of porcelain, quartz, Pyrex glass, steel, or platinum. Selection of
an appropriate crucible depends on the sample being analyzed
and the furnace temperature used. Platinum crucibles should be
preferred for ash determination owing to their inertness, but they
are far expensive for routine analysis. Porcelain crucibles are
the most widely used due to good weight stability, relatively low
price, and high temperature resistance (up to 1200°C).
AOAC International provides detailed dry-ashing procedures
for certain individual foodstuffs (AOAC 2007) (Figure 14.3).
Typical dry-ashing procedure comprises sample holding at 450–
900°C during the specified time (Figure 14.4a). The residue after
incineration is gravimetrically quantified and the ash content
(wet weight basis) is calculated as follows:
%ash(wet basis) =

wt crucibleandash − wt crucible
⋅ 100 (14.7)
originalsample wt

When moisture content is known, ash content on a dry basis is
calculated as follows:
%ash(dry basis) =

%ash(wet basis)
⋅ 100
100 − %moisture

(14.8)

The obtained ash is fluffy, lightweight, and can be easily
blown away; so, special attention should be paid during weighing. Moreover, due to the hydroscopic nature of ash, obtaining
reliable results requires rapid weighing.
Certain modifications of dry-ashing procedure have been proposed to prevent the overall losses of minerals, to improve the
retention of crucial components, and to accelerate the dry-ashing
process. In the case when black carbon residues remain after ashing due to incomplete combustion, resuspension in water or nitric
acid and subsequent reashing is required (AOAC 900.02).
Adverse effects such as spattering, splashing, and smoking may
occur during ashing. To prevent them, liquid samples should be
predried, mixed with ashless cotton wool (e.g., jellies), and/or
mixed with ashless olive oil (e.g., carbohydrate-rich samples)
(Pomeranz and Meloan 2000). The addition of glycerol, alcohols, and hydrogen peroxide can accelerate the dry ashing.
Appropriate blank determination is necessary, if modification of
dry ashing is performed.
Dry ashing is considered a safe method requiring small amount
of samples and no use of chemicals, allowing the handling of a
large number of crucibles simultaneously. Although the overall
procedure is time consuming, the actual time required for laboratory personnel engagement is minimal.

14.2.2.2 Wet Ashing
Wet ashing, also known as wet oxidation or wet digestion, is a
procedure for oxidizing organic substances by using inorganic
acids and oxidizing agents or their combinations. Commonly
used reagents in wet ashing are concentrated nitric, sulfuric,
and perchloric acid, or, in certain cases, hydrofluoric, phosphoric, and hydrochloride acid. Although the use of a single acid
is desirable, it often does not provide the complete digestion of
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(a)

(b)
Borosilicate or Kjeldahl flask preparation
(cleaning, drying, and weighting)

Crucible preparation
(cleaning, ashing at ca. 600°C
for 1 h, and weighting)

Sample weighting
(2 g dry or 5–10 g wet sample)

Sample weighting
(2–10 g sample)
Liquid sample
evaporation to
dryness

Liquid sample
drying

Ashing aids (ashless olive oil, cotton wool,
glycerol, and hydrogen peroxide)
Muffle furnace
(set at 450–900°C for 3–18 h)

Acids mixture addition

Reashing
Heating, additional portion of acids

Cooling of crucible at room
temperature in a desiccator

Evaporation
Crucible weighting

Figure 14.4 The sequences of operations for dry (a) and wet (b) ashing procedure.

the sample (Pomeranz and Meloan 2000; Park and Bell 2004).
Therefore, the use of acid mixtures enables a more complete
decomposition of organic compounds. Numerous wet oxidation
methods have been proposed for food samples, where the most
commonly used include digestion with sulfuric and nitric acids
(Marshall 2010) as well as with perchloric and nitric acids (Park
and Bell 2004). The nitric–perchloric acid mixture is generally
more efficient and enables faster oxidation of organic matter
than nitric–sulfuric acids mixture does (Marshall 2010). Nitric
acid is an oxidizing agent, while sulfuric acid does not possess powerful oxidizing properties, but rather dehydrating ones
(Švarc-Gajić 2012). The presence of sulfuric acid in the mixtures with other oxidizing agents increases the boiling point (b.p.
H2SO4 = 330°C), thus enhancing the action of other oxidants.
Perchloric acid has a very strong oxidizing power and its addition to nitric acid drastically increases the speed of digestion,
noting that it is explosive. It should never been used alone, and
even in mixtures, extreme caution must be taken. The procedure

that involves using perchloric acid must be carried out in a fume
hood designed for the perchloric acid use.
Wet ashing is preferable than dry ashing as a preparation step
for specific elemental analysis. Wet-ashing procedure requires
lower digestion temperatures than that of dry ashing due to limitations caused by the boiling point of the corresponding acid (or
acids mixture) applied. Lower temperatures reduce the potential losses by the volatilization of some elements. Owing to the
application of strong oxidative agents, wet ashing takes a shorter
analysis time. However, acids that are applied are corrosive, especially when hot and concentrated, and should be handled with
caution to prevent injury and accidents. Owing to the increased
precautions, the number of samples that can be simultaneously
analyzed is limited. The potential exposure of the analyst to corrosive fumes is also one of the method’s drawbacks. The used
reagents may be a source of unreliable results, especially when
high volumes are used. Consequently, reagent blanks should be
carried out along with sample digestion throughout the entire
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procedure. The disadvantage of the method is also that it is only
suitable for small sample sizes. However, in the case of determination of total ash content, dry-ashing method is preferable. The
scheme of wet-ashing procedure is given in Figure 14.4b.

ashing, which makes this method suitable for testing the samples
with high content of volatile compounds. Consequently, with
low-temperature plasma ashing, the loss of volatile minerals is
far lower than with other ashing methods.

14.2.3 Microwave Ashing

14.2.5 Near-Infrared Spectroscopy

Microwaves as a heating source are increasingly used to replace
traditional heating for both dry and wet-ashing procedures.
Microwave muffle furnace and wet digesters are commonly
programmable and can first dehydrate and then ash the sample,
simplifying the whole procedure. In comparison to traditional
ashing techniques, microwave-ashing methods significantly
reduce the time of analysis, resulting in lower energy consumption and ultimately lower operational costs.
For dry ashing, microwave furnaces specially adapted to
attain elevated temperatures are available. The microwave units
are equipped with an ashing block (e.g., a ceramic insert), which
absorbs microwave energy and quickly heats to high temperatures. This, in combination with the microwave energy absorbed
directly by the sample, enables rapid dry ashing of most materials. The units are designed for increased air flow, which additionally accelerates the combustion of samples. The major
disadvantage is that it is not possible to simultaneously analyze
as many samples as in a muffle furnace.
Microwave wet digestions may be performed either in closeor open-vessel microwave system. The choice of the system
depends on the amount of the sample to be analyzed and the
temperature required for digestion. Each of these systems offers
specific advantages. Closed systems are more appropriate for
smaller sample sizes. In a closed-vessel system, losses due to volatilization are minimized and external contamination is considerably reduced due to a smaller acid volume usage. Most of the
food samples can be decomposed in 10–30 min. This decrease in
digestion time can be attributed to the higher pressure in closed
vessels and rapid sample–acid mixture heating. For larger samples (up to 10 g) and those that release considerable amounts of
gases when digested, the use of open-vessel digestion systems
are more appropriate. Moreover, it enables shorter sample digestion as well as more reproducible digestion in comparison with a
conventional hot plate (Marshall 2010).

Although inorganic substances do not absorb energy in the
NIR region of electromagnetic spectra, the possibility of NIRS
to predict ash content has been extensively studied (Lu et al.
2006; Mentink et al. 2006; Sørensen 2009; Ferreira et al. 2013).
Sørensen (2009) indicated that NIRS could be a feasible technique for prediction of ash of wheat- and rye-based bread. Since
the successive and reliable applications for different food matrices
have been reported, it has been assumed that ash determination
by NIRS is based on correlation with the total amount of organic
compounds and water present (Armstrong et al. 2006; Dowell
et al. 2006; Mentink et al. 2006; Osborne 2007; Frankhuizen
2008; Pojić et al. 2010). This assumption is supported by the fact
that a large number of wavelengths are used in the calibration
model (Clarke et al. 1987; Garnsworthy et al. 2000; Frankhuizen
2001; Osborne 2007). Another assumption that explains the successful application of NIRS technology for flour ash prediction
is based on high correlation between flour ash and fiber contents.
Therefore, the NIRS models for ash prediction are rather associated with bran cellulose present in the flour, than with the ash
content itself (Osborne 2008). Considering that bran contains a
higher content of oil and protein, ash calibrations often contain
wavelengths characteristic of these compounds.
The application of NIRS technique in the milling industry has
considerably improved the process control, allowing the ash content of flour to be determined in less than a minute (or continuously online). Thus, the loss of time and material has been avoided,
while the control of the purity of flour, consistency of milling process, and the compliance with flour specifications and legal regulations have been facilitated (Miralbés 2004). The NIRS method for
ash prediction is characterized by better precision in comparison
with the standard method due to the numerous sources of uncertainties associated with the reference method for ash measurement
(Miralbés 2003; Pojić et al. 2010). Consequently, the NIRS method
for flour ash prediction has been approved as the standard method
of the American Association of Cereal Chemists and is based on
the Perten Instruments 86 “Ash” Series instruments, based on
patented wavelengths that measure color (AACC 2000; Williams
2007). Nonetheless, the ash calibrations are matrix sensitive and
require frequent recalibration (Osborne 2007; Williams 2007).

14.2.4 Low-Temperature Plasma Ashing
Low-temperature plasma ashing, plasma stripping, or microincineration is an ash measurement technique that is based on the total
removal of organic matter by oxygen plasma and consequently
the concentration of inorganic contaminants in organic materials. Product arising during this process, carbon oxides, and water
vapor, are pumped away by the vacuum system.
The measurement process comprises a sample placement
into a glass chamber that is evacuated using a vacuum pump.
Subsequently, a small amount of oxygen is pumped into the
chamber that is, under the influence of electromagnetic radio-
frequency field, broken down to nascent oxygen (O2 → 2O), which
rapidly oxidizes organic matter. Thereby, due to the influence
of increased temperatures, simultaneous moisture evaporation
occurs. However, the temperatures used with low-temperature
plasma ashing (<150°C) are far lower than that of conventional

14.2.6 Postashing Procedures
To obtain more information from ash values for certain foods,
several postashing procedures have been used including ash soluble and insoluble in water, ash insoluble in acid, and alkalinity
of the ash. Water-soluble ash is a helpful indication of the quality
of certain foods. Lower content of water-soluble ash is an indication that extra fruit is added to fruit products such as preserves
and jellies. Ash insoluble in acid is used to measure surface contamination of fruits and vegetables, wheat, and rice coatings. The
acid-insoluble ash typically represents adhering dirt such as silicates from soil (Park and Bell 2004).
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The alkalinity of the ash is often used as a quality index of fruit
and fruit juices, for detecting food adulteration, and in determining the acid-base balance of food (Joslyn 1970). Alkalinity can
be expressed for total, soluble, and insoluble ash.

14.3 Sampling and Sample Preparation for
Moisture and Ash Determination
The general procedures for moisture and ash determination, as
with other analytical protocols, involve three basic steps: sampling, sample preparation, and analytical measurement, each
of them being a potential source of inherent errors that are not
only cumulative but also irretrievable (Lichon 2001). For most
foods, the sampling is done from a heterogeneous population;
so, it must be carried out very carefully to get representative
samples of the target population. The compensation of errors
generated during sampling is impossible by certain subsequent treatment. Furthermore, changes in the properties of the
sample between sampling and analytical measurement must be
prevented.

14.3.1 Specificities of Sampling for Moisture
Determination
Moisture determination in food requires prevention of any loss or
gain of water by the sample; so, sample exposure to the ambient
environmental influences as well as excessive temperature fluctuations must be minimized (Reid 2001; Park 2009; Marwaha
2010). Consequently, sampling and sample preparation should
be carried out as quickly as possible. Samples should be stored
in a hermetic container with minimal headspace to avoid moisture loss from the sample due to equilibration with the environment. Moisture determination methods generally require a small
amount of sample (1–10 g), depending on the moisture content.
Therefore, sample homogeneity is very critical and special
attention must be dedicated to sample homogenization prior to
subsampling. Homogenization process has two main functions:
reduction of particle size and blending. The various mechanical
devices may be used for homogenization depending on the type
of food samples to be analyzed. The devices with high shearing and impact effects may produce heat and increase the risk of
moisture loss, thus being a source of error in the determination
of moisture content.
Standardized methods for moisture determination provide
detailed instructions concerning the sampling and sample preparation. To ensure that reliable results are obtained, the points that
should be considered are
• The sample must be representative
• The atmospheric moisture is the source of error
• The size of sample to be taken depends on water distribution in food
• All operations must be performed as quickly as possible
• The temperature fluctuation should be minimized
• The samples must be stored in airtight containers
• The sample changes must be prevented
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14.3.2 Specificities of Sampling for Ash
Determination
As in the previous case, special attention should be paid to sample size reduction and homogenization to obtain a representative
sample. Sample preparation procedures for ash determination,
such as cutting, mixing, blending, or chopping, in some cases
may lead to contamination by microelements due to the potential abrasion of the equipment’s surface during homogenization.
The amount of material to be taken is dependent on its nature,
where commonly, the required sample mass for ash determination is 1–10 g. Equipment with food contact surfaces, coated with
plastic or other noncontaminating material, should be used if
available. Potential sources of trace metal contaminants include
glassware and accessories used for sample preparation, as well
as the crucibles used to hold the samples during ashing (Li-Chan
2006). Therefore, special care must be given to their cleaning
and preparation. High-moisture samples are often dried prior to
ashing to prevent spattering during analysis. In some cases, drying on a steam bath to apparent dryness is appropriate. The drying step is of little or no consequence for the subsequent results
of ashing. Fat-rich food products may require prior ether extraction of fat to facilitate the release of moisture and prevention of
spattering. In most cases, mineral loss during fat extraction is
minimal (Marshall 2010).

14.4 Measurement Uncertainty in the
Determination of Moisture and Ash Content
In recent years, a great deal of concern about the expression of
uncertainty in measurements has been demonstrated within the
entire measurement community, partly stimulated by the laboratory accreditation bodies requiring explicit evidences of the quality
of the analytical results being obtained as well as by the growing demands for reliable, high-quality measurement results in all
aspects of modern living (Mullins 2003). Defined as “a parameter
associated with the result of a measurement that characterizes the
dispersion of the values that could reasonably be attributed to the
measurand” it is commonly estimated by two different approaches:
• Bottom-up approach based on an identification, quantification, and combination of all individual sources of measurement uncertainty to express the overall measurement
uncertainty and preferred for well-defined metrological
measurands (Konieczka and Namieśnik 2009)
• Top-down approach based on the data obtained from
interlaboratory studies for expression of the measurement uncertainty, preferred for empirical methods such
as moisture, ash, fat, fiber, and crude protein, where the
result is method dependent

14.4.1 Uncertainty of Moisture Measurement
Methods
The expression of the measurement uncertainty in determining
the moisture content of certain types of food are of great importance, since they are largely used for adding value to a wide range
of commercial products (Vogl and Ostermann 2006).
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Figure 14.5 Cause–effect diagram of measurement uncertainty sources associated with the determination of moisture by drying methods.

To identify all possible sources of uncertainty, they should
be segmented according to the different stages of the procedure, including the measurement equipment, performance, conditions of measurement, and/or the measurement object itself
(Figure 14.5).
Although the theory behind moisture determination by drying is
simple, in practice, many factors must be considered. The amount
of moisture removed during drying is greatly affected by the time
and temperature of drying, relative humidity and air circulation
within the drying chamber, particle size, and sample masses used.
Despite the high selectivity and sensitivity of KFT methods,
to obtain correct results, a special attention should be paid to
the identification of measurement uncertainty sources. In this
regard, the possible sources of uncertainty that must be taken into
account are incomplete extraction of water, atmospheric moisture,
and possible side reaction between the sample and KFT reagent.
By making a comparison of different methods for moisture
content determination, Vogl and Ostermann (2006) found that
the KFT was characterized by lower measurement uncertainty
(U = 0.26%) in relation to the classical oven-drying method
(U = 0.34%) and commercial moisture analyzer (U = 0.34%)
when analyzing rice flour and mushroom powder.
Chen (2008) identified several sources of uncertainty for conductance moisture meters as being applied for rough grain including predicted values of calibration equation, reference source,
temperature variation effect, nonlinearity, and repeatability and
resolution source. However, it was found that the main source
for combined uncertainty aroused from the accuracy of moisture content as well as from the variability caused by the calibration equation. Chen (2008) developed a method for determining
uncertainty calculations for the grain moisture meter that could
be applied to other moisture meters.
ElSayed et al. (2011) reported the comparative examination
of the uncertainty of methods for grain moisture measurements,
where the uncertainty of the oven method was ±0.1%. The estimated uncertainties of the microwave oven were ±0.5%, IR oven
±0.6%, while the measurement uncertainty of electronic meters

was found to be ±0.8% and ±1.2%. The higher measurement
uncertainties were due to the fact that the overall uncertainty was
calculated by combining the individual contributions of the draft
of the moisture meter, its resolution, measurement repeatability,
and uncertainty of the standard method (±0.1%). Tanaka et al.
(2007) evaluated the measurement uncertainty for determination
of moisture in polished rice to be ±0.13%. Moreover, they identified the major sources of uncertainty, where the grinding samples
before measurement appeared to have the major contribution.
However, the contribution of mass measurements to the overall uncertainty was sufficiently small, and consequently did not
affect the overall uncertainty. When determining the measurement uncertainty, different aspects of uncertainty must be equally
taken into account—analytical uncertainty and sampling uncertainty—especially due to the fact that it was shown that sampling
uncertainty is often larger than its analytical counterpart (Lyn
et al. 2002, 2003; Jarvis et al. 2012). Jarvis et al. (2007) previously showed that the estimated sampling uncertainty contributed
two-thirds to the total measurement uncertainty implying that
sampling uncertainty is likely to exceed analytical uncertainty.
In this regard, ignoring the impact of sampling uncertainty could
lead to underestimation of the overall uncertainty, which could
be reflected in an inadequate assessment of compliance of food
materials with legislative and commercial criteria.
It must be noted that the comprehensive overview of the estimated values for measurement uncertainties could not be found
in the relevant literature. However, a wide range of guidelines are
available, which have been developed to help chemists to estimate uncertainties in their measurements.

14.5 Future Trends in Moisture and Ash
Determination
A wide variety of methods for determination of moisture and
ash content are available, where their selection is dependent on
a number of factors (Tables 14.1 and 14.2). However, modern
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trends of the so-called green analytical chemistry have imposed
the need for the development of the alternative methods of
analysis comprising the direct determination of sample composition that implies any chemical and physical sample pre treatment. In this respect, the noninvasive methods based on remote
sensing, portable instrumentation, and chemical imaging have
become indispensable tools in the future of analytical chemistry (Garrigues and De la Guardia 2013). Another direction of
method development implies the development of combined analytical techniques, which apart from water content provide other
relevant analytical data.
The combination of TGA with mass spectrometry, FTIR,
and/or NMR instruments enables quantitative determination of
the sample mass change when it is heated, as well as qualitative
characterization of the decomposition products (Retief 2011).
Hence, identification of the separated gases ultimately helps
to distinguish water loss and loss of volatiles (e.g., flavors and
fragrances) (Thomas and Schmidt 2010). Another combined
analytical technique includes the combination of microwave
drying with NMR for a direct, fast, and accurate measurement
of moisture and fat in food products. In this sense, the moisture
content of a sample is determined by microwave drying, while
the dried sample is used for subsequent analysis of fat content by NMR (Kamruzzaman et al. 2012). To exploit the high
potential of HSI, they need to be further upgraded in terms of
system components developments—improved cameras, faster
hardware, and more accurate and efficient calibration models.
Moreover, lower purchase costs and improvements in analysis
speed, will contribute to a more widespread utilization of this
emerging technology for food industry applications (Gowen
et al. 2007).
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Table 15.2

15.1 Introduction
Proteins have many functions in the organism and constitute a key
compound for the survival of animals and humans. Proteins are
naturally constituted by 20 “standard” amino acids, which act as
basic components of the polymeric structure (listed in Tables 15.1
and 15.2), although they also contain other derived from these.
These “nonstandard” amino acids found in proteins (and also in
natural peptides) are formed by posttranslational modification
during protein synthesis and are essential for the function or regulation of that protein. Some of them are listed in Table 15.3. Once
proteins are ingested, amino acids are released by enzymatic

Table 15.1
Molecular Mass and Chemical Structure of Essential Amino Acids
Name,
Molecular
Abbreviations
Mass
Valine, Val, V

117.15

Structure
H3C
H3C

Leucine,
Leu, L

131.17

Isoleucine,
Ile, I

131.17

NH2
CH2
CH CH COOH
H3C

H3C

CH2 CH COOH

CH

NH2
CH2 CH COOH

204.22

Threonine,
Thr, T

119.12

Methionine,
Met, M

149.21

Lysine, Lys, K

146.19

Glycine,
Gly, G

75.07

Alanine,
Ala, A

89.09

Arginine,
Arg, R

174.20

Aspartic acid,
Asp, N

133.10

Asparagine,
Asn, D

132.12

Glutamic acid,
Glu, E

141.13

Glutamine,
Gln, Q

146.15

Tyrosine,
Tyr, Y

181.19

Cysteine,
Cys, C

121.16

Serine,
Ser, S

105.09

NH2

Proline,
Pro, P

115.13

CH2 CH COOH

Structure
NH2
CH COOH

H

NH2
H3C

CH COOH
NH

H2N

C

NH2
NH CH2

O
HO

C

C

C

C

CH COOH

NH2
CH COOH

CH2

NH2
CH2

CH2

CH COOH

O
H2N

CH2

CH COOH

O
HO

CH2

NH2
CH2

O
H2N

NH2
CH2

CH2

CH COOH
NH2

CH2 CH COOH

HO

NH2

165.19

Tryptophan,
Trp, W

Name,
Molecular
Abbreviations
Mass

CH COOH

CH

H3C

H3C
Phenylalanine,
Phe, F

NH2

Molecular Mass and Chemical Structure of Nonessential
Amino Acids

NH2
HS

CH2 CH COOH

HO

CH2 CH COOH

NH2

H
N

COOH

N
NH2
H3C

CH COOH

CH
OH

Histidine,
His, H

NH2
CH2 CH2 CH COOH

H3C

S

H2N

CH2

NH2

155.16

CH2

CH2 CH2 CH COOH
NH2

CH2 CH COOH
N

NH

digestion and absorbed into the body. So, protein quality strongly
depends on its amino acid content and digestibility (Swaisgood
and Catignani, 1991). Amino acids participate in many biochemical pathways for growth, maintenance, and metabolic activity
of cells and organs and its requirements vary, depending on the
stage of life. However, the quality of proteins may be affected by
processing and storage (Reig and Toldrá, 1998, Friedman, 1996).
Thus, the knowledge of the amino acid profile and the limiting
amino acids in a protein is very important not only to check the
quality of that protein but also to improve the nutritional quality
by supplementation with the required amino acids.
Essential amino acids (Table 15.1) cannot be synthesized in
adult humans and must be supplied in the diet. Histidine is also
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Table 15.3
Molecular Mass and Chemical Structure of Other Important
Protein and Nonprotein Amino Acids
Name,
Abbreviations
Ornithine, Orn

Molecular
Mass

Structure

132.16

NH2
H2N

Citrulline, Cit

175.18

Homocysteine,
HCys

135.19

Homoserine,
HSer

119.12

Taurine, Tau

125.14

1-Methylhis
tidine, 1-MH

169.19

CH2
O
C

HS

CH2

CH2

CH COOH

NH CH2

CH2

CH2

HO

CH2

CH2

CH COOH

CH COOH

NH2

NH2

H2N

CH2

CH2

SO3H
NH2

CH2 CH COOH
N

CH3

169.19

NH2
CH2 CH COOH
H3C

β-Alanine,
β-Ala
4-OH proline,
OHPro

NH2

H2N

N
3-Methylhis
tidine, 3-MH

CH2 CH2 CH COOH

89.09

H2N

131.13

N
CH2
H
N

N
CH2 COOH

162.19

γ-Amino butyric
acid, GABA

103.11

15.2.1 Nutritional Purposes
Amino acids constitute essential components in the living cell,
being necessary either in their free form or forming part of proteins. Amino acids are generally supplied in foods and/or may
be synthesized through different metabolic pathways from other
amino acids inside the organism. As mentioned above, some of
these amino acids, known as essential amino acids, cannot be
synthesized in the organism and must be supplied in the diet.
In addition, some amino acids are essential at certain ages, like
infancy, or in total parenteral nutrition. The importance of amino
acid analysis, in order to obtain a good knowledge of the amino
acid composition in a particular protein, food, or diet, is thus
evident. Furthermore, the knowledge of a limiting amino acid
is also very important in basic foods or when designing foods
for populations with specific dietary needs such as the elderly or
infants. Accurate compositional data for all the amino acids is
essential for assessing the nutritional quality of infant formulas.
Fortification of foods with specific amino acids must also be
controlled to assure the addition of correct amounts for each
amino acid. In other cases, the goal is the early diagnosis of
amino acidopathies (e.g., phenylketonuria due to phenylalanine
or maple syrup urine disease, which consists of intolerance for
branched amino acids) by the analysis of these amino acids in
physiological fluids. A correct diagnosis at early stages may
allow its correct treatment. In these cases, it is essential to assure
the absence of a specific amino acid in diets designed for such
specific population suffering from inborn metabolic defects.

COOH

15.2.2 Food Processing Effect

HO
5-OH lysine,
OHLys

15.2 Why Analyze for Amino Acid Content?

OH
H2N

CH2 CH

H2N

CH2

NH2
CH2 CH2 CH

CH2 CH2

COOH

COOH

essential for infants. The rest of natural amino acids are considered as nonessential (see Table 15.2) because they are efficiently
synthesized in the body. There is a third group of amino acids,
usually not present in proteins but with significant roles in foods
(see Table 15.3). The molecular mass and structure of all these
amino acids are compiled in Tables 15.1 through 15.3. All amino
acids, except proline, contain one primary amino group (–NH2)
in the α position in relation to the carboxy group (–COOH). Each
amino acid has a characteristic side chain (R group), which has
a strong influence on its physicochemical properties. So, amino
acids are usually grouped according to the polarity of this group
(nonpolar or hydrophobic side chains, polar or hydrophilic
side chains, positively or negatively charged groups). The stereochemical l isomer is the most usual form in nature and, in
practice, all amino acids found in hydrolyzates from animal and
vegetable proteins are isomers of the l form. The d isomers may
be found in some specific cases like in the cell walls of certain
microorganisms and polypeptides with antibiotic action.

There are other varied interests in analyzing amino acids. For
instance, free amino acids are important taste-active compounds
with a significant role in the characteristic tastes of foods (Kemp
and Birch, 1992, Kato et al., 1989, Nishimura and Kato, 1988)
but they also affect food flavor by chemical conversion to aroma
compounds (Klein et al., 2001, Pfeiffer and Orben, 2000, Flores
et al., 1998) during food processing.
However, food processing can also adversely affect food
quality and food safety. Recently, the discovery of acrylamide,
a probable carcinogen and neurotoxic agent, in potato chips,
french fries, and other cooked foods generated intense research
that led to asparagine as the carbon source of acrylamide (Stadler
et al., 2002). Apparently, acrylamide is formed when asparagine
reacts with sugars in cooking processes at temperatures higher
than 121°C (Mottram et al., 2002). Some consequences of major
food processing conditions, like pH (alkali treatment) and heat,
result in the destruction of essential amino acids, racemization
of amino acids to the d-optical isomers (Friedman, 1999), which
are not available for protein synthesis, and loss of digestibility
by cross-linking with the lysinoalanine or histidinoalanine formation that even affect the bioavailability of iron, copper, and
zinc. These adverse reactions are rather usual after drastic heat
treatment and/or incorrect storage of certain foods such as milk
and milk products, and the analysis of such compounds may
serve as an indicator of correct thermal processing (Ferrer et al.,
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1999). In the same line, the determination of o-tyrosine has been
proposed as an indicator of food irradiation (Krach et al., 1997,
Chuaqui-Offermanns et al., 1993). When phenylalanine is irradiated with gamma rays, it is oxidized to give o- and m-tyrosine
isomers. The conversion yield is proportional to the absorbed
dose and temperature during irradiation.
By contrast, sulfur amino acids, especially cysteine, exert a
beneficial action on food safety, nutrition, and health due to the
ability of the –SH group to conjugate and detoxify xenobiotics, to
quench potentially toxic free radicals and inhibit the formation of
undesirable compounds such as lysinoalanine or d-amino acids.
Beneficial effects of sulfhydryl compounds are also derived from
metal chelation, whereby sulfur ligands sequester prooxidant Cu2+
and Fe2+ and potentially toxic As3+, Cd2+, Co3+, Hg2+, Pb2+, and
Se2+, in both inorganic and organic compounds (Friedman, 1994).

15.2.3 Food Adulterations
Other interests for the analysis of particular amino acids include
its use as index for the detection of food adulterations or fraudulent food additions. Some examples are 4-hydroxyproline, which
is used to detect the addition of low-value meat or meat extracts
(collagen, gelatin, etc.) to meat products, 3-methylhistidine
used to detect the addition of nonmeat proteins or hydrolyzates
to meat products (Fuchs and Kuivinen, 1989, Lawrie, 1988), or
amino acid profiles used to detect the addition of a cheap amino
acid solution to mask a fraudulent fruit juice dilution.

15.2.4 Regulations
Protein allowances for dietary proteins of good nutritional
quality by age group were proposed by Food and Agricultural
Organization (FAO)/World Health Organization (WHO) (1985).
The daily requirement ranges for each age group were as follows: 2.25–1.17 g kg−1 at 0–2 years, 1.13–0.99 g kg−1 at 2–10 years,
1.00–0.86 g kg−1 at 10–18 years, and 0.75 g kg−1 over 18 years
(Anantharaman and Finot, 1993). The protein efficiency ratio
(PER) was initially used as a method for evaluating the quality of
food proteins and as a basis for labeling the percentage of the U.S.
Recommended Daily Allowance for protein (Henley and Kuster,
1994). However, PER values did not estimate correctly the value
of some animal and vegetable proteins. An expert group proposed
a new protein quality evaluation system consisting of the analysis
of amino acid composition multiplied by a digestibility factor. The
method, known as Protein Digestibility-Corrected Amino Acid
Scoring (PDCAAS), is used for nutrition labeling purposes for all
foods intended for all age groups except for the infant. This method
compares the profile of essential amino acids for a particular food,
corrected for digestibility, to the essential amino acid requirement
pattern of the 2–5-year-old group (Henley and Kuster, 1994). This
method was recommended for regulatory purposes by FAO/WHO
(1991) and used by the Food and Drug Administration (FDA) in
its Nutrition Labeling Regulations. However, this method has not
been widely accepted because it implies the need for a standard
analysis, a second analysis for tryptophan and a third one for sulfur amino acids (Reig and Toldrá, 1998).
The analysis of amino acids depends on many factors such as
the nature of the matrix sample, amino acids concentration in
the sample, required sensitivity level, and type of analysis. The
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amino acid profile will vary, depending on whether they are in
free form (free amino acids profile) or after protein hydrolysis
(total amino acids profile that includes free amino acids and
amino acids originally bound in proteins). In all cases, the analysis includes two important consecutive stages consisting of sample preparation and sample analysis, which are described below.

15.3 Sample Preparation
The treatment of samples differs depending on the analytical
purpose as mentioned above. In the case of free amino acids,
some or all of the following processes may be necessary: extraction, cleanup, and derivatization, before or after the separation of
amino acids. In the case of total amino acids, additional protein
hydrolysis is required. Once these stages are performed, amino
acids can be separated and quantified. In this section, sample
extraction and methods for sample cleanup and protein hydrolysis are described.

15.3.1 Free Amino Acids
15.3.1.1 Extraction
This stage must be performed in the case of nonsoluble solid
matrices (fish, meat, cereals, etc.) and is usually achieved by
homogenization of the ground or milled sample in an appropriate solvent. Several homogenization methods involving the use
of Polytron™, Stomacher™, or simple stirring with or without
heat application, have been successfully used. Although amino
acids are water soluble, it must be taken into account that cystine and tyrosine are difficult to solubilize due to their low solubility. A dilute solution (0.1 N) of hydrochloric acid, or even
water, is a typical extraction solvent. In some cases, stronger
acid concentrated solutions such as 4% of 5-sulfosalicylic acid
(SSA) or 5% trichloroacetic acid (TCA) (Arnold et al., 1994,
Shibata et al., 1991, Godel et al., 1984) are preferred. Rich
alcohol-containing solutions (>75%) such as ethanol or methanol (Antoine et al., 1999, Stancher et al., 1994, Hagen et al.,
1993) have been successfully used as extraction solvents with
the additional advantage that proteins are not extracted and,
then, there is no need for further cleaning up of the sample. In
the case of liquid samples (urine, blood, serum, drinks, etc.), no
extraction is needed.
The presence of fat in the sample does not constitute a problem
for amino acid extraction even though in some cases, fat extraction with acetone–chloroform or ethyl acetate–diethyl ether mixtures has been proposed when analyzing samples with high fat
content (Oh et al., 1995a,b, Ashworth, 1987a,b).
Once extracted and homogenized, the solution is centrifuged
at more than 10,000g under refrigeration (4°C) to separate
extracted (supernatant) from nonextracted (pellet) materials and
filtered through glass wool to retain any fat material on the surface of the supernatant.

15.3.1.2 Sample Cleanup
This step is necessary to avoid potential problems such as clogging of the high-performance liquid chromatography (HPLC)
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analytical columns and/or analytical interactions with other
extracted compounds (e.g., proteins). So, sample cleanup consists
of the isolation of amino acids from other extracted compounds
(proteins, carbohydrates, fat) as much as possible. The most common requirement is the separation of amino acids from proteins
and polypeptides, a process known as deproteinization, which
can be achieved through different chemical or physical methods.
Several chemical methods include the use of concentrated strong
acids such as SSA (Arnold et al., 1994, Izco et al., 2000), perchloric (PCA) (Ali Qureschi et al., 1984), trifluoroacetic (TFA),
TCA (Büetikofer and Ardö, 1999), picric (PA) (Oh et al., 1995a,b,
Brüeckner and Hausch, 1990, Sugawara et al., 1984), or phosphotungstic (PTA) (Aristoy and Toldrá, 1991) acids or organic
solvents such as methanol, ethanol, or acetonitrile (Aristoy and
Toldrá, 1991, Jansen et al., 1991, Sarwar and Botting, 1990).
Under these conditions, proteins precipitate by denaturation
while free amino acids remain in solution. Some physical methods consist of the centrifugation through cut-off membrane filters (1000, 5000, 10,000, 30,000 Da) that allow free amino acids
through, while retaining large compounds (Krause et al., 1995,
Nicolas et al., 1990). All these methods give a sample solution
rich in free amino acids and free of proteins.
Differences among all these chemical and physical methods are referred to several aspects as differences in the cut-off
molecular weight, recovery of amino acids, compatibility with
derivatization (pH, presence of salts, etc.) or separation method
(interferences in the chromatogram, etc.), and so on. Thus, some
of them give low recoveries of some amino acids as is the case of
the PTA that is the most efficient (cut-off is around 700 Da) but
causes loss of acidic and basic amino acids, especially lysine. The
same fact, although less severe, was observed by using the cutoff membrane filters (Aristoy and Toldrá, 1991). Prewashing of
filters is recommended to improve the recoveries (Krause et al.,
1995). It is important to consider that strong acids may leave a
very low pH medium, interfering with the precolumn derivatization because high pH is necessary to accomplish the majority of
the derivatization reactions. Thus, it is essential to completely
eliminate this acid by evaporation or adjust the pH of the sample
solution. This is not a problem when the amino acids have to
be analyzed by ion-exchange chromatography and postcolumn
derivatization; indeed, SSA has been commonly used prior to
ion-exchange amino acid analysis because it gives an appropriate
pH (Godel et al., 1984).
The use of organic solvents, by mixing two or three volumes
of organic solvent with one volume of extract, has reported very
good results with amino acid recoveries around 100% for all of
them (Aristoy and Toldrá, 1991) with the additional advantage
of easy evaporation to concentrate the sample. Two comparative
studies on these deproteinization techniques have been published
(Aristoy and Toldrá, 1991, Blanchard, 1981).
Sample cleanup by using cation-exchange resins (Amberlite,
Rexyn, Biorex, Dowex, etc.) retains amino acids under acidic
conditions while other interfering compounds, such as carbohydrates, are washed off the column. Amino acids are eluted
afterward with a strong volatile base that will be removed by
evaporation (Brüeckner and Hausch, 1990, Hurst and Martín,
1980). C-18 minicolumns (Sep-Pack™ from Waters, Bond-Elut™
from Varian, etc.) operate in a similar way to reverse-phase (RP)
chromatographic separation. When the sample is percolated

through the minicolumn, amino acids are eluted while lipids,
proteins, and peptides are retained. This is not a very feasible
method because some hydrophobic amino acids may be retained
(Hart and White, 1986) while some polar proteins may elute
together with the amino acids.

15.3.2 Total Amino Acids
Sometimes, the total amino acid profile is requested because it
gives information on the nutritional value of foodstuffs. Previous
to analysis, proteins must be hydrolyzed into their constituent
amino acids. The main hydrolysis methods are described below.

15.3.2.1 Acid Hydrolysis
The most common method for hydrolyzing proteins is acid
hydrolysis by means of acid digestion. Typically, samples are
treated with constant-boiling 6 N hydrochloric acid in an oven
at approximately 110°C for 20–96 h. Digestion at 145°C for 4 h
has also been proposed (Gehrke et al., 1985, 1987, Lucas and
Sotelo, 1982). These temperatures in such acidic and oxidative
media may degrade some amino acids, so it is recommended to
maintain a nitrogen atmosphere in sealed vials during the hydrolysis in order to minimize the degradation. The hydrolysis may
be accomplished using either liquid- or vapor-phase methods.
Liquid phase, where the hydrochloric acid contacts directly with
the sample, is well suited to hydrolyze large amounts of samples
or complex foodstuffs such as grain and other agricultural products. When limited amounts of sample are available, the vaporphase hydrolysis method is preferred.
Data obtained by Knecht and Chang (1986) demonstrated that
the most likely source of contaminants is aqueous 6 N hydrochloric acid. In this sense, gas-phase hydrolysis can reduce to about
25% the background generated by normal liquid-phase hydrolysis. In the vapor-phase hydrolysis method, the tubes containing
the samples are located inside large vessels containing the acid.
Oxygen is removed and substituted by nitrogen or other inert gas,
creating an appropriate atmosphere inside the vessels. On heating, only the acid vapor comes into contact with the sample, thus
excluding nonvolatile contaminants. To assure low amino acid
degradation, it is necessary to have facilities with an alternative
air evacuation/inert gas purge and the closing of vessels to ensure
complete deaeration inside (Woodward et al., 1990). Some commercial units are available such as the Pico-Tag Workstation®
(Waters Associates, Milford, MA) that includes the vessels (flatbottom glass tubes fitted with heat-resistant plastic screw caps).
The cap is equipped with a Teflon valve, which is closed after
evacuating the vessels; an oven is used to accomplish the incubation and in which to carry out the subsequent phenylisothiocyanate (PITC) derivatization (Molnár-Perl and Khalifa, 1993, 1994).
The use of microwave technology for the hydrolysis has been
assessed by some authors (Mudiam et al., 2012, Shang and
Wang, 1996, Khun et al., 1996, Carisano, 1992, Engelhart, 1990).
Sample manipulation (sample evaporation to dryness, addition
of constant-boiling hydrochloric acid and additives, and performance under vacuum) is similar to that of a conventional oven
but the duration of the treatment is shorter (<20 min).
Hydrolysis may be improved by optimizing the temperature and time of incubation or with the addition of amino acid
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oxidation protective compounds. The presence of appropriate
antioxidants/scavengers during hydrolysis can prevent losses
of the most labile amino acids such as tyrosine, serine, threonine, methionine, and tryptophan, which is especially labile in
samples having a high content in carbohydrates. Thus, protective
agents currently used, up to 1% phenol or 0.1% sodium sulfite,
improve the recovery of nearly all of these, except tryptophan
and cysteine.
As mentioned above, tryptophan is often completely destroyed
by hydrochloric acid hydrolysis although considerable recoveries
have been found if no oxygen is present. Pretty good recoveries
of tryptophan have been reported by adding tryptamine (MolnárPerl and Khalifa, 1993), thioglycolic (Ashworth, 1987a,b,
Matsubara and Sasaki, 1969), mercaptoethanol, mercaptopropionic, thio- or dithiodipropionic acids (Krause et al., 1995) as protective reagents against oxidation. Alternatively, hydrolysis with
4 N methanesulfonic acid (Chiou and Wang, 1988, Simpson et al.,
1976) in samples with less than 20% of sugar content (Stocchi
et al., 1989), or with mercaptoethanesulfonic acid (Csapo et al.,
1994) have been reported to improve tryptophan recoveries.
Cyst(e)ine is partially oxidized during acid hydrolysis yielding
several adducts—cystine, cysteine, cysteine sulfinic acid, and cysteic acid—making its analysis difficult. The earlier performic acid
oxidation of cysteine to cysteic acid, in which methionine is also
oxidized to methionine sulfone (Alegría et al., 1996b, Meredith
et al., 1988, Gehrke et al., 1987, Elkin and Griffith, 1985, Hirs,
1967, Moore, 1963), improves cysteine (and methionine) recoveries, making the subsequent analysis easier. The use of alkylating
agents to stabilize cysteine before hydrolysis constitutes a valid
alternative (Gurd, 1972). Good recoveries have been achieved by
using 3-bromopropylamine (Hale et al., 1994), 4-vinyl pyridine
(Morel and Bonicel, 1996), or 3,3′-dithiodipropionic acid (PripisNicolau et al., 2001, Tuan and Phillips, 1997, Krause et al., 1995).
Iodoacetic acid (Pripis-Nicolau et al., 2001, Gurd, 1972) has been
used as alkylating agent to yield S-carboxymethylcysteine after
hydrolysis. It has been used to determine free thiol groups (cysteine) in the protein structure and thus determine whether all cysteine in the protein was present as S-S (cystine) or not (Morel and
Bonicel, 1996). In the same way, this method has been applied
to determine the levels of reduced and oxidized glutathione in
wheat flour (Schofield and Chen, 1995).
Finally, glutamine and asparagine are deamidated during
hydrolysis and are codetermined with glutamic and aspartic
acids, respectively, both additions named as glx and asx. Some
methods have been proposed for analysis based on the blockage of the amide residue with [bis(trifluoroacetoxy)iodo]benzene (BTI) to acid-stable l-2,4-diaminobutyric acid (DABA)
and l-2,4-diaminopropionic acid (DAPA), respectively, before
hydrolysis. Owing to the lack of reproducibility (Fouques and
Landry, 1991), this methodology was optimized for the analysis of glutamine in peptides and proteins by careful control of
temperature, duration, and BTI/sample ratio in the conversion of
bound glutamine to the stable DABA (Khun et al., 1996).
Another problem to take into account for a reliable amino acid
determination in proteins is the remaining intact peptidic bonds
left after a 24 h hydrolysis time. These peptidic bonds are mainly
formed by hydrophobic amino acids such as valine, leucine, isoleucine, and phenylalanine. Peptide bonds involving these amino
acids are more resistant to hydrolysis, requiring longer hydrolysis
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times, up to 96 h. Such a long hydrolysis time causes some amino
acids to degrade. Many authors (Nguyen and Zarkadas, 1989,
Nguyen et al., 1986) overcame this problem by calculating the
averages of data from 48, 72, and 96 h of hydrolysis for valine,
leucine, isoleucine, and phenylalanine and obtaining the data for
the most labile amino acids serine, threonine, and tyrosine from
the average of values extrapolated to zero time of hydrolysis.
These complex hydrolysis procedures are really not practical for
the food industry.
As can be observed in this section, no single set of conditions
will yield the accurate determination of all amino acids. In fact,
it is a compromise of conditions that offer the best overall estimation for the largest number of amino acids. In general, the
22–24 h acid hydrolysis at 110°C, with the addition of a protective agent such as phenol, yields acceptable results for the
majority of amino acids, being enough for the requirements of
any food industry. Additionally, when the analysis of tryptophan
and/or cyst(e)ine is necessary, the special hydrolysis procedures
described above should be performed. When high sensitivity is
required, pyrolysis from 500°C for 3 h (66) to 600°C overnight
(76) of all glass material in contact with the sample is advisable as well as the analysis of some blank samples to control
the level of background present. The optimization of conditions
for hydrolysis based on the study of hydrolysis time and temperature, acid-to-protein ratio, presence and concentration of
oxidation protective agents, importance of a correct deaeration,
and so on has been extensively reported in manuscripts (Albin
et al., 2000, Molnár-Perl and Khalifa, 1993, Stocchi et al., 1989,
Zumwalt et al., 1987, Gehrke et al., 1985, Lucas and Sotelo, 1982,
Williams, 1982).

15.3.2.2 Alkaline Hydrolysis
Many authors recommend alkaline hydrolysis with 4.2 M of
either NaOH, KOH, LiOH, or BaOH, with or without the addition of 1% (w/v) thiodiglycol for 18 h at 110°C (Zarkadas et al.,
1995, Lanstry and Delhaye, 1994, Yazzie et al., 1994, Stocchi
et al., 1989, Meredith et al., 1988, Hugli and Moore, 1972) for
a better tryptophan determination, even in samples with high
amount of sugars (70%–85%) (Stocchi et al., 1989).

15.3.2.3 Enzymatic Hydrolysis
Enzymatic hydrolysis with proteolytic enzymes such as trypsin,
chymotrypsin, carboxypeptidase, papain, thermolysin, and pronase have been used to analyze specific amino acid sequences
or single amino acids because of their specific and well-defined
activity (García and Baxter, 1992, Ihekoronye, 1985).

15.4 Derivatization
Once amino acids are extracted, cleaned up, or hydrolyzed, amino
acids are then separated from each other for their individual
analysis. Before or after this separation, amino acids are usually
derivatized to allow their separation or to enhance their detection. Some recently used techniques that do not need derivatization are those using liquid chromatographic or capillary zone
electrophoretic separations of the native amino acids and mass
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spectrometric detection. These techniques will be discussed in
Section 15.6. Except in these cases, derivatization is a common
practice in amino acid analysis. The goodness of a derivatizing
agent is evaluated based on the following aspects: It must be able
to react with both primary and secondary amino acids, give a
quantitative and reproducible reaction, yield a single derivative
of each amino acid, have mild and simple reaction conditions,
possibility of automation, good stability of the derivatization
products, and no interferences due to by-products or excess of
reagent. Two kinds of derivatives are obtained depending on the
chosen separation and/or detection technique.

15.4.1 Derivatives to Enhance Detection
The spectral (high ultraviolet absorbing or fluorescence properties) or electrochemical characteristic of the derivative will affect
the sensitivity and selectivity of detection. So, it is important to
choose the most adequate derivative.

15.4.1.1 Derivatives for Spectroscopic Detection
By labeling the amino acids with reagents that allow ultraviolet
absorption or add fluorescent properties to the molecule, not only
sensitivity but also selectivity are improved in the detection. The
derivatization reaction can be done after separating the amino
acids (postcolumn derivatization) or before separation (precolumn derivatization). While postcolumn techniques should be run
online for maximum accuracy, precolumn techniques can be run
either offline or online.

15.4.1.1.1 Postcolumn Derivatization
Postcolumn derivatization involves the separation of free amino
acids themselves through the liquid chromatographic column,
the introduction of a suitable derivatizing reagent into the effluent
system from the column, flow of the combined liquids through
a mixing manifold followed by a reaction coil, and finally the
pumping of the derivatized amino acids through an online detector system. This method has been employed in the classical
Moore and Stein (1951)-type commercial amino acid analyzers. Obviously, the main drawback for this type of derivatization method is the required additional equipment: another pump
to introduce the reagent and mixing and sometimes heating
devices. Another disadvantage is the peak broadening produced
by the dead volume introduced behind the column. Although this
broadening may not occur when using standard-bore columns
with flow rates above 1 mL min−1, postcolumn derivatization is
not suitable for narrow-bore HPLC.
The reagents that have been usually employed for postcolumn
derivatization are ninhydrin, fluorescamine, and o-phthalaldehyde (OPA), which are described below. All these reagents have
also been used as derivatization reagents for the quantitation of
total amino acids (see Section 15.5).
15.4.1.1.1.1 Ninhydrin Ninhydrin is the original Moore and
Stein (1951) reagent. It reacts with all 20 amino acids to provide colored derivatives giving neither interfering by-products
nor multiple derivatization products. Those with a primary
amino group gives a blue reaction product with a maximum of
absorbance at 570 nm, while secondary amines give a brownish

reaction product that absorbs around 440 nm. For a full amino
acid analysis, either a wavelength switching facility or continuous dual-wavelength detection is necessary. The sensitivity
is below 1 nmol but rarely reproducible below 100 pmol. An
improved methodology uses sodium borohydride as ninhydrinreducing agent enhancing the stability of the derivative (Standara
et al., 1999).
15.4.1.1.1.2 Fluorescamine This was the first reagent introduced (Castell et al., 1979, Udenfried et al., 1972) for the potential improvement of the sensitivity achieved with ninhydrin. It
forms a fluorescent derivative (fluorescamine itself does not fluoresce) with primary amino acids, but not with secondary amino
acids. The fluorescence is recorded at a wavelength emission of
475 nm after excitation at 390 nm. The reaction takes place in
a very short time (seconds). A major drawback is the fact that
the reaction takes place only under alkaline conditions while
the separation on the ion-exchange column takes place under
acidic conditions. This makes necessary the addition of a second
postcolumn pump to introduce an alkaline buffer previously to
fluorescamine.
15.4.1.1.1.3 o-Phthalaldehyde It can be detected either spectrophotometrically (UV at 338 nm) or with fluorescence (λex
230 nm, λem 455 nm) for a higher sensitivity at the femtomole
range. It only reacts with primary amines and therefore, it does
not detect proline. To allow the determination of proline, oxidation has been proposed using hypochlorite or Cloramine T for
converting the secondary amine into primary before derivatization with OPA. When OPA was introduced for amino acid analysis, it was used exclusively in the postcolumn mode (Ashworth,
1987a,b, Dong and Gant, 1985, Ishida et al., 1981) but, nowadays,
most applications are performed with the precolumn technique.
More details of this derivatization are described in the following
section.

15.4.1.1.2 Precolumn Derivatization
By choosing this option, the molecule formed improves sensitivity and selectivity at the detection, but the derivatizing agent
also confers hydrophobicity to the amino acid molecule, making
it suitable for separation by partition chromatography on a RP
column. The most usual derivatizing agents are described below.
15.4.1.1.2.1 Phenylisothiocyanate This reagent was initially
used in protein sequencing and has been applied later to amino
acid analysis. The methodology involves the conversion of primary and secondary amino acids into their phenylthiocarbamyl (PTC) derivatives, which are detectable by UV (254 nm).
The PTC amino acids are moderately stable at room temperature for 1 day and much longer in the freezer, especially when
dry. The methodology is well described in the literature (Cohen
and Strydon, 1988, Bidlingmeyer et al., 1984, 1987, Heinrikson
and Meredith, 1984). Sample preparation is quite laborious; it
requires a basic medium (pH = 10.5) with triethylamine and
includes several drying steps, the last one being necessary to
eliminate the excess of reagent, which may cause some damage
to the chromatographic column. A 20 min reaction time is recommended for a complete reaction. The chromatographic separation takes approximately 20 min for hydrolyzed amino acids
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and 60 min for physiological amino acids. An example is shown
in Figure 15.1. Sarwar and Botting (1990) reported a modification
of the method in which the analysis of 27 physiological amino
acids could be performed in 22 min (30 min including equilibration). The reproducibility of the method (10 analyses) was very
good, ranging from 2.6% to 5.5% for all amino acids except for
histidine (6.3%) and cystine (10%). PTC cystine shows a poor
linearity that makes the quantitation of free cystine nonfeasible
with this method (Fürst et al., 1989). Detection limits are in the
high picomole range.
The selection of the column is critical for achieving a good
resolved separation, especially when the analysis of physiological amino acids is involved. Some trademark columns are less
susceptible to the damage caused by the reagent than others, the
one recommended by Waters Corporation—Nova-Pack C18® (in
15 cm for hydrolyzed or in 30 cm for physiological amino acids)
being a good choice. This method is available as a commercially
prepackaged system named “Pico-Tag” (Waters Associates,
Milford, MA), which includes the analytical column, standards,
and solvents. The company only guarantees the results by applying the methodology for their HPLC equipment in which even
the length and width of tubing is fixed. Until recently, PITC was
one of the preferred precolumn derivatizing agents to analyze
both physiological and hydrolyzed amino acids from foods and
feeds by HPLC. The reliability of the method has been tested
on food samples (Bidlingmeyer et al., 1987) and compared with
the traditional ion-exchange chromatography and postcolumn
derivatization (Chang et al., 1989, White et al., 1986, Heinrikson
and Meredith, 1984).

reagent over PITC is its high volatility. So, the excess of reagent
and by-products are removed in about 10 min, significantly
shorter than the 60 min required for the PITC reagent.
15.4.1.1.2 .3 4 -Dimethyl-Aminoazobenzene- 4 ′- Sulfonyl
Chloride This reagent was first described in 1975 for use in
amino acid analysis (Chang et al., 1983, Liu and Chang, 1975).
Detection is by absorption in the visible range presenting a maximum from 448 to 468 nm. The high wavelength of absorption
makes the baseline chromatogram very stable with a large variety
of solvents and gradient systems. Detection limits are in the low
picomole range (Stocchi et al., 1989). Derivatives are very stable
(weeks) and can be formed from both primary and secondary
amino acids. The reaction time is approximately 15 min at 70°C
and takes place in a basic medium with an excess of reagent.
Reaction efficiency is highly matrix-dependent and variable for
different amino acids, being especially affected by the presence
of high levels of some salts (chloride) (Jansen et al., 1991). To
overcome this problem and obtain an accurate calibration, standard amino acids solution should be derivatized under similar
conditions. By-products originating from an excess of reagent
absorb at the same wavelength and appear in the chromatogram.
Nevertheless, Stocchi et al. (1989) obtained a good separation of
35 DBS amino acids and by-products in a 15 cm C-18 column
packed with 3 μm particle size. The commercial “System Gold/
Dabsylation Kit” uses this technique (Beckman Instruments).
15.4.1.1.2.4 1-Dimethylamino-Naphthalene-5- Sulfonyl
Chloride It has been commonly used for N-terminus analysis of peptides and proteins. The use of this reagent for typical
amino acid analysis was first described by Tapuhi et al. (1981).
1-Dimethylamino-naphthalene-5-sulfonyl chloride (dansyl-Cl)
reacts with both primary and secondary amines to give a highly
fluorescent derivative. It can be used for fluorescence (λex 350,
λem 510 nm) or UV (λ 250 nm) detection. The dansylated amino

15.4.1.1.2.2 Butylisothiocyanate This reagent has been
recently used for the analysis of amino acids in foods (Woo,
2000, Woo et al., 1996). It forms butylthiocarbamyl amino acids
at 40°C for 30 min, and gives sensitivity similar to that of PTC
amino acids. The advantage of butylisothiocyanate (BITC)
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Figure 15.1 Reverse-phase HPLC chromatogram of a model solution with standards after PITC derivatization. Abbreviations for amino acids as shown
in Tables 15.1 through 15.3. Car: carnosine; Ans: anserine.
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acids are stable up to 7 days at –4°C (Martín et al., 1984), if
protected from light. The sample derivatization appears to be
simple, and only needs a basic pH, around 9.5, and a reaction
time of 1 h at 40°C (Jia et al., 2011) in the dark or 15 min at 60°C
(Tapuhi et al., 1981) or even 2 min at 100°C. However, the reaction conditions (pH, temperature, and excess of reagent) must be
carefully fixed to optimize the product yield and to minimize
secondary reactions (Badoud and Pratz, 1984). Even so, this
will commonly form multiple derivatives with histidine, lysine,
and tyrosine. Histidine gives a very poor fluorescence response
(10% of the other amino acids), reinforcing the poor reproducibility of its results (Fürst et al., 1989). Another problem is the
large excess of reagent needed to assure a quantitative reaction. This excess is hydrolyzed to dansyl sulfonic acid, which
is highly fluorescent and interferes into the chromatogram as a
huge peak. The addition of ammonia that reacts with the excess
of reagent has been proposed to overcome this problem (Jia
et al., 2011). This methodology reveals excellent linearity for
cystine and also cystine-containing short-chain peptides (Fürst
et al., 1989, Stehle et al., 1988). An example of HPLC separation
of dansyl-Cl amino acid derivatives is shown in Figure 15.2.
This derivative has also been successfully used before micellar
electrokinetic capillary chromatographic (Cavazza et al., 2000,
Cai and Weller, 1995) separation.
15.4.1.1.2.5 9-Fluorenylmethyl Chloroformate This reagent
has been used for many years as a blocking reagent in peptide
synthesis. It yields stable derivatives (days) with primary and
secondary amines. The derivative is fluorescent (λex 265 nm, λem
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Figure 15.2 Reverse-phase HPLC chromatogram of a model solution
with standards after dansyl-Cl derivatization. Numbering corresponds to 1,
asp; 2 glu; 3, asn; 4, gln; 5, ser; 6, thr; 7, gly; 8, ala; 9, arg; 10, GABA; 11, pro;
12, val; 13, met; 14, ile; 15, leu; 16, Nleu, 17, phe; 18, dansyl-amida; 19, cys;
20, orn, 21 lys; 22, his; 23, tyr. (Reproduced from Navarro, J.L., M. Aristoy,
L. Izquierdo. 1984. Revista de Agroquímica y Tecnología de Alimentos 24:
85–93, with permission.)

315 nm), being detected at the femtomole range. The major disadvantage is because the reagent itself, or the hydrolyzed reagent, is
highly fluorescent and then the excess may interfere in the chromatogram. It must be extracted (with pentane or diethyl ether)
or converted into a noninterfering adduct prior to injection. The
first option was included in the automated AminoTag™ method
(Burton, 1986) developed by Varian Associates Ltd. In the second option, reaction of excess reagent with a very hydrophobic
amine such as 1-adamantylamine (ADAM) gives a late-eluting
noninterfering peak (Bëtner and Foldi, 1988). This method is preferred because the addition of ADAM is more easily automated.
The reaction time is fast (45–90 s) and does not require any heating. In order to obtain reliable and precise results, reaction conditions, such as 9-fluorenylmethyl chloroformate (FMOC)/amino
acid ratio, as well as reaction time have to be optimized very
carefully. An automated precolumn derivatization routine, which
includes the addition of ADAM, is of great advantage because it
guarantees the repeatability of parameters. Tryptophan adducts
do not fluoresce and histidine and cyst(e)ine adducts fluoresce
weakly.
15.4.1.1.2.6 o-Phthaldialdehyde This reagent reacts with
primary amino acids in the presence of a mercaptan cofactor to
give highly fluorescent 1-alkylthio-2-alkyl-substituted isoindoles
(Simons and Johnson, 1978, García Alvarez-Coque et al., 1989).
The fluorescence is recorded at 455 or 470 nm after excitation
at 230 or 330 nm and the reagent itself is not fluorescent. OPA
derivatives can be detected by UV absorption (338 nm) as well.
The choice of mercaptan can affect derivative stability, chromatographic selectivity, and fluorescent intensity (Godel et al., 1992,
Euerby, 1988); ethanethiol, 2-mercaptoethanol, and 3-mercaptopropionic acid are those most frequently used. The derivatization
is fast (1–3 min) and is performed at room temperature in alkaline
buffer, pH 9.5. OPA amino acids are not stable; this problem is
overcome by standardizing the time between sample derivatization and column injection by automation. Nowadays, many automatic injectors are programmable and able to achieve automatic
derivatizations. Some reports have been published proposing several methods of automation (Willis, 1987, Winspear and Oaks,
1983), and some of them have been patented and commercially
marketed (AutoTag OPA™: Waters Associates, Milford, MA;
AminoQuant™: Agilent Technologies, Palo Alto, CA). One of
the main disadvantages of this procedure is the inability of OPA
to react with secondary amines. This drawback can be overcome
by combining the OPA with other derivatization methods such as
that based on FMOC, which should take place sequentially (see
Figure 15.3). This is the basis of the AminoQuant system developed and marketed by Agilent Technologies (Palo Alto, CA) and
described by Schuster (1988) and Godel et al. (1992). However,
the yield with lysine and cysteine is low and variable. The addition of detergents such as Brij 35 to the derivatization reagent
seems to increase the fluorescence response of lysine (Jarret
et al., 1986). In the case of cysteine, several methods have been
proposed that will be discussed later (Section 15.8.3.6).
15.4.1.1.2 .7 6 - Aminoquinolyl- N-Hydrox ysuccinimidyl
Carbamate This reagent reacts with primary and secondary
amines from amino acids, peptides, and proteins, yielding very
stable derivatives with fluorescent properties (λex 250 nm, λem
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Figure 15.3 Reverse-phase HPLC chromatogram of a model solution with standards after OPA-FMOC derivatization. Abbreviations for amino acids as
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395 nm), which are easily separated by RP-HPLC. Sensitivity
is in the femtomole range, making them very adequate for biochemical research (Liu et al., 1998). The main advantage of this
reagent is that the yield and reproducibility of the derivatization
reaction is scarcely interfered by the presence of salts, detergents, lipids, and other compounds naturally occurring in biological samples and foods. Furthermore, the optimum pH for the
reaction is in a broad range, from 8.2 to 10. Both facts facilitate
sample preparation. The excess of reagent is consumed during the reaction to form aminoquinoline (AMQ), which is only
weakly fluorescent under the amino acid derivatives detection
conditions and does not interfere in the chromatogram. Reaction
time is short (1 min), but 10 min at 50°C would be necessary if
a tyrosine mono-derivative is required, because both mono- and
di-derivatives are the initial adducts from tyrosine. The fluorescence of the tryptophan derivative is very poor. Derivatives
are very stable (1 week at room temperature). The chromatographic separation of these derivatives has been optimized for
the amino acids from hydrolyzed proteins, but the resolution of
physiological amino acids is still incomplete and needs to be
improved (Reverter et al., 1997), which is the main drawback
of this method. The methodology has been commercialized as
a prepackaged kit by Waters Corporation as “AccQ Tag.” An
automated protocol to form the 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate (AQC) derivatives using a liquid handler
was proposed to improve the reproducibility and the accuracy
of the results (Boogers et al., 2008).
15.4.1.1.2.8 4-Fluoro-7-Nitrobenzo-2-Oxa-1,3-Diazole It
yields stable derivatives (days) with primary and secondary
amines, which exhibit fluorescence properties at λex 470 nm and
λem 530 nm, these being the detection limits in the low picomole
range. Reaction time is 1 min at 60°C. Tryptophan adducts do
not fluoresce. It has been more frequently used for the analysis of
biogenic amines in food.

15.4.1.1.2.9 3-Benzoyl-2-Quinolinecarboxaldehyde This
was synthesized and characterized by Beale et al. (1989) for use
as precolumn fluorogenic reagent for ultrahigh sensitivity determination of primary amines with laser-induced fluorescence
(LIF) detection. Reaction is quantitatively completed in 40 min.
Detection limits, with an He–Cd laser operated at 442 nm, are
in the low femtogram range and the linear dynamic range is
three orders of magnitude. A closely related derivative reagent,
3-(4-carboxybenzoyl)quinoline-2-carboxaldehyde (CBQCA),
was used for trace amino acid analysis by capillary electrophoresis (CE) (Novatchev and Ulrike, 2002).
15 . 4 . 1 . 1 . 2 . 1 0 7- C h l o r o - 4 - N i t r o b e n z o - 2 - O x a - 1 , 3 Diazole 7-Halogenated-4-nitrobenzo-2-oxa-1,3-diazoles can
be used in the quantitative estimation of thiols and amines.
7-Chloro-4-nitrobenzo-2-oxa-1,3-diazole (NBD-Cl) has been
used for the analysis of cysteine and cystine in foods by Akinyele
et al. (1999). This reagent reacts with cysteine in acidic medium
(0.2 M sodium acetate/HCl buffer, pH 2.0) giving a greenish
product showing a maximum of absorbance at 410 nm. This
method is highly specific for cysteine, and does not need a posterior chromatographic separation.
15.4.1.1.2.11 5,5′-Dithio-Bis-Nitrobenzoic Acid This reagent
was used for the precolumn derivatization of sulfhydryl and disulfide amino acids (Hofmann, 1977). An optional prederivatization
reaction with dithiothreitol was suggested to reduce the disulfide
bonds.
15.4.1.1.2.12 N-(1-Pyrenyl)Maleimide This reagent reacts
with free sulfhydryl groups to form fluorescent derivatives
(λex = 230 nm, λem = 376 nm) that will be separated by RP-HPLC.
The reaction is complete by 5 min at ambient temperature and was
used to analyze glutathione (oxidized and reduced), cysteine, and
cystine (Marušić, 2013, Ates et al., 2009, Winters et al., 1995).
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15.4.1.2 Derivatives for Electrochemical Detection
These derivatives are molecules with electroactive functional
groups. All of them also have spectroscopic properties:
OPA/mercapthoethanol or OPA/sulfite. In addition to fluorescent properties, the derivative generated possesses
electroactivity (750 mV). The sensitivity reached when
connecting with CE (Tcherkas et al., 2001, Wang et al.,
2000) is in the femtomole level. Some variables as sample/reagent mixing ratio, reagent concentrations, detection potential, and so on, are explored by these authors.
6-AQC. The electrochemical characteristics of the derivatives of 6-AQC are described in Li et al. (1996b).
PITC. This derivative has again the advantage of reacting
with secondary amines (Sherwood et al., 1990).
Naphthalene-2,3-dicarboxaldehyde (NDA). This reagent
reacts with primary amines in the presence of cyanide (CN) to produce fluorescent cyano benzoisoindole
(CBI) derivatives. These derivatives are more stable
than OPA. However, amino acids with more than one
amine group rending bi- or tri-CBI derivatives, exhibit
quenching, precluding the use of fluorescence detection
(Lunte and Wong, 1989). CBI derivatives have been
found to be electroactive and are oxidized at a modest
oxidation potential (+750 mV) and do not present any
problem with the detection of compounds containing
more than one primary amine site. Sensitivity at a level
of femtomole was reached by this detection method
after capillary zone electrophoresis (CZE) separation
of these amino acid derivatives (Weng and Jin, 2001).

15.4.2 Derivatives to Allow Separation
15.4.2.1 Volatile Derivatives
The aim is to obtain a volatile and thermostable molecule by substitutions in the polar moieties of the amino acids by alkylation,
acylation, and/or silylation, making them apt to gas chromatography (GC) analysis. In these reactions, the active hydrogens are
replaced by aliphatic or aromatic groups, fluorinated groups, or
trimethyl silyl groups. Original reactions consisted of two stages:
an esterification with an acidified alcohol (methanol, isopropanol, isobutanol, n-propanol, n-butanol, and isoamyl alcohol) followed by N-acylation using N-trifluoroacetic anhydride, TFA,
pentafluoropropionic anhydride, or N-heptafluorobutyric anhydride (HFB) (Brüeckner and Schieber, 2000, Bertacco et al.,
1992, Brüeckner and Hausch, 1990, Vasconcelos and Chavesdas-Neves, 1989, Adeola et al., 1988, Zumwalt et al., 1987,
Ihekoronye, 1985, Wood et al., 1985, Larsen and Thornton, 1980).
Silylation is the most prevalent derivatization technique. The
products are generally more volatile and thermally stable and,
in opposition to acylation, silylation normally does not require a
purification step, and the derivatives can be injected directly into
the GC. Nowadays, the silylating reactions have improved with the
use of bis(trimethylsilyl)trifluoroacetamide (BSTFA) or N-methylN(tert-butyldimethylsilyl)trifluoroacetamide (MTBSTFA) that
may permit a one-step derivatization procedure, with derivatives
formed that are more stable to moisture (Jiménez-Martín et al.,

2012). They constitute the basis of the methodology marketed by
Supelco (Sigma-Aldrich, Bellefonte, PA, USA). There is a wide
range of reagents available for the silylation of amino acids, which
differ in their reactivity, selectivity, and secondary reactions and
the nature of the reaction products. Also, there is extensive literature available for selecting the most appropriate silylating reagent
for each particular analytical problem (Cerdán-Calero et al.,
2012, Schummer et al., 2009, Starke et al., 2001, Oh et al., 1994,
1995a,b).
All these reactions require, to a greater or lesser extent, a waterfree medium. The use of alkyl chloroformates (methyl chloroformate, propyl chloroformate, etc.) allows the direct derivatization
in aqueous solution even without prior removal of proteins. These
derivatives are stable for up to 1 day at room temperature and for
several days if refrigerated. The formed amino acid derivatives
will be extracted afterward with an organic solvent that will be
injected directly into the GC/FID, GC/NPD, GC/MS, or LC/MS
(Villas Bôas et al., 2003, Husek, 1990, 1998). This method is the
basis of a commercially available procedure developed by Husek
(1999) and offered by Phenomenex (Torrance, CA, USA).

15.4.2.2 Chiral Derivatives
One of the developed techniques used to resolve racemic mixtures of d- plus l-amino acids is the use of amino acid derivatives formed with fluorescent chiral reagents that permit both
an effective separation of the isomers in a RP-HPLC column
or by CE and an enhanced detection. Some examples of these
reagents are o-phthaldialdehyde plus N-isobutyryl-l-cysteine
or N-isobutyryl-d-cysteine (Casado et al., 2007), o-phthaldialdehyde plus 2,3,4,6-tetra-O-acetyl-1-thio-β-d-glucopyranose
(OPA/TATG) (Tivesten et al., 1997), R(−)- and S(+)-4-(3isothiocyanatopyrrolidin-1-yl)-7-(N,N-dimethylaminosulfonyl)2,1,3-benzoxadiazoles (Toyo’oka et al., 2001, Jin et al., 1999), and
1-fluoro-2,4dinitrophenyl)-5-l-alanine amide (FDAA, Marfey’s
reagent) whose amino acid derivatives should be detected at
340 nm (Calabrese et al., 1995, Kuneman et al., 1988). Separation
techniques for the analysis of racemic mixtures are described
later (Section 15.8.3.1).

15.5 Quantitation of Total Amino Acids
The simplest aim is the analysis of the global amino acids
amount without discriminating each other. This analysis generally includes free amino acids and small peptides and is based
on the reaction of the α-amino group with reagents such as OPA,
cadmium-ninhydrin, fluorescamine, or trinitro-benzene-sulfonic
acid (TNBS), which are the most used. These reagents contribute
to an improvement in the amino acids ultraviolet response at a
higher wavelength or confer visible or fluorescent characteristics
to them. A linear relationship is generally assumed between the
absorbance/emission intensity and the concentration of α-amino
groups. This global determination has a wide number of applications such as obtaining a proteolysis index for controlling
the progress of food protein hydrolyzates (Nielsen et al., 2001,
Panasiuk et al., 1998, Church et al., 1983, Adler-Nissen, 1979)
or controlling manufacturing processes like cheese (Izco et al.,
2000, Katsiari et al., 2001, Baer et al., 1996, Bouton and Grappin,
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1994, Folkertsma and Fox, 1992, Puchades et al., 1989), meat
products (Harkouss et al., 2012, Lizasso et al., 1999), anchovies (Hernández-Herrero et al., 1999), and so on. In the same
line, as amino acids are considered as intermediate products in
the generation of certain aromatic compounds, the level of free
amino acids is useful in checking the development of food flavor (Nishimura and Kato, 1988). TNBS and OPA reagents have
also been applied to the determination of free NH2–lys residues
for the available lysine analysis (Obi, 1982, Holguin and Nakai,
1980), with significant advantages when compared to the longer
and more tedious method consisting of the hydrolysis of proteins
and analysis of the free lysine.
Methods for this analysis have been extensively described and
compared with that of each other (Nielsen et al., 2001, Wallace
and Fox, 1998, Panasiuk et al., 1998, Bertrand Harb et al., 1993,
Lemieux et al., 1990, Fields, 1972). They generally include the
precipitation of proteins, reagent addition and colorimetric, UV
absorption or fluorescent determination of the amine nitrogen in
the supernatant.

15.6 Separation Techniques
The challenge is when the composition in each amino acid or
the sample amino acid profile has to be known. The analysis of
individual amino acids needs a previous separation unless a very
selective way of detection is used. The separation of the individual amino acids in a mixture requires very efficient separation
techniques as are chromatographic (liquid or gas chromatography) or CE ones. The choice mainly depends on the equipment
available or personal preferences, because each possible methodology has advantages and drawbacks.

15.6.1 Liquid Chromatographic Methods
15.6.1.1 Cation-Exchange Method
The separation is based on the amino acids charge. The most
widely used cation-exchange chromatography (CEC) method
was developed by Moore and Stein (1951). This methodology
was based on the underivatized amino acid separation using sulfonated polystyrene beads as the stationary phase and aqueous
sodium citrate buffers as the mobile phase. The elution involved
a stepwise increase in both pH and sodium or lithium ion concentration. In these conditions, the more acidic amino acids elute
first and those with more than one primary amino group or possessing a guanidyl residue elute at the end of the chromatogram.
The original method required two separate columns and needed
about 4 h to achieve a complete analysis. After separation, amino
acids were converted into colored ninhydrin derivatives for spectrophotometric (colorimetric) detection.
The classical procedure has been improved with a new polystyrene matrix that offers better resolving power due to smaller
particle size, speed, pellicular packaging, and better detection
systems. The latest generation of Moore and Stein amino acid
analyzers uses OPA or 4-fluoro-7-nitrobenzo-2,1,3-oxadiazole
postcolumn derivatization to obtain highly fluorescent derivatives with enhanced sensitivity, permitting 5–10 pmol sensitivity as standard. Nevertheless, the detection levels reached with
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ninhydrin, over 100 pmol injected, are enough for food analysis.
Electrochemical detection (ECD) with enzyme reactor coupled
with CEC is also applied to the analysis of d- and l-amino acids.
This analysis combines the efficiency of HPLC with the specificity of enzymes and the sensitivity of ECD (Voss and Galensa,
2000).
Nowadays, the separation times for the 20 amino acids naturally occurring in proteins take approximately 1 h and somewhat
longer for physiological amino acids. So, Büetikofer and Ardö
(1999) present the separation of the 21 amino acids (and internal
standard, norvaline) from cheese extract in 110 min, and Grunau
and Swiader (1992) reported the separation of 99 amine-containing compounds in only 2 h.
There are many manufacturers (Beckman, Biotronik, Dionex,
LKB, Pickering, etc.) who offer integrated commercial systems,
including the column, buffer system, and an optimized methodology having the advantage of the ease of use and reliability.
The advantage of this method is the accurate results for all
known sample types (food, biological fluids, feed, and plants),
that makes it a reference method for amino acid analysis. In this
way, each new methodology must contrast its results with those
obtained by CEC. The main drawbacks of this methodology are
the high cost of the ion-exchange amino acid analyzer and its
maintenance, the very complex mobile phase composition, and
the long time of analysis.
When analyzing only one amino acid, for example, taurine
(Nicolas et al., 1990), the method is substantially simpler. Taurine
was analyzed in infant formula by using a cation-exchange column (sodium phase) with a single buffer eluent and an isocratic
chromatographic program. The detection (colorimetric) was after
postcolumn derivatization of the eluting taurine with ninhydrin.

15.6.1.2 Reverse-Phase High-Performance Liquid
Chromatographic Method
RP-HPLC is widely used and has the advantage of requiring standard equipment able to be shared by different types of analysis.
This fact and the proliferation of precolumn derivatizing agents
(see Section 15.4) have stimulated the development of RP-HPLC
methods to analyze amino acids in all kind of matrices (food,
plants, biological fluids, and tissues). In this case, the previous
amino acid derivatization is necessary to confer hydrophobicity
to the amino acid molecule making it apt for partition based on
chromatography. This derivatization allows the spectroscopic
(ultraviolet or fluorescent) detection of amino acids.
If the choice of the derivative reaction is a challenge, the
choice of the RP column is not an easy subject because of the
great variability of commercially available RP columns. The
most used column packaging consists of alkyl-bonded silica particles, mainly octadecylsilane. However, the selectivity obtained
with each trademark column is different due to the particular
chemistry employed in their manufacture, rendering different density of bonded-phase coverage on the silica particle and
hydrophobic behavior and, as a consequence, different selectivity. The presence of residual uncapped silanol groups on the silica surface, accessible to sample molecules, can cause unwanted
tailing of peaks (especially for the basic amino acids). In these
cases, the addition of a strong cation (i.e., triethylamine) to the
mobile phase can overcome the problem. Nowadays, columns are
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more carefully manufactured with these silanol groups blocked
or unaccessible by steric impediment avoiding the tailing. Owing
to these variables, different selectivities may be found among
the same columns even those made by the same manufacturer.
Only columns manufactured in the same batch are guaranteed to
give the same selectivity if the rest of the parameters are fixed.
It means that when transferring a published method to a particular set of samples, it will be necessary to readjust the chromatographic conditions to get a good separation of all amino acids.
Typical analytical column dimensions are 15 cm length for
hydrolyzed amino acids or 25–30 cm for physiological amino
acids packed with 5 μm particle size but shorter columns; less than
15 cm long with 3 μm or less particle size are increasingly used.
Mobile phase requirements consist of the ability to dissolve the
sample while being transparent to the detection system or being
compatible with it, especially when using mass spectrometry as
a way of detection, in which nonvolatile salts are not permitted.
Mobile phase composition combines an aqueous buffered phase
with an organic phase constituted by acetonitrile and/or methanol and/or tetrahydrofuran. The buffer may be constituted by less
than 100 mM concentration of acetate or phosphate, but in case of
using MS, acetic or formic acid should be used instead. A finely
adjusted binary (most used) or ternary gradient elution is often
necessary when the overall amino acid profile from hydrolyzed
and, especially, physiological amino acids have to be analyzed.

15.6.1.3 Ion-Pairing Method
This procedure is applied to directly analyze native (underivatized) amino acids. Ion-pairing (IP) technique consists of an
RP-HPLC where a contra-ion (ion with opposite charge to the
amino acid ones) is added to the mobile phase in order to obtain
an ion pair with charged amino acids with enhanced retention.
The IP complexes are separated by reverse phase as neutral molecules and ultraviolet or fluorescence detected after OPA or fluorescamine postcolumn derivatization. The most used ion-pair
reagent is lauryl sulfate (Walker and Pietrzyk, 1985, Hayashi
et al., 1983). This technique has not many adepts because of its
complexity and lack of advantages when compared with other
techniques.
The current development of mass spectrometry has reactivated the use of ion-pair chromatography in amino acid analysis. Owing to the requirements of mass spectrometry, volatile
ion-pair reagent such as perfluorinated carboxylic acids are used
(Person et al., 2008, Armstrong et al., 2007, Piraud et al., 2005,
Qu et al., 2002).

15.6.1.4 Hydrophilic Interaction
Chromatographic Method
Hydrophilic interaction chromatography (HILIC) employs polar
stationary phases such as bare silica, amide, amino, hydroxyl, or
zwitterionic on silica or polymeric supports and RP-type solvents
but in this case things work as normal phase and thus, higher content of water implies greater elution strength. An initial mobile
phase with a high content of organic solvent (mainly acetonitrile), is used to promote hydrophilic interactions between the
analyte and the polar stationary phase (Mora et al., 2011). Under
these conditions, polar solutes are retained and with the aid of

gradients in which the water amount is increasing, compounds
will be gradually eluted. Volatile salts, ammonium acetate, or
ammonium formate are used to provide some ionic strength to
the system and to adjust the pH of the mobile phase with the
advantage of being compatible with MS detection. This combination of HILIC-MS, using narrow-bore columns (2.1 mm), permits the analysis of native (underivatized) amino acids as was
done with IP-RP-HPLC method but with no need of IP reagents
(Guo et al., 2013, Langrok et al., 2006).

15.6.2 Micellar Electrokinetic
Capillary Chromatography
The technique of CZE is extremely efficient for the separation
of charged solutes (Jorgenson and Lukacs, 1981, 1983). High
efficiency, speed, and low requirements of sample amount make
this technique very interesting when compared with classical
electrophoresis and chromatographic techniques. The difficulty
of separating amino acids by this technique relies in their structure. Amino acids constitute a mix of basic, neutral, and acidic
constituents, and even though a particular pH can significantly
improve the resolution of one kind, it is likely to cause overlap
with the others. Under the conditions of the electroosmotic flow
in CE, the species with different charge can be simultaneously
analyzed, but with serious doubts in its adequate resolution. The
primary limitation of CZE is its inability to separate neutral
compounds. Terabe et al. (1984, 1985) introduced a modified
version of CZE where surfactant-formed micelles are included
in the running buffer to provide a two-phase chromatographic
system for separating neutral compounds together with charged
ones in a CE system. This technique has also been termed micellar electrokinetic capillary chromatography (MECC or MEKC)
(Burton et al., 1986).
With few exceptions (Klampfl et al., 1998), it is used to derivatize the amino acids to improve separation, to enhance ultraviolet
detection, or to allow fluorescence detection. Good separations
have been reported for precapillary derivatized amino acids with
dansyl chloride (Cavazza et al., 2000, Matsubara and Terabe,
1994, Skoĉir et al., 1994), phenyl thioisocyanate (Arellano et al.,
1997), phenylthiohydantoin (Castagnola et al., 1993, Otsuka et al.,
1985), and OPA (Liu et al., 1989). Liu et al. (1989) compared the
separation of OPA amino acid derivatives by CZE with normal
and micellar solutions, showing that higher efficiency is obtained
by the MECC methods with sodium dodecyl sulfate (SDS) as
micelle-forming substance. SDS is indeed the most used additive
to form micelles in this kind of analysis though other additives
(dodecyltrimethylammonium bromide, Tween 20, or octylglucoside) have also been assayed. Other additives commonly used
in this analysis are organic modifiers (acetonitrile, isobutanol,
methanol, tetrahydrofurane, etc.), whose effect in the electroosmotic mobility and electrophoretic mobility of the micelle has
been studied (Chen and Terabe, 1995, Chen et al., 1995). Owing
to the high resolution achieved by this technique, it has been
applied to the separation of d- and l-isomers with the aid of chiral additives to form chiral micelles with β-cyclodextrins and/
or complexes of optically active amines with copper (II). This
application will be further described in Section 15.8.
CE coupled to electrospray ionization mass spectrometry
(CE-ESI-MS) allows the direct amino acid analysis without
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derivatization (Akamatsu and Mitsuhashi, 2013, Soga and Heiger,
2000), using 1 M formic acid as electrolyte. When sensitivity is
the target (in the femtomole range) LIF detection (Arellano et al.,
1997, Tivesten et al., 1997) or ECD (Ye and Baldwin, 1994) give
better results. Several reviews covering high-sensitivity detection following CE, including theory and practice, are available in
the literature (Poinsot et al., 2012, Corradini and Cavazza, 1998,
Monnig and Kennedy, 1994, Matsubara and Terabe, 1994, Yeung
and Kuhr, 1991, Novotny et al., 1990).

15.6.3 Gas–Liquid Chromatographic Methods
Capillary GC analysis of amino acids using fused silica bondedphase columns provides data with good precision and, in general,
excellent agreement with ion-exchange analysis. Some applications in food analysis were described (Ogunsua, 1988, Zumwalt
et al., 1987, Ihekoronye, 1985, Jakubowski, 1981). Adeola et al.
(1988) published a comparative analysis of amino acids by GC
and RP-HPLC, concluding that the latter was better. In fact,
since the development of RP-HPLC in the 1990s, the use of gas–
liquid chromatography (GLC) for the analysis of amino acids
was dropped. Recently, the emergence of new and improved
derivatives of amino acids (see Section 15.4.2.2) and the wide
dissemination of MS detection that can be interfaced efficiently
with GC instruments has revived its use for analyzing complex
mixtures of amino acids.
The very high-resolution capacity, especially since the capillary columns appeared, is the main advantage of GC in relation
to the LC techniques. This high-resolution capacity allowed the
separation of 32 protein plus nonprotein amino acids from food
samples (Oh et al., 1994, 1995a,b), or the simultaneous analysis of
complex mixtures of amino acids, organic acids, amines, and sugars of fruit juices (Cerdán-Calero et al., 2012, Katona et al., 1999).
Some fast GC patented methodologies for the analysis of physiological amino acids have been developed (see Section 15.4.2.2).
In one of them (that from Supelco), 24 amino acids are separated in 8 min. In others, the analysis of up to 50 amino acids
lasts 15 min, including a 7 min extraction–derivatization step
plus 8 min for the gas chromatographic separation of the free
amino acids. This methodology (EZ:faast® kit by Phenomenex)
permits the analysis of protein hydrolyzates and physiological
amino acids from physiological fluids, beer, wine, honey (Nozal
et al., 2004), cereals (Mustafa et al., 2007), fruits (Kugler et al.,
2006), meat (Koutsidis et al., 2008), and so on. A weakness of
the method is the inability to detect derivatized arginine and
citrulline due to the adsorption of its ureic moiety to the GC column (Kugler et al., 2006).
GLC is, in summary, a very high-resolution technique adequate
to the amino acid analysis, not very expensive because no solvent
is used, and the equipment is very versatile and naturally available
in an analytical laboratory. The connection with MS detectors not
only increases its specificity and efficiency, but also its price.

15.7 Detection Techniques
The qualitative and quantitative amino acid analysis (total
amino acids or previously separated individual amino acids) will
require their detection. The choice of the detection method lies
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on several aspects such as the technique used for the separation
as well as requirements in sensitivity and selectivity. There are
some selective detectors for GLC systems and others for liquid systems (flow injection analysis [FIA], HPLC, CZE) such
as spectroscopic (colorimetric, ultraviolet, or fluorescence) or
electrochemical detectors while mass spectrometry may be used
with either gas or liquid systems.

15.7.1 Detectors Specific for GLC
The flame ionization detector (FID) is a universal detector for
GC and is the most widely used, finding some applications for
GC amino acid analysis (Mustafa et al., 2007, Lee and Harnly,
2005), while thermionic-N-P or flame photometric detector
(FPD) is selective toward organic compounds containing phosphorus and nitrogen, being much more sensitive than FID for
compounds containing them. This detector was used by Bueser
and Erbesdobler (1988) to analyze phosphoserine, phosphothreonine, and phosphotyrosine. The main advantage of these detectors is their high sensitivity and wide linear range but, on the
contrary, it is a destructive technique.

15.7.2 Spectroscopic Detectors
15.7.2.1 Colorimetric Detection
The colorimetric detection of amino acids is achieved after
derivatization with nonselective colorimetric derivatives such as
ninhydrin (490 nm) or dabsyl chloride (448–468 nm) that were
described in the previous section.

15.7.2.2 Ultraviolet and Fluorescence Detection
Amino acids, in their native form, absorb at 210 nm and thus
cannot be used for spectroscopic detection since it is a very
unspecific detection wavelength. Only three amino acids (phenylalanine, tyrosine, and tryptophan) possess a chromophore
moiety, which confers a suitable maximum absorbance for more
specific ultraviolet detection (280 nm for tyrosine and tryptophan and 254 nm for phenylalanine). Tryptophan also possesses
native fluorescence (λex = 295 nm, λem = 345 nm) that facilitates
a more selective detection (García and Baxter, 1992). Thus, the
spectroscopic detection of amino acids requires their previous
derivatization to obtain an ultraviolet absorbing or fluorescent
molecule. A wide explanation of the different possibilities in
pre- or postcolumn derivatization has been given in Section 15.4.
Ultraviolet and fluorescent spectroscopic detection may be used
after liquid chromatographic separation, CE, FIA, or thin layer
chromatographic runs.

15.7.2.3 Laser-Induced Fluorescence
LIF detection was introduced as an alternative to fluorescence
when looking for more selective and sensitive detectors for
HPLC or CZE, with a wide linear dynamic range (three orders
of magnitude) to cover new high-sensitivity applications such
as chiral analysis, o-tyrosine analysis, but also amino acids
in general for biomedical or food research (Zhao et al., 2012,
He et al., 2011, Mandrioli et al., 2011, Huang et al., 2011, Simó
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et al., 2002, Novatchev and Ulrike, 2002, Miyahara et al., 1999,
2000). Amino acids must be derivatized in the same way as for
fluorescence detection, fluorescein isothiocyanate (FITC) being
the most used reagent. Other reagents such as 3-benzoyl-2-quinolinecarboxaldehyde (BQCA) and 4-fluoro-7-nitro-2,1,3-benzoxadiazole (NBD-F) that were described previously (Section
15.4.1.1.2) are also used.

15.7.2.4 Mass Spectrometry
Mass spectrometry (MS) is based on the conversion of components
of a sample into rapidly moving gaseous ions that can be resolved
on the basis of their mass-to-charge ratios that is characteristic
of each ion and allows its identification. The identification of the
22 protein amino acids may not be a problem but this detector
increases its value in the analysis and identification of nonprotein
amino acids in complex matrices. Despite the high cost of purchase and maintenance of mass spectrometers, its use for analysis
in food industry and/or food control is each time more often.
Mass spectrometer detectors were first connected to GC equipments. A good compatibility between both techniques, especially
when capillary columns were available, permitted the rapid
development and the onset of these complementary techniques.
Application in foods for the identification and quantification of
protein and nonprotein amino acids (Guo et al., 2013, Akamatsu
and Mitsuhashi, 2013, Giménez-Martín et al., 2012, CerdánCalero et al., 2012, Jia et al., 2011, Oh et al., 1994, 1995a,b,
Katona et al., 1999), chiral amino acids (Pätzold and Brückner,
2006, Brüeckner and Schieber, 2000, Erbe and Brüeckner, 1998,
2000, Innocente and Palla, 1999), and o-tyrosine (Karam and
Simic, 1990) have been reported.
MS detectors coupled with HPLC or CZE offer an additional
advantage that is to be able to analyze the amino acids without
derivatization, which means a minor sample manipulation, and,
owing to its high specificity, reduce problems related with the
analysis of coeluted peaks. The connection HPLC-MS detector is
much more problematic than with GLC because of the incompatibility between both techniques (solvents from chromatography,
high mobile phase flow rate vs. vacuum). However, nowadays,
these difficulties have been overcome with the development of
new interfaces that have allowed the technique to expand. One of
the main requirements for samples to be analyzed by MS is that
analytes, amino acids in this case, must be ionized. The atmospheric-pressure ionization (API) by microwave-induced plasma
ionization (AP-MIPI), ESI, or chemical ionization (APCI) have
shown to be optimal interfaces between LC or CZE and tandem
mass (MS/MS) detectors for the analysis of amino acids in biological samples.
The LC amino acid separation before MS detection may be
accomplished without previous derivatization by either IP-RPHPLC using volatile IP reagents such as perfluorinated carboxylic acids (Person et al., 2008, Piraud et al., 2005) or by HILIC
(Zhou et al., 2013, Guo et al., 2013, Goekmen et al., 2012,
Langrock et al., 2006), using both volatile mobile phases (see
Sections 15.6.1.3 and 15.6.1.4). In some reports, amino acids
were derivatized for a better separation in order to minimize coelution and thus decrease matrix effects (Jia et al., 2011).
The challenge in this type of analysis is to avoid matrix effect
as much as possible. The coeluting matrix components may affect

the ionization of target compounds, resulting in either analyte
signal suppression or enhancement, which can lead to significant
errors in method accuracy (Gosetti et al., 2010).
The LC-MS analysis of amino acids and biogenic amines in
fermented food samples, derivatized with dansyl chloride, and
using a sub-2-μm particle size column and quadrupole-time of
flying mass spectrometry (Q-TOFMS) detector has been reported
and no significant matrix effects were observed by optimizing
sample preparation (dilution and derivatization) and chromatographic separation (Jia et al., 2011).
In relation to the use of MS as detector after CE amino acid
separation, some reports have been described (Akamatsu and
Mitsuhashi, 2013, Soga and Heiger, 2000). Soga and Heiger
(2000) reported the analysis of 19 amino acids by CE-ESI-MS
in only 17 min with a minimal sample preparation and no matrix
interference. This report includes the optimization of important
parameters like the choice of a volatile electrolyte for electrophoresis; use of 1 M formic acid that should be compatible with
MS and the composition and flow rate of the auxiliary liquid to
obtain the best sensitivity.

15.7.3 Electrochemical Detectors
ECD is based upon the electrical properties of a solution of analyte when it forms part of an electrochemical cell. It basically
consists of one or an array of electrodes mounted in a cell with an
applied potential difference. Any electrical measure such as current, potential, conductance, or charge is related to the analyte
concentration. Only amino acids with aromatic rings or sulfurcontaining side chains are electrochemically active enough to be
detected by this method (Zhao et al., 2001, Dou and Krull, 1990).
There are a lot of applications in clinical or biomedical research.
Typical applications in foods include the determination of glutathione and cysteine in vegetables (Mills et al., 1997) or o- and
m-tyrosine in irradiated foods (Krach et al., 1997).
Several modes of detecting other amino acids with nonelectrochemically active nature have been developed: (i) by the
attachment of electrochemically active compounds as described
previously (see Section 15.4.1.2); (ii) by the generation of chemical reactions at the electrode surfaces to produce electrochemically active products. As an example, Sarkar and Turner (1999)
or Fung and Mo (1995) proposed a series of rhodinized carbon
paste electrodes and an acidic potassium bromide electrolyte.
Bromine is continuously generated by electrolysis at an appropriate potential and consumed by proteins and amino acids. A
downstream electrode will measure changes in bromine concentration. This method is highly sensitive and can even detect
l- and d-proline that gives no response with enzyme electrodes.
This sensor does not require any reagent other than buffer and
no modification or surface treatment of the working electrode is
necessary. It is inexpensive and may have useful applications to
analyze amino acids in foods or in process monitoring and control during the production of amino acids; and (iii) by the use of
immobilized enzymes (amino acid oxidase together with peroxidase) to react with amino acids giving again electrochemically
active products (hydrogen peroxide, ammonia, etc.) for detection.
Typical applications are the analysis of l- and d-amino acids in
milk and fruit juices (Sarkar et al., 1999), in wine, vinegar, and
beer (Domínguez et al., 2001) or the determination of glutamate
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by using the immobilized enzymes (glutamate oxidase or glutamate dehydrogenase) (Li et al., 1996, Olson-Cosford and Kuhr,
1996). Owing to the high selectivity degree of this detection system, very simple sample pretreatment (often a dilution step is
sufficient) and, in some cases, the analysis could even be accomplished in the sample solution or after FIA.

15.8 Food Applications
Most applications are referred to both the analysis of free amino
acid content in foods or the amino acid composition of hydrolyzed
protein(s) or foods (see Table 15.4). But sometimes, the analysis is
focused on specific amino acids (tryptophan, taurine, o-tyrosine,
OH-proline, etc.), or a particular group of amino acids (essential
amino acids, sulfur amino acids, etc.) and, then, more specific
analytical methods of separation and detection may be used.

15.8.1 Free or Free plus Hydrolyzed Amino Acids
The most important factors to be taken into account are the
resolution power and selectivity. The highest resolution is
obtained by GC with capillary column technique, but tedious
and laborious sample derivatization is required. In general,
cation-exchange and postcolumn derivatization or RP-HPLC
with precolumn derivatization, are the preferred methods. Since
many peaks will appear in the chromatogram depending on the
sample matrix, corresponding to protein and nonprotein amino
acids, nucleosides, small peptides, and so on, a complete resolution of the whole peaks will be difficult and a very careful control
of chromatographic conditions will be necessary for a consistent and reproducible analysis. So, the analytical technique for
a determined sample matrix must be carefully chosen based on
the literature. Among RP-HPLC precolumn derivatization methods, the combination of OPA/FMOC derivatization or the PITC
derivatives are mostly used. The main advantage of the first is
the possibility of automation and the main advantage of the latter is the high resolutive power. The convenience of purchasing
commercially available kits must be evaluated. Examples of the
analysis of free amino acids extracted from ham by OPA/FMOC
and PITC derivatives are shown in Figures 15.4 and 15.5, respectively. Chromatograms of free PITC amino acids from meat and
pork feed, and free dansyl amino acids from orange juice are
shown in Figures 15.6, 15.7, and 15.8, respectively.

15.8.2 Hydrolyzed Amino Acids
When amino acids from proteins have to be analyzed, the first
decision is the choice of the hydrolysis method. In general, acid
hydrolysis with HCl 6 N (110°C for 22 h or 145°C for 4 h) with
an oxidation protective agent, such as phenol, and avoiding the
presence of oxygen with vacuum and nitrogen purging is enough
for the majority of food analytical purposes. The requirements
in resolution are not so exigent because less amino acids are
involved in the analysis and no peptides appear in the chromatogram. Any separation technique may give good results and,
once again, the convenience of purchasing commercially available prepackaged kits should be evaluated. The analyses of the
free and hydrolyzed dansyl amino acids of a typical drink from
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Valencian “Horchata” are shown in Figures 15.9a and 15.9b,
respectively. Particular hydrolysis problems related with certain
amino acids are described in Section 15.8.3.5.

15.8.3 Special Applications
Sometimes, the main goal consists of the analysis of one amino
acid or a group of amino acids in foods for several purposes such
as an index of adulteration or fraud, detection of contamination,
processing control, detection of bad processing practices, and
so on.

15.8.3.1 Analysis of Amino Acids Racemic Mixtures
Only l-isomers of amino acids can be utilized for the synthesis
of proteins. Thus, the presence of d-isomers in foods decreases
the protein digestibility and may be even toxic. Nevertheless,
d-amino acids are present in foods at low concentrations in
free form (Brüeckner and Westhauser, 1994). Racemization of
l-amino acids may occur in some foods after drastic heat or heat
and alkaline treatment (Chang et al., 1999, Friedman and Liardon,
1985). In this sense, the determination of these compounds has
been proposed as an indicator of correct processing and as a useful tool to monitor processes such as roasting and brewing (Erbe
and Brüeckner, 2000, Chang et al., 1999, Innocente and Palla,
1999). Bacteria are capable of producing amino acid racemization and, thus, the determination of d-isomers may be used as an
index of contamination or to check the microbiological quality of
foods (Casado et al., 2007, Voss and Galensa, 2000, Brüeckner
and Westhauser, 1994, Gandolfi et al., 1992, 1994). The naturally occurring content of d-isomers in some products (vinegar,
wine, beer, grapes, honey, milk, etc.) can serve to know their
raw material or geographical origin, and detect possible frauds
(Domínguez et al., 2001, Erbe and Brüeckner, 1998, 2000,
Calabrese et al., 1995). In the same line, the rate of racemization has been related to the age and type of cheese (Innocente
and Palla, 1999, Marchelli et al., 1997, Brüeckner and Hausch,
1990) and to the age and maturation of vinegar (Chiavaro et al.,
1998a,b).
The methods commonly used for routine amino acid profile
does not distinguish between d- and l-amino acids. Some special methodologies are necessary to separately analyze both isomers based on a selective separation or a selective detection with
enzyme reactor-electrochemical detectors (Rosini et al., 2008,
Domínguez et al., 2001, Voss and Galensa, 2000).
Enantiomeric separation may be achieved in four ways: (i)
Precolumn derivatization of d- and l-amino acids with a fluorescent chiral reagent (described in Section 15.5.2.2) that will be
separated by RP-HPLC (Rubio-Barroso et al., 2006, Jin et al.,
1999, Calabrese et al., 1995, Brüeckner and Westhauser, 1994)
or by MECC (Tivesten et al., 1997); (ii) addition of the chiral
reagent to the separating system as a mobile phase additive in
HPLC; this technique is known as “ligand exchange HPLC”
and present similarities with the ion pair HPLC technique
(Chen and Huang, 1995, Gandolfi et al., 1994, Marchelli et al.,
1997, Shimada and Hirakata, 1992, Lee et al., 1992); the chiral reagent can be added as a buffer additive in CZE or MECC
(Tsai et al., 1998, Chang et al., 1998, Janini et al., 1996, Issaq
and Chan, 1995, Otsuka et al., 1994, Otsuka and Terabe, 1990)
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Table 15.4
Selected Representative Methods for the Analysis of Amino Acids by Food Categories
Food
Fruit/vegetables

Amino Acid
Free

Hydrolyzed
Racemic

Cereals/nuts/legumes

Nuts/coffee

Cysteine + cystine
Free

Free + hydrolyzed
Free

Hydrolyzed
N-terminal
Racemic
Grape and alcoholic beverages

Whole
Free with cysteine
Free

Free cysteine
Racemic

Vinegar

Honey

Milk and dairy products
Infant formula

Free
Free + amines
Racemic
Free
Taurine
Whole

Free

Analytical Method
FMOC—RP-HPLC
OPA—RP-HPLC
OPA/FMOC—RP-HPLC
PITC—RP-HPLC
Dns—RP-HPLC
GC-MS/MS
MW/PITC—RP-HPLC
PITC—RP-HPLC
CE-ED
PFP—Chiral-GC-MS versus OPA/
chiral derivatives-RP-HPLC
Chiral-GC and chiral
eluent—HPLC
NBD-Cl
CEC—ninhydrin
Dns—RP-HPLC
PITC—RP-HPLC
AQC—RP-HPLCGC-FID/MS
PITC—RP-HPLC
CEC—ninhydrin
N(O,S)-isoBOC-dimethylsilyl—GC
FMOC—RP-HPLC
CEC—ninhydrin
Dns—MEKC
Chiral-GC and chiral
eluent—RP-HPLC
TNBS
IDA/OPA—RP-HPLC
OPA/FMOC—RP-HPLC
OPA—RP-HPLC
PITC—RP-HPLC
CEC—ninhydrin
GC-FID
GC-MS
CZE
2-amino ethanol/OPA—RP-HPLC
CEC—ED
OPA chiral reagent versus
chiral eluent—RP-HPLC
Marfey’s reagent—RP-HPLC
Chiral-GC
AQC—RP-HPLC
OPA—RP-HPLC
Chiral-GC-MS
PITC—RP-HPLC
GC-FID/MS
OPA—RP-HPLC
TNBS
Cd-ninhydrin
Several methods
CEC

References
Fabiani et al., 2002
Blanco-Gomis et al., 1992
Bartok et al., 1994
Hagen et al., 1993, Cavazos et al., 1996
Navarro et al., 1984
Guo et al., 2013
Shang and Wang, 1996
Chang et al., 1989
Voss and Galensa, 2000
Brüeckner and Westhauser, 1994
Gandolfi et al., 1994
Akinyele et al., 1999
Stancher et al., 1994
Prieto et al., 1990
Chang et al., 1989, Hagen et al., 1993, GonzálezCastro et al., 1997
Liu et al., 1995
Mustafa et al., 2007, Oh et al., 1995
Bidlingmeyer et al., 1987
Marshall et al., 1989
Oh et al., 1995
Arnold et al., 1994
Meredith et al., 1988
Cai and Weller, 1995
Palla et al., 1989
Crowell et al., 1985
Pripis-Nicolau et al., 2001
Schuster 1988, Herbert et al., 2000, 2001
Kelly et al., 2010, Soufleros and Bertrand, 1998
Calull et al., 1991
Hernández-Orte et al, 1997
Dale et al., 1989
Vasconcelos et al., 1989
Cerdán-Calero et al., 2012, Jia et al., 2011
Arellano et al., 1997
Park et al., 2000
Voss and Galensa, 2000
Tivesten et al., 1997
Calabrese et al., 1995
Brüeckner and Hausch, 1990
Callejón et al., 2008
Kutlan and Molnar-Perl, 2003
Chiavaro et al., 1998, Erbe and Bruckner, 1998
Spano et al., 2009
Nozal et al., 2004
Saito et al., 1997
Izco et al., 2000
Baer et al., 1996
Katsiari et al., 2001
Büetikofer and Ardö, 1999
Ardo and Gripon, 1995
(Continued)
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Table 15.4 (Continued)
Selected Representative Methods for the Analysis of Amino Acids by Food Categories
Food

Amino Acid

Hydrolyzed
Free + hydrolyzed
Free + amines
Taurine

Tryptophan
Lysinoalanine

Racemic

Eggs
Meat and meat products

Hydrolyzed
Taurine
Free
Free + amines
Hydrolyzed

OH-proline

3-Methylhistidine

Fish, crustaceans, and
molasses

Racemics
Whole
Free
Free + amines
Racemics
Taurine

Analytical Method
PITC—RP-HPLC
GC-FID
GC-MS
OPA and TNBS—FIA
PITC—RP-HPLC
AQC—RP-HPLC
PITC—RP-HPLC
Dabsyl—RP-HPLC
OPA—RP-HPLC
Dns—RP-HPLC
CEC—ninhydrin
Pronase hydrolysis—RP-HPLC
PITC—RP-HPLC
Dns—RP-HPLC
CEC—post-ninhydrin
FMOC—RP-HPLC
Fluorescent chiral
reagent—RP-HPLC
Fluorescent chiral
reagent—MEKC
Dns/chiral eluent—RP-HPLC
Chiral-GC
BITC—RP-HPLC
OPA—RP-HPLC
PITC—RP-HPLC
GC-MS
Dabsyl—RP-HPLC
PITC—RP-HPLC
GC and CEC
CEC—post-OPA
FMOC/ADAM—RP-HPLC
PITC—RP-HPLC
Fluorescamine—CZE
Fluorescamine—RP-HPLC
CEC—post-OPA
Chiral-GC
TNBS
OPA—RP-HPLC
CEC—ninhydrin
FMOC—RP-HPLC
FMOC—IP-HPLC
OPA—RP-HPLC

References
Vicente et al., 2001
Bertacco et al., 1992
Jia et al., 2011
Lemieux et al., 1990
Alegría et al., 1998
Bosch et al., 2006
Bidlingmeyer et al., 1987
Krause et al., 1995
Ferreira et al., 1997, Woollard and Indyk, 1993
Saito et al., 1997, Woollard and Indyk, 1997,
Subba-Rao, 1987
Nicolas et al., 1990
García and Baxter, 1992
Alegría et al., 1996
Faist et al., 2000
Wilkinson and Hewavitharan, 1997
Pellegrino et al., 1996
Jin et al., 1999
Tivesten et al., 1997
Marchelli et al., 1992
Innocente and Palla, 1999, Marchelli et al., 1997
Chang et al., 1999, Woo et al., 1996
Saito et al., 1997
Marušić et al., 2013, Aristoy et al., 1991
Jiménez-Martín et al., 2012, Jia et al., 2011
Krause et al., 1995
Bidlingmeyer et al., 1987
Schrijver et al., 1991
Ashworth, 1987a
Hultz-Smith and Judge, 1991
Green and Reagan, 1992
Mazorra-Manzano et al., 2012
Fuchs and Kuivinen, 1989, White and Lawry, 1984
Ashworth et al., 1987a
Brüeckner and Hausch, 1989
Hernández-Herrero et al., 1999
Antoine et al., 2001
Stancher and Calabrese, 1997
Kirschbaum et al., 1994
Okuma et al., 1995
Saito et al., 1997

Note: RP-HPLC: reverse-phase high-performance liquid chromatography; CE: capillary electrophoresis; MEKC: micellar electrokinetic chromatography;
CEC: cation-exchange chromatography; TLC: thin layer chromatography; FIA: flow injection analysis; IP: ion paired; ED: electrochemical detection;
MS: mass spectrometry; MW: microwave; IDA: iodoacetic acid; PITC: phenylisothiocyanate; BITC: butylisothiocyanate; Dabsyl-Cl: 4-dimethylaminoazobenzene-4′-sulfonyl chloride; Dns or dansyl-Cl: 1-dimethylamino-naphthalene-5-sulfonyl chloride; FMOC: 9-fluorenylmethyl chloroformate; OPA: o-phthaldialdehyde; AQC: 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate; BQCA: 3-benzoyl-2-quinolinecarboxaldehyde; TNBS:
trinitro-benzene-sulfonic acid; NBD-Cl: 7-chloro-4-nitrobenzo-2-oxa-1,3-diazole; BOC: butyloxycarbonyl; SDS: sodium dodecyl sulfate.

and may be cyclodextrins or an optically active amine that will
form complexes with the amino acids with the aid of a metal
ion (commonly Cu2+); (iii) use of modified stationary phases that
are known as “chiral bonded phases” for GLC (Paetzold and
Brüeckner 2006, Brüeckner and Schieber, 2000, Innocente and
Palla, 1999, Gandolfi et al., 1992, 1994, Armstrong et al., 1990)
or HPLC (Messina et al., 1996, Kato et al., 1995, Rizzi et al.,

1995, Chen and Huang, 1995). Attached chiral molecules may
be cyclodextrins or chiral amines. d- and l-Amino acids may be
derivatized previously or after separation for fluorescence detection or may be detected as free amino acids by MS.
Some reviews have been published on these aspects (Ferrer
et al., 1999, Issaq and Chan, 1995, Chiavaro et al., 1998b,
Friedman, 1992, Marchelli et al., 1996).
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Figure 15.4 Reverse-phase HPLC chromatogram of a dry-cured ham
deproteinized extract after OPA/FMOC derivatization. Abbreviations for
amino acids as shown in Tables 15.1 through 15.3. β: β-alanine; Car: carnosine; Ans: anserine; NV: norvaline; Sar: sarcosine.

15.8.3.2 Determination of 3-Methylhistidine
The widespread use of nonmeat protein in meat products has
promoted the development of methods for quantitating meat
proteins. Protein-bound 3-methylhistidine (3-MH) has been
detected only in the contractile meat proteins myosin and actin,
and is absent in collagen and in all nonmeat proteins and, thus,
it has been used as an index of meat content (Lawrie, 1988). The
analysis of this amino acid may be achieved through any of the
described methods (see Sections 15.3 to 15.7) but the RP-HPLC
separation of the fluorescamine precolumn derivatives and
fluorescence detection is the most used (Fuchs and Kuivinen,

1989, Johnson and Lawrie, 1988, Jones et al., 1982). Owing to
the cationic nature of this amino acid, cation-exchange HPLC
may be a good alternative as appears in Figure 15.10, in which
a good separation of underivatized basic amino acids and
naturally occurring dipeptides present in meat, with postcolumn OPA detection, is shown. A GC method for the N-HFB
isobutyl esters of meat amino acids, including 3-MH, has also
been published (Larsen and Thornton, 1980). A careful previous removal of the sarcoplasmic (soluble) proteins is necessary
before hydrolysis of the myofibrillar proteins to avoid the interference of 3-MH coming from the hydrolysis of the naturally
occurring dipeptide balenine (β-alanine-3-methylhistidine)
that is present in the sarcoplasmic fraction of some animal
skeletal muscles, as pork. Furthermore, other authors have proposed the previous removal of myosin because 3-MH content
is constant in actin but not in myosin, which can lead to confusion in estimating the meat protein content (Arneth et al., 2003,
Steinfuehrer et al., 2003).

15.8.3.3 Determination of Hydroxyproline
4-Hydroxyproline is a specific amino acid inside the primary
structure of collagen. Collagen is a low-quality protein since it
is poor in essential amino acids content, and thus, its presence
in foods decreases their value. This amino acid has been used as
an index of the collagen content (Mazorra-Manzano et al., 2012,
Zarkadas et al., 1995).
The analysis of 4-OH-proline is achieved through any of the
described methods, RP-HPLC being the most used, but taking
into account that 4-OH proline is a secondary amino acid that
does not react with some derivative reagents as OPA unless some
precautions are considered (see Section 15.4.1.1.2).
Other nonchromatographic methods are based on the nearinfrared spectroscopy (NIRS) technology (González-Martín
et al., 2008) or the specific colorimetric method (AOAC 2000)
based in the sample hydrolysis, hydroxyproline oxidation using
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Figure 15.5 Reverse-phase HPLC chromatogram of a deproteinized dry-cured ham extract after PITC derivatization. Abbreviations for amino acids as
shown in Tables 15.1 through 15.3. Car: carnosine; Ans: anserine; Bal: balenine.
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Figure 15.6 Reverse-phase HPLC chromatogram of a deproteinized pork meat extract after PITC derivatization. Abbreviations for amino acids as shown
in Tables 15.1 through 15.3. Car: carnosine; Ans: anserine; Bal: balenine.
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Figure 15.7 Reverse-phase HPLC chromatogram of a deproteinized pork feed extract after PITC derivatization. Abbreviations for amino acids as shown
in Tables 15.1 through 15.3.

chloramine T, and subsequent formation of a red compound with
p-dimethylaminobenzaldehyde (Ehrlich’s reagent) that is monitored at 560 nm.

15.8.3.4 Determination of o-Tyrosine
o-Tyrosine has been proposed as an indicator of food irradiation (Chuaqui-Offermanns et al., 1993). When phenylalanine
is irradiated with gamma rays, it is oxidized to give o- and
m-tyrosine isomers. The conversion yield is proportional to the
absorbed dose and temperature during irradiation. As many

foods contain a constant level of phenylalanine in proteins, the
level of o-tyrosine may be a good indicator of food irradiation.
Nevertheless, the low levels of naturally occurring o-tyrosine
present in some foods may be taken into account. The application is especially common in chicken, fish, and shrimps.
Methods to determine o-tyrosine should be highly sensitive and
selective as GC-MS (Karam and Simic, 1990), HPLC with fluorescence detector (Chuaqui-Offermanns et al., 1993, ChuaquiOffermanns and McDougall, 1991), HPLC-LIF (Miyahara
et al., 2000), and HPLC-ED (Krach et al., 1997, Bernwieser
et al., 1995).
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especially in the presence of carbohydrates. Methods to improve
tryptophan recovery after hydrochloric acid hydrolysis and other
hydrolyzing alternatives were described in Section 15.3.2.1. The
first proposal would be the addition of some protective agents
against oxidation (i.e., tryptamine, mercaptoethanol, thioglycolic, mercaptopropionic, thio- or dithiodipropionic acids). The
second alternative would be the use of organic acids to hydrolyze
the protein as mercaptoethanesulfonic acid or 4 N methanesulfonic acid that gives good results for samples with less than 20%
of sugar content. Perhaps, alkaline hydrolysis is the most advisable method for a better tryptophan recovery, even in the presence of high amounts of carbohydrates (Sánchez-Machado et al.,
2008, Ravindran and Bryden 2005, Amano and Noda, 1996,
Shibata et al., 1991, Nielsen and Hurrell, 1985). As a last alternative, enzymatic hydrolysis has been used for the determination of
tryptophan in infant formulas and medical nutritional products
(García and Baxter, 1992) but the technique is complex.
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Figure 15.8 Reverse-phase HPLC chromatogram of free amino acids
from orange juice after dansyl-Cl derivatization. Numbering corresponds
to 1, asp; 2 glu; 3, asn; 4, gln; 5, ser; 6, thr; 7, gly; 8, ala; 9, arg; 10, GABA;
11, pro; 12, val; 13, met; 14, ile; 15, leu; 16, Nleu, 17, phe; 18, dansyl-amida;
19, cys; 20, orn, 21 lys; 22, his; 23, tyr. (Reproduced from Navarro, J.L.,
M. Aristoy, L. Izquierdo. 1984. Revista de Agroquímica y Tecnología de
Alimentos 24: 85–93, with permission.)

15.8.3.5 Determination of Tryptophan
Tryptophan is an essential amino acid and its determination
as free form is easy by any of the previous proposed methods. However, the determination of protein tryptophan is difficult since this amino acid is destroyed during acid hydrolysis,
(a)

15.8.3.6 Determination of Cystine and Cysteine
and Methionine
The importance of these sulfur amino acids, as already discussed above, is due to their high reactivity and reducing power.
Methionine is an essential amino acid, while cyst(e)ine is essential in premature infants. These amino acids are especially
important in animal feed industry because they influence a correct growth of hair and feather.
The analysis of methionine and cyst(e)ine is problematic
because the sulfur-containing side chains are easily oxidized at a
variable rate. Many methodologies have been proposed, including derivatization and chromatography (Marušić et al., 2013,
Ates et al., 2009, Pripis-Nicolau et al., 2001, Park et al., 2000,
Liu et al., 1995, Barkholt and Jensen, 1989, Matsui et al., 1984)
(b)
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Figure 15.9 Reverse-phase HPLC chromatogram of free (a) and total (b) amino acids from “Horchata” after dansyl-Cl derivatization. Numbering corresponds to 1, asp; 2 glu; 3, asn; 4, gln; 5, ser; 6, thr; 7, gly; 8, ala; 9, arg; 10, GABA; 11, pro; 12, val; 13, met; 14, ile; 15, leu; 16, Nleu, 17, phe; 18, dansylamida; 19, cys; 20, orn, 21 lys; 22, his; 23, tyr. (Reproduced from Navarro, J.L., M. Aristoy, L. Izquierdo. 1984. Revista de Agroquímica y Tecnología de
Alimentos 24: 85–93, with permission.)
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Figure 15.10 Cation-exchange chromatogram of OPA postcolumn
derivatized histidine-related compounds. Abbreviations for amino acids as
shown in Tables 15.1 through 15.3. Car: carnosine; Ans: anserine.

or colorimetry (Akinyele et al., 1999) but problems arise when
a hydrolyzing step is necessary for the analysis. Indeed, cyst(e)
ine and methionine are partially oxidized during acid hydrolysis,
yielding several adducts: cystine, cysteine, cystein sulfinic acid,
cysteic acid, methionine, methionine sulfoxide, and methionine
sulfone, which makes their analysis difficult. An often used
procedure to overcome this problem is to convert all cyst(e)ine
and methionine to cysteic acid and methionine sulfonic acid
by sample treatment with performic acid and analyze them in
this form by any of the methods previously described (Akinyele
et al., 1999, Liu et al., 1995). The problem is the poor retention
of the derivatized cysteic acid in any of the described chromatographic methods (cation-exchange or RP-HPLC methods). The
use of alkylating agents (described in Section 15.3.2.1) to stabilize the cysteine before the hydrolysis is a valid alternative since
they offer derivatives with good chromatographic behavior. The
determination of methionine is not so problematic because fewer
losses occur during acid hydrolysis (the addition of a protectiveagainst oxidation and absence of oxygen use to be enough for a
good recovery), except in samples with high carbohydrates content where the performic oxidation is advisable.
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16.1 Introduction
The word “peptide” (πϵπτός) originally comes from Greek and
means “small digestible.” Structurally, peptides are constituted
by amino acids linked by amide bonds. It is commonly assumed
that peptides contain up to 100 amino acids. Peptides play important physiological and biochemical functions in the human body,
being involved in numerous biochemical processes within the
nervous, immunological, and cardiovascular systems or intestine (Sewald and Jakubke 2009). Among them, peptides working
as neurotransmitters, neuromodulators, or hormones (receptormediated signal transduction) are the best known.

The main source of peptides in living organisms is food.
Peptides can occur naturally in foods as independent entities
(e.g., garlic [Suetsuna 1998] or mushrooms [Hyoung Lee et al.
2004; Koo et al. 2006]) or can be as part of proteins (Korhonen
and Pihlanto 2006; Iwaniak and Minkiewicz 2008). Moreover,
peptides can also be released from proteins during food processing (e.g., yoghurt [Sanlidere and Oener 2011; Kunda et al. 2012;
Salakidou et al. 2012], cheese [Ardo et al. 2007; Butikofer et al.
2008; Ong and Shah 2008], or soybean products such as douchi
[Wang et al. 2008], natto, and tempeh [Gibbs et al. 2004] etc.). Food
processing can be performed by the action of proteolytic enzymes
(with various low-specificity enzymes: alcalase, thermolysin,
papain, and so on [Udenigwe and Aluko 2012]), microorganism
329
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fermentation (mainly lactic acid bacteria) or autolysis. Although
it has been proven that fermentation, in general, produces peptides with higher activity, the procedure is expensive, laborious,
and requires special conditions. Animal-origin proteases, which
are the by-products of the meat industry (e.g., pancreases) or are
isolated from microorganism proteases (alcalase from Bacillus
licheniformis, or thermolysin from Bacillus thermoproteolyticus
rokko), are relatively cheap sources of enzymes (Zambrowicz et al.
2013). Moreover, the fact that proteolytic enzymes are already
ingredients of foodstuffs is also exploited to obtain protein hydrolyzates. The main advantages of autolysis are simplicity of process and low cost (Nogata et al. 2009). However, gastrointestinal
digestion can also release peptides, and simulated gastrointestinal
digestion is employed in bioavailability studies to evaluate peptide resistance to gastrointestinal digestion. The most commonly
used method was developed by Garrett (Garrett et al. 1999) and
it involved the application of sequential digestion with pepsin
and pancreatin enzymes. Additionally, the use of other enzyme
mixtures containing pepsin, trypsin, chymotrypsin, pancreatin,
or corolase P® has also been reported (Korhonen and Pihlanto
2006; Vlieghe et al. 2010). In addition to simulated gastrointestinal digestion, bioavailability also involves a digestion with brush
border peptidases, absorption through the intestinal barrier, as
well as digestion with blood enzymes, once peptides reached the
circulation (Martínez-Maqueda et al. 2012). Enzymatic release
becomes a very complex and unspecific mechanism in which several enzymes, from food processing or the digestive system, with
various activities are involved (Panchaud et al. 2012).
Depending on the amino acid sequence, peptides ingested or
released from proteins in organism may affect the major body
systems. These effects may be attributed to the numerous activities possessing food peptides, commonly named “bioactive peptides” (see Section 16.4.2). In general, bioactive peptides contain
2–20 amino acids, but in some cases, this range can be extended
(Erdmann et al. 2008).
Food products can also be supplemented with peptides coming
from other sources in order to obtain foodstuffs with certain
properties. This type of foods is commonly called “functional
food.” Food products enriched with peptides are already commercially available (see Table 16.1) (Korhonen and Pihlanto
2006; Hartmann and Meisel 2007; Erdmann, Cheung Belinda,
and Schroder 2008; Phelan and Kerins 2011; Martínez-Maqueda
et al. 2012). Nevertheless, there is no consensus in the definition of
health claims in functional foods among different countries (Lalor
and Wall 2011). EU legislation does not yet recognize functional
foods as a distinct category of foods, and EFSA has the role to
decide which nutritional claims are valid based on the scientific
evidence. Unlike the EU, Japan licensed in 1991 the legal system in
relation to allowable health claims on functional foods (FOSHU,
Foods for Specified Health Use) (Hartmann and Meisel 2007).
According to Japanese legislation, before FOSHU is granted,
health claims must be substantiated through s cientific evidences
(De Leo et al. 2009). Regarding the United States, although the
Institute of Medicine of the U.S. National Academy of Sciences
describes functional foods, there is no legal position that defines
functional or health-enhancing foods (Lalor and Wall 2011).
Additionally, peptides released from foodstuffs with characteristic masses and sequences (unique peptides) are frequently
employed in food analysis for the unequivocal identification of
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a protein source exhibiting a certain activity (Issaq et al. 2009).
In fact, “peptide-centric” approach is one of the most powerful
aspects in proteomic studies (Picariello et al. 2012). In this case,
peptides serve as a precise molecular indication (biomarker) of
the presence of specific proteins in foodstuffs (see Section 16.4.1).
These peptides can unambiguously be inferred back to one parent protein sequence accounting for its key biological activity. In
order to obtain a unique peptide (proteotypic peptide), in vitro
enzymatic digestion with a highly specific enzyme (commonly
trypsin) must be performed. Thus, generated peptides commonly
contain 7–25 amino acids.
As well as the biological activity, food peptides are also important for their influence on functional food properties and product
taste. Functional properties of peptides include solubilization,
foaming, emulsifying, and gelling. Peptide length can change
the solubility and gelling properties. Overall, peptides act like
surfactants contributing to the formation of droplets by lowering
the interfacial tension and by preventing recoalescence (Walstra
1993). Emulsion-forming behavior and stability of protein
hydrolyzates are often related to the degree of hydrolysis and the
apparent molecular weight distribution (van der Ven et al. 2001).
An extensive protein hydrolysis results in an increase in turbidity
and viscosity, finally leading to the formation of a gel (Doucet
et al. 2001). However, as identified by Ferreira et al. (2007),
smallest peptides are unable to form gels and, thus, gelation
time and gel strength depend on the degree of hydrolysis. Since
gels confer structure, texture, and stability to food products and
allow the retention of water and other small molecules, gelation
capacity of peptides is highly appreciated by food manufacturers. Despite bitter-tasting peptides being described most extensively, peptides may also reveal other tastes such as sweet, sour,
salty, or umami (Van Lancker et al. 2011). Bitter taste comes
from small peptides (<6 kDa) containing hydrophobic amino
acids (L, P, F, Y, I, and W). Internally sited hydrophobic amino
acids exhibit higher bitterness than terminal ones (FitzGerald
and O’Cuinn 2006). Debittering of protein hydrolyzates can be
performed by the adsorption of bitter peptides on activated carbon, by their chromatographic removal using different matrices,
or by their selective extraction with alcohols. Bitter taste can also
be masked by the addition of polyphosphates, amino acids (D
and E), α-cyclodextrins, hydrolyzates with intact proteins, or
by transpeptidation reaction (FitzGerald and O’Cuinn 2006).
Other methods include further hydrolysis of bitter peptides with
enzymes such as aminopeptidase, alkaline/neutral protease, and
carboxypeptidase or the use of Lactobacillus as a starter adjunct
(Saha and Hayashi 2001). Encapsulation also enables to mask
bitter taste of peptides as well as reduce the metabolic activity of some bacteria or improve peptide stability. In the case of
bioactive peptides, masking methods involve the use of monosodium glutamate or glutamylglutamic acid, encapsulation,
addition of cyclodextrins, phospholipids, and lysophospholipids
(Hernández-Ledesma et al. 2011).
Despite the fact that food processing may improve safety and
preserve food, it can also have harmful influence on peptides.
Indeed, evaluation of dehydration, thermal heating, and fermentation on peptides are important issues. Dehydration preserves
food, decreases the action of microorganisms, and facilitates its
storage and transport. However, food dehydration can also change
peptide composition, reduce amino acid content, and produce
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Table 16.1
Commercial Food Products Supplemented with Peptides with Desired Properties
Commercial Product Name

Product Type

Peptide Sequence

Health/Function Claims

Ameal S
BioPURE-GMP

Fermented milk
Whey protein isolate

VPPIPP
κ-Casein ƒ(106–109)
(glycomacropeptide)

Biozate
Calpis
Capolac

Whey protein hydrolyzate
Fermented milk
Ingredient

β-Lactoglobulin fragments
VPP, IPP
Caseinophosphopeptide

Casine DP
CE90CPP

Casein protein hydrolyzate
Ingredient

CholesteBlock

Drink powder

Cystein peptide

Ingredient/hydrolyzate

FFVAPFEVFGK
Caseinophosphopeptide
(20%)
Soybean peptides bound to
phospholipids
Milk-derived peptides

C12 peptide

Casein protein hydrolyzate

FFVAPFEVFGK

Helps to raise energy level
and sleep
Blood pressure reduction

Danaten
Evolus

Fermented milk
Calcium-enriched
fermented milk
Fermented low-fat hard
cheese

Not described
VPP, IPP

Blood pressure reduction
Blood pressure reduction

αs1-casein ƒ(1–9),
αs1-casein ƒ(1–7),
αs1-casein ƒ(1–6)
Glutamin-rich peptide

No health claim as yet

MTT Agrifood Research,
Finland

Immunomodulatory

Caseinophosphopeptide
RYLGY, AYFYPEL
Casein-derived peptides

Helps mineral absorption
Blood pressure reduction
Improves athletic
performance and muscle
recovery
Blood pressure reduction
Reduction of stress effects

DMV International, The
Netherlands
Asahi, Japan
InnavesBiorech SA, Spain
DSM Food Specialties, The
Netherlands

Festivo

Glutamin peptide
Kotsu Kotsu calcium
Lowpept
PeptoPro

Peptide Soup
PRODIET F200/Lactium

Dry milk protein
hydrolyzate
Soft drink
Casein hydrolyzate
Ingredient/hydrolyzate

Tekkotsu Inryou
Tensiocontrol

Soup
Milk drink, confectionery,
capsules
Soft drink
Egg protein hydrolyzate

Vasotensin
Vivinal Alpha

Bonito protein hydrolyzate
Ingredient/hydrolyzate

Bonito-derived peptides
YLGYLEQLLR
Caseinophosphopeptide
RADHPFL, YAEERYPIL,
IVF
LKPNM, LKP
Whey-derived peptides

Blood pressure reduction
Anticarcinogenic,
antimicrobial,
antithrombotic
Blood pressure reduction
Blood pressure reduction
Helps mineral absorption

Company

Blood pressure reduction
Helps mineral absorption
Hypocholesterolemic

Calpis Co, Japan
Davisco, USA

Davisco, USA
Calpis Co, Japan
Arla Foods Ingredients,
Sweden
Kanebo Ltd., Japan
DMV International, The
Netherlands
Kyowa Hakko, Japan
DMV International, The
Netherlands
DMV International, The
Netherlands
Danone, France
Valio Ltd., Finland

NIPPON, Japan
Ingredia, France

Helps mineral absorption
Blood pressure reduction

Suntory, Japan
Bioactor, The Netherlands

Blood pressure reduction
Helps relaxation and sleep

Metagenics, Australia
Borculo Domo Ingredients
(BDI), The Netherlands

Source: From Martinez-Maqueda, D. et al. 2012. Food & Function 3(4) (Apr): 350–361; Phelan, M., and D. Kerins. 2011. Food & Function 2(3–4) (Apr):
153–167; Korhonen, H., and A. Pihlanto. 2006. International Dairy Journal 16(9) (Sep): 945–960; Hartmann, R., and H. Meisel. 2007. Current
Opinion in Biotechnology 18(2): 163–169; Erdmann, K., W. Y. Cheung Belinda, and H. Schroder. 2008. The Journal of Nutritional Biochemistry
19(10): 643–654.

nonenzymatic browning (Hernández-Ledesma et al. 2011).
However, thermal processing favors racemization, decomposition of residues (e.g., R converts to ornithine), glycation (browning, Maillard reaction), and cross-linking (Hernández-Ledesma
et al. 2011). It is important to highlight that peptides can be
altered or degraded without intervention of any reactive species
by temperature (e.g., degradation of D [Brueckner et al. 2013]),
pH (e.g., loss of ammonia from N, and Q ), moisture (high water
content results in an enhanced mobility and chemical reactivity
[Bell 1997]), or high pressures (Butz et al. 2002). Peptide susceptibility to degradation or modification increases with molecular
mass. Peptide modifications include intramolecular cyclization

(N at N-terminus [Zhang and Hojrup 2010]), backbone modifications (intramolecular cyclization of C, S, T, or β-aminoalanine
[Van Lancker et al. 2011]), side chain modifications (formation of
dehydro amino acids from S, C, T), cross-linking (mainly from
the dehydro amino acids or formation of disulfide bridge), or peptide breakdown (formation of carcinogenic acrylamide [Buhlert
et al. 2006, 2007]). Additionally, peptides can react with food
components such as carbohydrates, lipids, or their degradation
products, or with minor compounds such as vitamins, additives,
carbonyl compounds from other reactions, or even inorganic
additives. These interactions must be taken into consideration for
novel functional foods formulation since they can affect peptide
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functionality. Some strategies for the enhancement of peptide
stability and bioavailability such as lipidization, glycosylation,
cationization, and microencapsulation are extensively discussed
by Witt et al. (2001).

16.2 Sample Preparation
Sample preparation is the first critical step that affects the outcome of the entire peptide analysis. Isolation of peptides from
food is a difficult task since foods constitute complex and heterogeneous matrices. It is a complicated task to analyze food peptides with good accuracy without a suitable sample preparation
combining, in many cases, fractionation, purification, and preconcentration steps (Martínez-Maqueda et al. 2013).

16.2.1 Peptide Standard Solubilization
Appropriate selection of peptide media is essential since
improper peptide solubilization can lead to its loss or even experiment failure. Peptide solubility is sequence-dependent. In fact,
in order to facilitate peptide solubility, more than 20% residues
should be charged. Short peptides (till five residues) or hydrophilic peptides containing >25% charged residues (E, D, K, R)
and <25% hydrophobic residues are water soluble. Hydrophobic
peptides containing 50%–75% hydrophobic residues may be
just partly soluble in water solutions. In this case, the addition
of organic solvents such as acetonitrile (ACN), alcohols, acetic
acid (AA), or dimethyl sulfoxide (DMSO) (if there is no C, W,
or M; in case of C, dimethylformamide [DMF] is recommended
instead of DMSO) might be necessary. For peptides that tend
to aggregate, the addition of guanidine hydrochloride or urea is
recommended. Very hydrophobic peptides (>75% hydrophobic
residues) require the addition of strong solvents (trifluoroacetic
acid [TFA], formic acid [FA]) or high concentration of organic
solvents or denaturant reagents (Issaq et al. 2009). Peptides are
more stable in solid state than in aqueous solutions. The stability of peptides is influenced by solvent, concentration, pH, and
temperature (Van Lancker et al. 2011). Instability of peptides in
solution can be caused by adsorption onto vial walls, inactivation, racemization, oxidation (C or M), deamination (N or Q),
chain cleavage, diketopiperazine formation, or rearrangements
(Issaq et al. 2009).

16.2.2 Peptide Release from Foodstuffs
Extraction of peptides from foodstuffs depends on how the peptide is present. Peptides present as individual entities are usually
extracted with different solvents. Hydrophilic peptides are usually extracted using water or short-chain alcohols (e.g., ethanol or
methanol). The use of alcohols also enables the precipitation of
proteins, and thus their removal. In most cases, protein removal
(deproteinization) is a key clean-up step (Shahidi and Zhong
2008), which can include precipitation (with acetone, TFA, TCA,
ethanol, methanol, ammonium sulfate, or salting out), centrifugation, filtration (also ultrafiltration [UF]), or simply boiling
(Poliwoda and Wieczorek 2009; Martínez-Maqueda et al. 2013).
Extraction of peptides encrypted in high structural protein/s to
obtain biomarker peptides requires a previous hydrolysis with
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enzyme(s). Chemical hydrolysis, involving the use of acids or
alkalis, is simple and less expensive than any available approach.
However, it is not commonly applied due to the difficulties to
control it, showing low selectivity and specificity, and giving rise
to the damage of some amino acids (Shahidi and Zhong 2008).
For these reasons, enzymes of high purity and specificity are usually applied, trypsin being the most common one (Canas et al.
2007) (see Table 16.2). Generated peptides share similar properties, having lengths between 7 and 25 amino acids (molecular
masses between 700 and 2500 Da), which reduces the analytical
range to be covered, being suitable for mass spectrometry (MS)
analysis. Different strategies can be used for trypsin enzymatic
protein digestion such as in-gel digestion (Rosenfeld et al. 1992)
(proteins are previously separated by sodium dodecyl sulfatepolyacrylamide gel electrophoresis [SDS-PAGE]), in-solution
digestion (proteins are dissolved in an aqueous solution) (Link
et al. 1999), or filter-aided sample preparation (FASP) digestion. In-gel trypsin digestion of proteins is a standard procedure
in the field of proteomics. Briefly, excised pieces of gels (from
one-dimensional or two-dimensional [2D] gels) are destained,
digested with trypsin, and obtained peptides are extracted.
Although a large number of protocols have been published for
in-gel digestion, they only differ on their sensitivity and throughput (Nissum et al. 2004). In-solution digestion is the easiest and
the most commonly applied approach. However, typical digestion protocols usually take long time. In order to speed up and
simplify digestion, different strategies have been reported: heat,
microwaves, high pressure, and infrared and ultrasonic energy
(Capelo et al. 2009). FASP digestion, recently introduced by
Wisniewski et al. (2009), is still not commonly employed in peptide food analysis. It consists of digesting proteins previously
retained on a membrane filter and recovering of peptides by centrifugation. FAST digestion allows the use of more aggressive
conditions, which ensures better protein solubilization.

16.2.3 Purification of Peptides
The objective of purification is the separation of target molecules
from others. Purification is essential when studying peptide
structure or properties. Peptides can be purified by the application of several approaches based on different types of chromatography, electrophoresis, and membrane separation techniques.
Purification and fractionation of peptides can be performed
based on their hydrophobic/hydrophilic properties (reversed
phase [RP] or normal phase [NP] liquid chromatography [LC],
hydrophobic interaction liquid chromatography [HILIC]), charge
properties (ion exchange chromatography [IEC], isoelectrofocusing electrophoresis), molecular size (size-exclusion chromatography [SEC], [UF]), or affinity properties (affinity chromatography
[AC]) (Shahidi and Zhong 2008). Purification of peptides from
complex matrices normally requires several purification steps
using orthogonal separation techniques (multidimensional
purification).

16.2.3.1 Membrane Separation
UF is a common membrane separation technique that can be
used for fractionation or for the removal of interfering macromolecules (Martínez-Maqueda et al. 2013). Additionally, it
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Table 16.2
Recent Works Using Biomarker Peptides for Food Composition Analysis, Product Authentication, and Food Allergens Detection
Foodstuffs

Brief Description

Peptide Isolation

Peptide Analysis

References

Food Composition Analysis
Milk

Gouda cheese

Ovine milk cheese
Soybean

Puffer fish

Dry-cured ham
Dry-cured ham

Serrano dry-cured ham

Dry-cured ham

Dry-cured ham
Product Authentication
Mussel species

Merlucciidae species

Shrimp species

Shrimp species

Merlucciidae species

Meat and fish samples

Chicken and meat mix

Determination of peptide profile of milk
and its changes during thermal
treatment and storage
Identification of key kukumi peptides
enhancing mouthfulness in mature
Gouda cheese
Study of the role of hydrophobic
peptides size in bitterness
Isolation and identification of bitter
peptides in tryptic hydrolyzates of
soybean 11S glycinin
Isolation and identification of flavor
peptides from Puffer fish muscle
Prediction of curing time using peptide
profiles
Identification of small peptides
generated during curing
Identification of naturally generated
small peptides from myofibrillar
proteins during curing
Identification of peptides released from
muscle glycolytic enzymes during
curing
Identification of small myoglobin
peptides generated during curing
Identification of species-specific
peptides for the characterization of
European marine mussels
Characterization of species-specific
peptides for the correct classification of
commercial fish species belonging to
the Merlucciidae family
Characterization of species-specific
peptides for the identification of
commercial Decapoda shrimp
species
Characterization of species-specific
peptides obtained by ultrasonic-assisted
digestion for the classification of seven
commercial species of Decapoda
shrimps
Characterization of species-specific
peptides obtained by ultrasonic-assisted
digestion for the classification of
commercial species belonging to the
Merlucciidae family
Determination of marker peptides for
screening food products for the
addition of bovine blood-based binding
agents
Detection of adulterations due to the
addition of chicken in meat mixtures
by the detection of chicken-specific
peptides

IMAC

MALDI-ToF

Meltretter et al. 2008

SEC

LC-MS/MS

Toelstede et al. 2009

SEC

RP-LC-UV

Agboola et al. 2004

2-LC:
SEC
RP-LC
UF
SEC
RP-LC
Precipitation with
acetone
SEC
RP-LC
CEC
2-LC:
RP-LC
RP-LC
SEC
RP-LC

Edman degradation

Kim et al. 2003

Electronic tongue
MALDI-ToF/ToF

Zhang et al. 2012a

CE-UV

Lerma-Garcia et al. 2009

Edman degradation

Sentandreu et al. 2003

MALDI-ToF-MS
nLC-nESI-QToF-MS
MS/MS
nLC-nESI-QToF-MS/MS

Mora et al. 2009

RP-LC

nLC-QToF-MS/MS

Mora and Toldra 2012

2-DE
Trypsin digestion

MALDI-ToF-MS
nESI-MS/MS
µLC-MS/MS
MALDI-ToF-MS
LC-MS/MS
nESI-MS/MS

López et al. 2002

2-DE
Trypsin digestion

MALDI-ToF
nESI-MS/MS

Ortea et al. 2009

HIFU

LC-MS/MS

Ortea et al. 2011

Heating at 70°C
HIFU

LC-MS/MS

Carrera et al. 2011

Acid precipitation
SPE

MALDI-ToF-MS
LC-MS/MS

Grundy et al. 2007

OFFGEL
SDS-PAGE
In-gel or in-solution
Trypsin digestion

MALDI-ToF-MS
LC-MS/MS

Sentandreu et al. 2010

2-DE
Trypsin digestion

Mora et al. 2011

Carrera et al. 2007

(Continued)
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Table 16.2 (Continued)
Recent Works Using Biomarker Peptides for Food Composition Analysis, Product Authentication, and Food Allergens Detection
Foodstuffs
Gelatin

Brief Description
Detection of marker peptides to
differentiate between bovine and
porcine gelatin

Food Allergens Detection
Milk in food
Identification of marker casein peptides
for the detection of milk allergens in
food samples
Milk in food

Milk in food

Peanut
Peanut in chocolate

Peanut in foods

Peanut in cereal–
chocolate-based snacks
Peanut in foods

Determination of marker peptides for the
detection of ruminant milk allergens in
dairy and chocolate samples
Identification of marker peptides that
resist protein glycation for the
detection of cow’s milk allergens in
food samples
Identification of marker peptides for raw
and roasted peanut allergens
Detection of peptide markers for the
presence of peanut allergen Ara h 1 in
foods
Detection of peptide markers for the
presence of peanut allergens Ara h 2
and Ara h 3/4 in foods
Determination of peanut allergens Ara h
2 and Ara h 3/4 in cereal–chocolatebased snacks
Determination of peanut allergen Ara h
3/4 in breakfast cereals

Peanut in baked cookies

Selection of marker peptides for the
detection of peanut allergens in baked
cookies

Hazelnut

Identification and selection of marker
peptides for the detection of hazelnut
and occurrence in other nuts
Identification of stable marker peptides
of hazelnut
Identification of marker peptides for the
detection of cashew-nut, hazelnut,
almond, peanut, and walnut allergens
in breakfast foodstuffs
Detection of parvalbumin peptide
biomarkers in fish food products

Hazelnut
Nuts in foods

Fish

Peptide Isolation

Peptide Analysis

References

SEC
Trypsin digestion

MALDI-ToF
LC-MS/MS

Zhang et al. 2009

IEC
UF
SDS-PAGE
Trypsin digestion
Trypsin digestion

ELISA
µLC-MS/MS

Weber et al. 2006

LC-MS/MS

Ansari et al. 2011

SDS-PAGE
Trypsin digestion

MALDI-ToF-MS
MS/MS

Cucu et al. 2012b

Trypsin digestion

µLC-MS/MS
nESI-MS/MS
LC-MS/MS

Chassaigne et al. 2007

UF
LLE
SPE
Trypsin digestion
UF
Trypsin digestion

LC-MS
MS/MS

Careri et al. 2007

ELISA-ICP-MS
LC-ESI-MS/MS

Careri et al. 2008b

Immunomagnetic
beads extraction
Microwave-assisted
Trypsin digestion
ProteoMiner protein
enrichment
SDS-PAGE
Trypsin digestion
SDS-PAGE
Western blot
Trypsin digestion
Trypsin digestion

LC-MS/MS

Careri et al. 2008a

nUPLC-MS/MS

Pedreschi et al. 2012

LC-MS/MS

Ansari et al. 2012

MALDI-ToF-MS
MS/MS
LC-MS/MS
MS3

Cucu et al. 2012a

Trypsin digestion
SPE

Trypsin digestion

Heating at 70°C
HIFU

enables concentration and enrichment of peptides. Peptide solution is applied on a semipermeable membrane (mostly polysulfone or cellulose) working as molecular sieve and fractionating
peptides according to molecular size (Poliwoda and Wieczorek
2009). Cellulose membranes are less resistant but have reduced
fouling, whereas polysulfone membranes are more rigid but are
more susceptible to fouling (Martínez-Maqueda et al. 2013).
UF is a 
pressure-driven separation technique although centrifugation can also be applied instead. Poor selectivity of UF
can be a big disadvantage. Wide range of molecular weight cut

LC-MS/MS

Shefcheck et al. 2006

Bignardi et al. 2010

Carreraet al. 2012

off (Mwco) membranes is commercially available (500 Da to
100 kDa). Frequently, sequential fractionation of bioactive peptides on small Mwco membranes is performed (1–10 kDa). UF
membranes can also be used as a surface for the tryptic digestion
of proteins (FASP, see Section 16.2.2).

16.2.3.2 Liquid Chromatography
Chromatographic modes mostly employed for the separation
of peptides are size exclusion, ion exchange, NP, and RP (Issaq

Free ebooks ==> www.ebook777.com
335

Peptides
et al. 2009). Complex mixtures can be resolved by multidimensional approaches where two or more chromatographic modes
are combined.

16.2.3.2.1

Size-Exclusion Chromatography

Since SEC separates molecules over a wide mass range (0.1–
100 kDa) and it is a low-resolution technique, it is just useful when peptide raw material requires a first purification
from main interferences (such as protein or salts) (Poliwoda
and Wieczorek 2009). Moreover, SEC is also used as first
dimension in multidimensional separation strategies. SEC is
commonly performed on dextran (Sephadex) resins, agarose/
dextran (Superdex), polyacrylamide (BioGel P), and divinylbenzene polymers (Poliwoda and Wieczorek 2009). The elution on SEC depends on resin composition and can be carried
out using water, organic acids, salts, or alcohols (MartínezMaqueda et al. 2013).

16.2.3.2.2 Ion-Exchange Chromatography
Porous and nonporous matrices with hydrophilic materials
such as cellulose, cross-linked dextrans, polystyrene polymers,
or Bio-Rex membranes are the most used for peptide separation (Martínez-Maqueda et al. 2013). Cation exchange (CEC)
matrices are attached to negatively charged groups (sulfopropyl, methyl sulfonate, or carboxymethyl) while anion exchange
(AEC) matrices have positively charged groups (quaternary
ammonium, quaternary aminoethyl, or diethylaminoethyl).
Peptides are mainly eluted from IEC columns by increasing
mobile phase ion strength while maintaining pH (to break up the
ionic interaction) being less common the elution by pH change
(Poliwoda and Wieczorek 2009). Although both IEC modes can
be applied to peptide separation, strong cation exchange chromatography (CEC) is more common. IEC resists harsh cleaning
conditions and allows the purification of peptides with low cost
and relatively high resolution.

16.2.3.2.3 Affinity Chromatography and Immobilized
Metal Ion Affinity Chromatography
The few works devoted to the separation of peptides from foodstuffs via AC mostly employed immobilized metal ion affinity
chromatography (IMAC). Separation is based on the interaction of metals such as Cu2+ (Megias et al. 2007; Meltretter
et al. 2008), Fe3+ (Lund and Ardo 2004; Lv et al. 2009), Zn2+
(Wang et al. 2012), or Ti4+ (Shen et al. 2012) immobilized on a
solid support with peptides in solution. The separation depends
on the coordination between chelating metal ions and electron donor groups of peptides (Gedela and Medicherla 2007).
Although some commercial IMAC supports (beds, spin column) are available, immobilization of metals on solid supports
is frequently performed in-house. Typically, metal ions are
immobilized on chelating ligands, such as iminodiacetic acid
(IDA), which are attached to a sepharose (Lund and Ardo 2004;
Lv et al. 2009) or a chitosan (Wang et al. 2012) matrix. As an
alternative, Shen et al. (2012) presented the efficient IMAC-Ti4+
chelated on phosphorylated cellulose. Metal-chelated peptides
usually contain H, S, C, E, and D residues. Metal ions prefer
binding carboxyl groups (E, D) or oxygen- (phosphate group),
or nitrogen- (H) rich groups (Megias et al. 2007). IMAC-Cu2+
binds peptides via carboxylic groups, phosphate groups, and

amino acid side chains with electron donor groups (H, C,
W). The wide specificity of interactions allows high recovery
of peptide fractions (Meltretter et al. 2008). Moreover, phosphopeptides enrichment, based on electrostatic interactions
between positively charged metal ions and negatively charged
phosphate groups of peptides, is usually carried out with metal
ions such as Fe3+, Ga3+, Zr4+, and Ti4+. Although this method
is relatively specific, acidic peptides can also bind (Shen et al.
2012). In fact, IMAC-Fe3+ proved to also attach peptides with
H being necessarily a previous separation by CEC (Lund and
Ardo 2004). Liu et al. compared metal ion chelating capacity,
adsorption, and separation efficiency of peptides in IMAC with
different metal ions (Fe3+, Cu2+, Zn2+, Ca 2+) immobilized on an
IDA-Sepharose matrix (Liu et al. 2012). They observed that the
binding ability of soybean protein peptide on the column was
Fe3+ > Cu2+ > Zn2+ > Ca 2+, which was associated with different adsorption behaviors of metal ions. IMAC enables removal
of majority of low-molecular-weight interferences, which led
to better signal-to-noise ratio. High-throughput, reproducible,
easy handling, and short analysis times are additional advantages (Meltretter et al. 2008).

16.2.3.2.4 Reversed-Phase Chromatography
A wide selection of chromatographic materials is available to
separate peptides by RP-LC (Neverova and Van Eyk 2005).
Columns packed with silica-based reversed-phase particles are
the most widely used material for the purification of peptides.
The C18 bound phase is the most popular for the separation of
peptides. When the alkyl chain is large, smaller or more hydrophilic peptides are recovered in high yield but larger or more
hydrophobic peptides are lost. When alkyl chain is shorter, the
situation is opposite. Mobile phase in RP-LC usually is a mixture of water with ACN due to its high volatility, low viscosity, and relative transparency to UV detection. Alcohols such as
methanol, ethanol, or isopropanol can also be employed instead
of ACN. Elution of peptides in RP-LC is normally performed in
the gradient mode. The addition of an ion-pairing reagent aids
to maintain low pH, create complexes with positively charged
peptides, and minimize their ionic interactions with stationary phase. TFA, AA, or FA are the most common ion-pairing
reagents (see more in Section 16.3.1.1).

16.2.3.2.5 Hydrophilic Interaction Chromatography
HILIC is a powerful tool for the separation of polar compounds.
The separation of analytes on HILIC is based on the interaction
with a hydrophilic stationary phase like in NP chromatography.
However, NP is performed only with nonaqueous, nonwatermiscible solvent buffers, whereas HILIC is performed with
water-miscible solvents (e.g., ACN or methanol) and elution is
achieved by a water gradient (Boersema et al. 2007). Columns
used for NP can also be successfully applied in HILIC conditions (Jian et al. 2010). HILIC stationary phases can be divided
into three different groups: neutral (e.g., diol and amide phases,
without electrostatic interactions with the analyte), charged
(e.g., plain silica and aminopropyl phases which have strong
electrostatic interactions with the analyte), and zwitterionic
phases (e.g., sulfobetaine silica phases with weak electrostatic
interactions with the analyte) (Bernal et al. 2011). The most
commonly used HILIC columns for the separation of peptides
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from food matrices are TSK-gel Amide-80 (neutral) (Toelstede
and Hofmann 2008; Sonntag et al. 2010), Atlantis HILIC Silica
(charged) (Mora et al. 2008; van Platerink et al. 2008), and, in
some cases, ZIC-HILIC (zwitterionic) (Picariello et al. 2008).
For HILIC, the best and most common organic solvent is ACN.
Methanol yields wider peaks in approximately the same retention time, while tetrahydrofuran may change the elution order.
Aqueous solutions typically contain salts of ammonium, formate, or acetate. The type of organic solvent and the type,
concentration, and pH of buffer can affect the selectivity and
retention time in HILIC (Bernal et al. 2011). A detailed review
about HILIC (Buszewski and Noga 2012) and an excellent
review dealing with the application of HILIC to food matrices
have recently been published (Bernal et al. 2011) (see more in
Section 16.3.1.1).

16.2.3.2.6 Solid-Phase Extraction
Solid-phase extraction (SPE) is primarily used to retain peptides enabling the removal of sample matrix interferences and/
or peptide concentration. Basically, all types of SPE sorbents are
commercially available (C2–C18, phenyl, cyanopropyl, IEC, etc.)
(Martínez-Maqueda et al. 2013). The separation principles and
the mode of use depend on the selected sorbents. Microdevice
counterparts designed for small sample amounts such as spincolumns and zip-tips are gaining popularity.

16.2.3.3 Electrophoretic Isoelectrofocusing
Peptides can also be fractionated by electrophoretic isoelectrofocusing (IEF). Commercially available “off-gel” fractionator systems are excellent devices for that purpose. Separation of peptide
mixtures is performed on strips containing immobilized carrierampholytes required to establish a pH gradient. The application
of an electric field enables the separation of peptides according to
their isoelectric point (pI). “Off-gel” have proved to be an efficient
and reproducible separation technique. Its micropreparative scale
provides fraction volumes large enough to perform subsequent
analyses (Chenau et al. 2008). Although this relatively new technique has shown to be a complementary tool to obtain peptide
fractions, its application in the area of food peptides is still scarce.

16.3 Analytical Methods
16.3.1 Separation of Peptides
Chromatographic and electrophoretic techniques are usually
employed for the separation of peptides (Issaq et al. 2009) due to
their high resolving power and compatibility with MS detection.

16.3.1.1 Liquid Chromatography
RP-LC is the most common chromatographic mode used for the
separation of peptides (Neverova and Van Eyk 2005). The choice
of the packing material has the greatest impact on the separation and resolution of peptides. A significant progress has been
the replacement of conventional silica-based columns by new stationary phases enabling higher resolutions and reduced analysis
times. Monolithic columns consist of a single, rigid or semirigid,
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porous rod that can be organic- (polymeric) or silica-based (Issaq
et al. 2009). Monolithic supports contain two kinds of pores that
are interconnected, enhancing permeability and mass transfer of
molecules. Consequently, overall performance and efficiency are
improved and analysis times are significantly reduced. Another
strategy that enables to improve efficiency and increase linear
velocity and mass transfer are columns filled with sub-2 µm particles. However, in order to withstand resulting high back pressures, these columns require the use of special instrumentation
(ultra-performance liquid chromatography systems [UPLC]).
Fused-core particle technology has been introduced as an alternative to obtain high separation efficiencies with low back pressure
(Cunliffe and Maloney 2007). In the last decades, conventional
flow columns have been replaced by micro- and nanocolumns
(Saito et al. 2004). The reduction in column’s internal diameter
permits decreasing the flow rate, which results in a higher sensitivity. Additional advantages are a lower sample volume required for
the analysis, a reduced consumption of solvents, and a lower waste.
Highly polar di- and tripeptides are often poorly or not separated due to their weak retention on RP supports. HILIC constitutes an increasingly used alternative for the separation of
these peptides (Hemstrom and Irgum 2006). The recent increase
in popularity of HILIC could be due to the widespread use of
LC-MS. The use of partly aqueous eluents with high ratios in
ACN ideally matches ESI ionization (Hemstrom and Irgum
2006). Moreover, HILIC provides reduced back pressure and,
as a consequence, the separation can be performed with smaller
particles and higher flow rates (Jian et al. 2010).
The separation of a large number of peptides from very complex matrices is not frequently possible using only one chromatographic or electrophoretic dimension. In these cases, a
multidimensional approach is often needed. The number and
kind of separation steps depends on the complexity of sample, the
dynamic range of peptides, and the aim of the study (Tang et al.
2008). Probably, the widest combination used for 2D separation
of peptide mixtures is IEC (usually CEC) in the first dimension
and RP-LC in the second dimension. One of the reasons of this
combination is that IEC uses high concentration of salts, being
necessarily the introduction of a middle RP-LC separation for its
connection to MS. Another approach more recently introduced
for 2D chromatography is HILIC-RP (Schlichtherle-Cerny et al.
2003; Toelstede and Hofmann 2008; van Platerink et al. 2008;
Broncano et al. 2012).

16.3.1.2 Electrophoresis
16.3.1.2.1 Capillary Electrophoresis
The use of CE-MS in food analysis provides important advantages due to the combination of the great separation capabilities
of CE and the power of MS as an identification and confirmation
technique (Simó et al. 2005). Among CE modes, capillary zone
electrophoresis (CZE) is the most widely used. The separation
is usually performed in a fused silica capillary (inner diameter 25–100 µm, and length 30–100 cm) filled with background
electrolyte (BGE) at a selected pH. Analytes are separated
into the capillary due to their electrophoretic mobility, which
depends on peptide charge and size. CE is used in the separation of food peptides but in a much lesser extent than HPLC.
The collection of separated fractions from CE is difficult to
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achieve and not efficient. Additionally, adsorption of peptides
to the inner surface of fused silica capillaries causes reduction
in separation efficiency and peptide recovery (Kasicka 2012).
There are three main strategies to avoid peptide adsorption:
separation at pHs < 2.0 (at which silanol groups are protonated), the use of high ionic strength BGE, or the use of coated
capillaries. Dynamic (reversible) coating by small ions or polymers (cellulose derivates, synthetic polysaccharides) or static
(permanent) coating by the binding or adsorption of polymers
(polyacrylamide, PVA, PEG, cellulose) are commonly applied
(Kasicka 2012).

16.3.2 Detection and Identification of Peptides
Sensitive and selective detection of peptides, particularly small
peptides, has been cumbersome due to the lack of suitable
chromophores, fluorophores, or electrophores. Peptides were
commonly detected using UV/Vis spectroscopy. Absorption at
λ 185–220 nm results from peptide bonds while absorption at
254 and 280 nm is due to W, F, or Y. In some cases, peptide
derivatization has been required especially when using (laserinduced) ﬂuorescence (LIF) detection (Kasicka 2012).

16.3.2.1 Detection and Identification of
Peptides by MS
MS offers the ability to detect, identify, and quantify peptides
with a wide dynamic range. Early ionization techniques were not
amenable for the analysis of proteins and peptides (Hughes et al.
2010). MS application to the analysis of peptides was possible
by the development of “soft” ionization techniques (electrospray
ionization [ESI] and matrix-assisted laser desorption/ionization
[MALDI]) (Mamone et al. 2009). Soft ionization allows the
transfer of polypeptide ions into the gas phase without their insource fragmentation.
MALDI source results mainly in singly charged ions and it is
considered as a robust method of ionization in the presence of
salts and detergents, much less prone to ionization suppression
effects than ESI (Holcapek et al. 2012). However, since MALDI
requires off-line sample deposition onto a target plate, it is less
convenient to couple with HPLC and to perform quantitative
analysis. In ESI, charged droplets are produced by passing a solubilized sample through a high-voltage needle at atmospheric
pressure. This ionization technique is often coupled with a chromatographic system, typically RP-LC or HILIC. ESI peptide
ionization is typically carried out in the positive mode. Higher
voltages favor lower charged peptides forms, while lower voltages are better for smaller analytes. In the last decade, the introduction of nanoelectrospray (nanoESI) has enabled to increase
sensitivity. Indeed, the reduction of the internal diameter of the
MS capillary from 150 to 15 µm results in a decreased flow
rate and a 100-fold increase in ionization efficiency. In the ESI
positive mode, protonated peptides are better produced in acid
mixtures of water and organic solvents, such as ACN or MeOH.
On increasing the percentage of organic solvent, the surface
tension decreases, making easier solvent evaporation. TFA,
widely used as counterion in peptide chromatographic separations, is avoided for acidification since it results in strong signal
suppression (Garcia et al. 2002). Instead, both AA and FA are

used for acidification resulting in reduced separation efficiency
in RP-LC. One of the limitations of ESI is its high sensitivity to
contaminants such as salts, chaotropes, and detergents, which
may form clusters and adducts with the analytes or simply spoil
the spray (Canas et al. 2007). In fact, the addition of additives,
such as urea at concentrations of 1 M and nonvolatile buffers
in mM range, is not recommended. Detergents usually cause
deleterious effects, often type- and concentration-dependent.
They may form adducts with peptides and frequently the signal
is suppressed. In most cases, detergent concentration must be
maintained below 0.01%. Therefore, in order to prevent adduct
formation with salts or detergents, a previous purification of
sample is needed. Nowadays, SPE cartridges, tips (zip-tips), or
spin columns with different chemistries are available for this
purpose. The selection of the appropriate approach depends on
the chemistry of peptides (e.g., hydrophobic peptides), the volume of sample (zip-tips, and spin columns require µL), and its
cost (see Section 16.2.3.2).
Four types of mass analyzers are commonly used for peptide analysis: quadrupole (Q), time of flight (ToF), ion trap (IT)
(quadrupole ion trap: QIT and linear ion trap: LIT or LTQ), and
Fourier transform ion cyclotron resonance (FTICR) (Aebersold
and Mann 2003). Additionally, multistage and “hybrid” instruments such as QqQ, QqLIT, QToF, ToF/ToF, and LTQ-FTICR
have also been employed. New instrument referable to the LTQFourier-transform technology is commercially available as
LTQ-Orbitrap system (Mamone et al. 2009). Most hybrid instruments are used in research laboratories (Hughes et al. 2010) all
with their different pros and cons. IT is rapid, robust, sensitive,
and inexpensive but it provides low accuracy and resolution
(Aebersold and Mann 2003). QToF, on the contrary, yields high
accuracy and resolution but shows relatively low duty cycles.
FT-ICR and LIT-Orbitrap show ultra-high mass accuracy, mass
range, and resolution, but their cost of acquisition and maintenance is high (Hughes et al. 2010). An excellent overview of
commercial MS analyzers, with their updated technical specifications, parameters, and applications, has been published
(Holcapek et al. 2012).

16.3.2.1.1 Identification and Quantification of Peptides
MS is the alternative to classical Edman degradation, used for
the identification of peptides. Edman degradation is based on the
labeling of N-terminal amino acid residues and cleaving from the
protein in a sequential manner (Edman 1950). MS can directly
provide information on the mass of a particular peptide but can
also generate amino acid sequence information from tandem mass
spectra (MS/MS). Peptide fragmentation is achieved by various
fragmentation modes, increasingly complementary and even competitive. Collision-induced dissociation (CID) is, by far, the most
common fragmentation method. Higher energy collision dissociation CID (HCD), electron capture dissociation (ECD), and
electron-transfer dissociation (ETD) are other options. Peptides
fragment in certain ways and a peptide fragmentation nomenclature (Biemann notation) has been introduced (see Figure 16.1)
(Steen and Mann 2004; Wysocki et al. 2005; Hughes et al. 2010).
The sequence can be read from the distance between peaks of peptide ion fragments. Different dissociation techniques can yield different peptide fragments. Low-energy fragmentation, such as CID,
breaks the weakest bonds in the peptide (peptide bonds) yielding
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Figure 16.1 Biemann notation of peptide fragmentation ions. (From Hughes, C., B. Ma, and G. A. Lajoie. 2010. Proteome Bioinformatics 604: 105–121.)

primary “b” and “y” ions (Hughes et al. 2010) (see Figure 16.1).
HCD provides highly similar spectra to CID (de Graaf et al. 2011).
Much less used but more efficient ECD and ETD fragmentations
show MS spectra dominated by “c” and “z” ions (Hughes et al.
2010). Fragmentation patterns of peptides depend on the number
of peptide charges. Peptides can be singly or multiply protonated.
In case of singly protonated peptides, signal intensity decreases
during fragmentation since it results in just one charge peptide
fragment. The amino acid residues hosting this charge are R, K,
and H amino acids. Thus, MS/MS fragmentation spectra of tryptic peptides with R or K at the end of the sequence (biomarker
peptides) contain strong “y” ion series and poor “b” ion series,
especially at high m/z (Hughes et al. 2010). Small peptides with
little or no R, K, and H amino acids (such as bioactive peptides)
result in charge spread, which will make their identification more
difficult. Peptide identification is based on precise measurement
of peptide precursor mass, on product ions, and on the use of
established spectra interpretation rules. For example, it is well
known that linear “b” ions are unstable and can form stable cyclic
structures or can decompose into an ion losing the CO (−28 uma)
residue (“a” ions). Loss of ammonia (−17 uma) from peptide fragments indicates the presence of R, K, Q, and N amino acids, while
loss of water (−18 uma) indicates S, T, E, and D residues (Savitski
et al. 2007). Some amino acid residues tend to form immonium
ions, which provide information about peptide composition but not
about its sequence (Hughes et al. 2010, 105–121). Highly similar
molecular masses of I/L and Q/K residues make their differentiation hard or impossible to obtain in low-accuracy MS.
Two main approaches have been developed to identify peptide
MS/MS spectra in an automated fashion: database-dependent
methods and database-independent methods. Database-dependent
methods were first adopted while database-independent methods are relatively new (Hughes et al. 2010). Database-dependent
methods are based on the comparison of theoretical peptide spectra from in silico digestion of proteins and on the classification of
the best candidates using cross-correlation or probabilistic scores
(Issaq et al. 2009). This is performed just when the genome of
studied peptides is known and common enzymes (like trypsin)
are used. This is the case of studies with biomarker peptides.

There are different algorithms that use tandem MS spectra data
to search sequences against known databases: Sequest (Ma
et al. 2003), Mascot (Eng et al. 1994), PeptideSearch, Sonar,
ProteinProspector (Steen and Mann 2004), X!Tandem, ProbID,
Phenyx (Hughes et al. 2010). Although the basis of these engines
is the same, they use different scoring schemes to rank peptide
matches. Most used protein databases are Entrez Protein Database
(redundant but large) of National Center for Biotechnology
(NCBI), Unigene (compact but minimal), International Protein
Index (deposit protein and translated cDNA sequences and predicted genes) (Steen and Mann 2004), UniProt, SwissProt, and
Ensembl. This approach is efficiently and widely applied for peptide identification. In order to automatically assess and validate
database search results, false-positive rates at a determined error
rate are calculated. False discovery identification (when noise is
mistaken as signal), scoring imbalance (long low-quality peptides
has higher score than higher quality short peptides), false identification (for posttransitional modifications or sequence polymorphisms), and requirement of studied organism proteome database
are weak points of this approach (Hughes et al. 2010). Another
database-dependent method includes correlation of acquired
fragment ion spectra with previously obtained experimental MS/
MS libraries (Nesvizhskii et al. 2007). This method ensures good
performance in terms of speed and accuracy. The main disadvantage of this strategy is the nonpossible identification of peptides
when their MS/MS spectra are never reliably identified (Hughes
et al. 2010). Moreover, this strategy is not suitable in studies with
bioactive peptides since they require the use of unspecific proteases and there is not much information on databases on food proteomes. In this case, database-independent methods, also known
as de novo sequencing, are more suitable. It allows identification
of unknown peptides (no genome sequence information) and posttranslation modifications (Nesvizhskii et al. 2007). In the de novo
sequencing approach, the amino acid sequence of a peptide is
explicitly read from the fragment ion spectrum. Initially, this was
accomplished manually, but recently, an array of tools has been
developed (Ma et al. 2003). In this case, the ability of software to
read peptide sequence depends on MS mass accuracy, resolution,
and MS/MS spectra quality. Currently available programs are
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PEAKS, Lutefisk, PepNovo, SHERENGA (Hughes et al. 2010),
PARSEK II (López et al. 2002), and DeNovoX (Carrera et al.
2007). PEAKS software, from Bioinformatics Solutions Inc., is
the most popular software for de novo sequencing. Indeed, it has
shown the best accuracy among all currently available de novo
sequencing software packages (Hughes et al. 2010). When information about peptides’ parental protein is required, extracted
MS/MS spectra of peptide can be matched against already-known
proteins using BLAST.
Peptide quantification in foodstuffs is generally carried out
by UV and MS detection. First approach is less usual since it
requires that peptide was separated as pure signal from the complex sample. In case of nonpure peptides, laborious standard addition method must be applied. An MS-driven detection provides a
valuable tool in bioactive peptide quantification. MS quantification approach commonly uses a label-free strategy. This method
is based on the relationship between peptide abundance and sampling statistics, such as peptide count and spectral count. To be
statistically significant, chromatographic separation reproducibility must be very high. Methodologies using stable isotopes
for differential labeling of peptides can also be used but they
are not very usual in the quantification of food peptides. A common approach to quantify peptides is targeted MS. Monitoring
of transitions (suitable pairs of precursor and fragment ions) in
selective reaction monitoring (SRM) or multiple reaction monitoring (MRM) can be used. This setup provides high analytical
reproducibility, good signal-to-noise (S/N) ratio, and increased
dynamic range (Carrera et al. 2011). The optimization of an SRM
assay is a time-consuming procedure and, unfortunately, its use
for the quantitation of very small peptides present in complex
matrices might show insufficient selectivity.

16.4 Recent Examples
The possibility to develop standardized peptide extraction protocols together with the considerably higher resistance of peptide
sequences to food processing in comparison to DNA sequences
makes the analysis of peptides an interesting and promising
alternative for the analysis of food safety, for food authentication, food composition analysis, and so on. In this case, recent
advances in the field of proteomics have allowed the search of
exact peptide biomarkers as potential indicators of product quality and traceability. However, bioactive peptides are gaining
much attention and works devoted to the discovery of new potential bioactive peptides are being released. Despite the huge diversity of bioactivities that can exert bioactive peptides, most efforts
have been aimed to antihypertensive and antioxidant peptides,
especially in animal-origin foods.

16.4.1 Examples Dealing with Biomarker Peptides
Food safety is a concept that encompasses different areas: food
quality (food composition), traceability (food origin), and food
safety per se (absence of allergens, pathogens, or other contaminants) (D’Alessandro and Zolla 2012). Two strategies have been
mainly followed to solve food safety problems: the comparison
of peptide profiles and the search for biomarker peptides. A
peptide profile is a graphic representation of a set of peptides

reflecting an exact situation, which permits to study how specific
changes can affect peptides content. In some works, the study of
the profile of a complex group of peptides allowed to obtain more
information than the study of a target peptide. However, the identification of specific peptide biomarkers for a particular species,
tissue, or ingredient by proteomic technologies is an interesting
and promising strategy. This approach has shown high discriminating power, robustness, and sensitivity. For that purpose, the
bottom-up approach is the most popular strategy. Target peptides
are released, in this case, by the digestion with an enzyme such
as trypsin. Next, peptides are analyzed by MS/MS for their accurate sequence analysis. Final peptide or protein identification is
obtained by comparing MS/MS spectra with database using a
suitable algorithm for database searching.

16.4.1.1 Food Composition Analysis
The first step in any food analysis or control is the knowledge of
food composition. Since food proceeds from living organisms,
peptide composition is affected by changes during agricultural
production, industrial processing, and storing. Partial hydrolysis of proteins is quite often desired and undesired in the food
industry. For example, hydrolytic activity of several milk proteases during milk treatment results in peptide formation (Gobbetti
et al. 2002). Nevertheless, a high content of hydrolytic fragments
from milk proteins has a negative impact on the gelation behavior or on the clotting properties in cheese production. Therefore,
peptide profiles in raw milk and their changes during heat treatment have been investigated by Meltretter et al. (2008). In this
case, milk clean-up was performed by IMAC-Cu and it was possible to observe by MALDI-ToF/ToF-MS five new peptides from
the αS1-casein that appeared when heating.
As mentioned in the introduction, peptides can also participate in the formation of odor and taste in some foods. Flavor
peptides are a group of oligopeptides with molecular masses bellow 3 kDa that possess unique taste properties, including sweet,
bitter, umami, sour, and salty. Toelstede et al. (2009) characterized peptides imparting typical mouthfulness and complex body
in Gouda cheese. In order to isolate those molecules underlying
the so-called kukumi sensation of the 44-week-matured Gouda
cheese, SEC in combination with analytical sensory tools were
applied on a water-soluble extract. HPLC-MS/MS analysis of
isolated SEC fractions enabled to identify 10 γ-l-glutamyl dipeptides as responsible for the characteristic kukumi sensation of
matured Gouda cheese. Bitter taste is also one of the most common quality defects of cheese. It is caused by the formation of
bitter peptides from casein hydrolysis during cheese ripening.
Hydrophobic peptides of cheese have shown the major contribution to this bitter flavor. Moreover, it was observed that the size
of hydrophobic peptides also affected bitterness in ovine milk
cheese (Agboola et al. 2004). Bitterness intensity of cheeses also
depended on the coagulant used in their manufacture. In fact,
cheeses made with microbial coagulants were perceived as the
most bitter and also contained the highest concentration of bitter
peptides. Also, soybean proteins have demonstrated to produce
strong bitter peptides. Twenty-one peptides from the bitter fraction of tryptic hydrolyzates of soybean 11S glycinin were purified using a 2D chromatographic system consisting of sequential
SEC and RP-LC separations (Kim et al. 2003). The amino acid
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sequence of bitter peptides was determined using Edman degradation. When these peptides were compared with those released
from proglycinin, many bitter peptides were basic mimics of the
common structure. This indicates the significance of the primary
structure of a peptide in the bitter taste perception. Flavor is also
a very important component in meat quality. In this regard, there
is tremendous interest to determine the factors that influence flavor quality during the production and processing of meat and
fish. Key flavor peptides in cooked puffer fish were identified
by a previous purification of peptides using UF, Sephadex G-15
SEC, and RP-LC (Zhang et al. 2012a). The peptide contributing
to sweet taste was isolated and identified by MALDI-ToF/ToF
MS/MS as YGGTPPFV. The relation between hydrophilic amino
acids residues (Y, G, G, T, and F) and umami and sweet tastes
was also demonstrated. Moreover, this peptide was suggested as
an important contributor to the mellow and tender taste of puffer
fish. The generation of peptides during curing of dry-cured products has also attracted much attention for their influence in product taste. In this regard, Sentandreu et al. (2003) studied peptide
development during ham curing. Many biochemical mechanisms
such as intense proteolysis of sarcoplasmic and myofibrillar proteins by endogenous muscle enzymes take place during the curing period. It is well known that long ripening periods ensure
better ham quality. Analyzing peptide extracts from hams having 6, 8, and 12 months of curing time by CZE showed changes
in protein profiles (Lerma-Garcia et al. 2009). These changes
enabled the development of a mathematical model using multiple lineal regression (MLR) to predict suitable ripening times.
The prediction of ham curing time was possible with an error
below 2.5%. The identification of peptides in dry-cured ham was
also performed (Sentandreu et al. 2003; Mora et al. 2009, 2011).
Peptide purification was possible by the combination of SEC,
RP-LC, and CEC. Isolated peptides were identified by Edman
degradation (Sentandreu et al. 2003) and different MS and MS/
MS devices (Mora et al. 2009, 2011). Small peptides (especially
dipeptides) were identified in the water-soluble extracts of drycured ham demonstrating a high proteolysis level during ham
ripening (Sentandreu et al. 2003). In a second study, a total of 14
peptides fragments derived from myosin light chain I and titin,
probably released by the action of dipeptidyl peptidases, were
identified using MALDI-ToF-MS, nLC-MS, and MS/MS (Mora
et al. 2009). The intense proteolysis of the sarcoplasmic fraction of dry-cured ham was determined by nLC-MS/MS (Mora
et al. 2011). Obtained sequences suggested the contribution of
both endopeptidases and exopeptidases during ripening. Finally,
11 fragments of myoglobin, a sarcoplastic protein responsible for
the color of meat and meat products, were identified by nLC-MS/
MS (Mora and Toldra 2012). In these studies, the comparison
of Paragon and Mascot search engines, together with UniProt
and NCBI databases was performed. It permitted the selection
of the most adequate tool in the identification of naturally generated peptides. It also demonstrated the utility of these common
searching tools for the analysis of complex samples (LermaGarcia et al. 2009; Mora and Toldra 2012).

16.4.1.2 Food Authentication
The assessment of food authentication and origin is a major concern not only to help prevent commercial frauds but also to avoid
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safety risks derived from the inadvertent introduction of any food
ingredient that might be harmful for human health. It is highly
important to develop analytical methods to distinguish closely
related species and prevent inadvertent or deliberate mislabeling
and adulteration of food products.
The identification of marine species is an issue of primary
relevance for the seafood industry due to global commercial
requirements concerning labeling and traceability. For that purpose, species-specific biomarkers capable of providing information on the composition of food are required. A pioneering work
in the identification of species-specific peptides from marine
species was performed by López et al. (2002). Three European
marine mussel species were characterized by MALDI-ToF-MS.
Peptide maps generated from six random selected spots of 2-DE
analysis were compared and species-specific differences corresponding to the protein tropomyosin were detected. The analysis of peptide extracts from tropomyosin by μ-HPLC-ESI-MS/
MS in SIM mode demonstrated unambiguous identification of
species. A similar strategy was used for the characterization
of different protein nucleoside diphosphate kinase B (NDK B)
from commercial hakes and grenadiers (Merlucciidae family)
(Carrera et al. 2007). Species-specific peptides used for fish
authentication were characterized by MALDI-ToF and LC-MS/
MS. Shrimp species have also been identified based on the characterization of species-specific peptides from arginine kinase
(Ortea et al. 2009). Since genomes from these fish species were
poorly explored, de novo sequencing of peptides was required.
It involved the manual interpretation of ion series in the spectra
with the aid of the software package PARSEK II (López et al.
2002) or DeNovoX (Thermo-Finnigan) (Carrera et al. 2007) and
the BLAST program, which use homology searches between the
given sequences and those available in the NCBI database (Ortea
et al. 2009). In a later study, the longtime digestion protocol
was reduced using a high-intensity focused ultrasound (HIFU)assisted in-solution digestion to just 2 min (Carrera et al. 2011;
Ortea et al. 2011). The use of this ultrasonic probe allowed the
differentiation of seven shrimp species within just 90 min (Ortea
et al. 2011). Another example of the use of peptides for food
authentication was the monitoring of 11 parvalbumins (PRVB)
peptide biomarkers for the unequivocal identification of closely
related Merlucciidae species in processed and precooked seafood products (Carrera et al. 2011).
Another aspect in food authentication is the presence of adulterations. Adulteration is usually carried out to increase the profit
of a product by its partial replacement with a cheaper counterpart. The development of meat binders to incorporate meat and
fish cuts into consumer products demands accurate portion control in commercial meat and fish products. To solve this problem, a method designed to target specific peptides markers of the
presence of fibrinogen has been described (Grundy et al. 2007).
Fibrinopeptide A, released from blood protein fibrinogen during thrombin gelling, was isolated from food matrices by acid
precipitation and SPE. Isolated fibrinopeptides were analyzed
by MALDI-ToF and LC-QqQ. Fibrinopeptide A was found to
be an effective marker in fresh, processed, and cooked food
matrices with 5% (v/m) of bovine-binding agent. A proteomicbased method was also developed for the detection of chicken
meat within mixed meat preparations (Sentandreu et al. 2010).
The first step of the procedure consisted of an enrichment of
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myofibrillar proteins by OFF-GEL IEF. Next, myosin light chain
3 was submitted to in-solution trypsin digestion or SDS-PAGE
separation and in-gel trypsin digestion. Generated peptides were
analyzed by both MALDI-ToF and LC-MS/MS. The use of
AQUA stable isotope peptides enabled to carry out a quantitative
detection of selected species-specific peptide biomarkers. The
method enabled the detection of adulterations of 0.5% of chicken
meat in both raw and cooked pork meats. The use of peptide
biomarkers to detect food adulterations constitutes an interesting
alternative to currently used immunoassay, hampered when the
tertiary protein structure is affected by food processing. Marker
peptides have also been used to differentiate bovine from porcine gelatins (Zhang et al. 2009). The similarity between gelatins makes it difficult to trace their species. Gelatin proteins were
subjected to in-gel trypsin digestion and SEC analysis. Thanks to
the differences in bovine and porcine type I collagen sequences,
marker peptides specific for bovine and porcine gelatins were
successfully detected.

16.4.1.3 Food Allergen Detection
Food allergy is a significant worldwide public health issue estimated to affect up to 4% of infants and adults in developed countries (Sancho and Mills 2010). Proteins termed allergens are
mostly responsible for food allergenic reactions, being capable
of triggering severe adverse reactions in sensitized individuals.
To guarantee the security of consumers, a number of regulations
in terms of food allergy have been implemented (Food and Drug
Administration 2004). In the European Union, these regulations
compel the producers to label 14 established food allergens when
these have been intentionally introduced in foodstuffs. However,
some products on the market could contain traces of allergens
due to cross-contaminations during food manufacturing. In order
to protect consumers, reliable detection methods are needed to
ensure meticulous labeling and to control allergen-free products.
Immunoassay methods can be employed to detect the presence
of allergens (Weber et al. 2006). Nevertheless, these antibodybased assays usually exhibit cross-reactivities to other related
species. As demonstrated by hazelnut allergens, this problem is
solved thanks to the specificity of MS experiments (Ansariet al.
2012). In fact, different MS-based methods have been developed
to identify set of peptides that could work as allergen markers.
Milk allergy is one of the most common food allergies in
young children from birth to 1 year old. This together with severe
and prevalent tree nuts (peanuts and hazelnuts) and fish allergens
are the most studied. Emphasis was given to the identification
of major allergens in casein (Weber et al. 2006; Ansari et al.
2011) and whey (Cucu et al. 2012b) fractions from milk, Ara h
1, Ara h 2, and Ara h 3/4 allergens from peanut (Careri et al.
2008a, b), and parvalbumins beta (β-PRFBs) from fish (Carrera
et al. 2012). Sample treatment is especially critical when working with allergenic proteins. In fact, protein enrichment methods such as ProteoMinerTM (based on a large and highly diverse
bead-based library of combinatorial peptide ligands) (Righetti
et al. 2006, 2010; Pedreschi et al. 2012), selective immunomagnetic beads (based on the use of monoclonal antibodies) (Careri
et al. 2008a) or a combination of AEC with UF (Centripep filters)
(Weber et al. 2006) are usually required to detect allergens at
a trace level in complex food matrices. In order to obtain the

best sensitivity and to improve peptide detection limits, sample
treatment was usually optimized. The comparison of UF, LLE,
and SPE for the isolation of peanut allergens showed the best
peptide recovery when UF was applied (Careri et al. 2007). Food
processing affects the stability of proteins, which influences the
detection of allergen sequence tags. Therefore, different works
have been aimed to study the influence of food processing on biomarker peptides of food allergens. An example is the study of the
effect of Maillard reaction on peptides from whey (Cucu et al.
2012b) and hazelnut (Cucu et al. 2012a) allergens. Also, roasting can affect protein stability. Consequently, raw and roasted
peanuts have been analyzed to identify peanut-specific sequence
tags that could work as markers of specific allergens in processed
foodstuffs (Chassaigne et al. 2007).
Peanut allergen Ara h 1 was analyzed by its previous extraction and enzymatic digestion. Better LODs in comparison with
postextraction trypsin digestion was obtained (Shefcheck et al.
2006). However, chocolate is a difficult matrix since proteins can
interact with chocolate tannins making protein extraction more
difficult. In this case, preextraction digestion greatly reduces
these interactions. To speed up the protocol, microwave-assisted
(Careri et al. 2008a) and HIFU-assisted enzyme digestions
(Carrera et al. 2012) were implemented.
Once the hydrolyzates are obtained, the identification and
selection of marker peptides is usually performed using MS-based
methodologies. A fundamental role in the outcome of MS analysis in complex mixtures is a previous chromatographic separation. For the simultaneous determination of selective biomarkers
from five nut allergens, two different chromatographic columns
(a C18 particle-packed column and a silica-based C18 monolithic
column) were evaluated (Bignardi et al. 2010), observing better
performances, in terms of sensitivity, selectivity, and solvent consumption, with the first column. Nevertheless, the direct infusion
of protein digest into the MS/MS system could be useful to identify most abundant peptides in a hydrolyzate (Ansari et al. 2011).
This was successfully applied to the analysis of nut traces in
commercially available breakfast cereals and biscuits (Bignardi
et al. 2010). Since almost all nut allergens belong to the seed
storage protein family and have homologous structure, the use
of BLAST algorithm has helped to select suitable peptides and
transitions for the specific detection of different nuts by SRM
and MRM. Indeed, SRM/MRM were applied to the detection
of hazelnut allergens (Ansari et al. 2012) and peanut allergens
in chocolate (Shefcheck et al. 2006), cookies (Pedreschi et al.
2012), rice crispy, and chocolate-based snacks. Alternatively to
LC-MS/MS strategy, a Eu-tagged ICP-MS immunoassay was
proposed. This methodology is based on a noncompetitive sandwich ELISA method with ICP-MS detection of the metal used to
tag the antibody. Some advantages of this methodology are the
absence of matrix interferences usually producing ion suppression in LC-MS/MS and better LOD (Careri et al. 2008b).
Additionally, marker peptides corresponding to αS1-casein
(Weber et al. 2006) and β-lactoglobulin (Ansari et al. 2011;
Cucu et al. 2012b) from milk have been proposed, as shown in
Figure 16.2 for a chocolate sample. Also, Ara h 1, Ara h 2, and
Ara h 3/4 from peanut (Shefcheck et al. 2006; Chassaigne et al.
2007; Careri et al. 2008a,b, 2007; Pedreschi et al. 2012) and
hazelnut allergens (Ansari et al. 2012; Cucu et al. 2012a) have
been proposed for the detection of these specific allergens in
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Figure 16.2 MALDI-TOF/MS and MS/MS spectra of the chocolate sample. The stable peptides 41Val–Lys60 and 15Val–Arg40 are marked with arrows.
Matched y- and b-ions are indicated in black and gray, respectively. The amino acid sequence is indicated by the one-letter code. (From Cucu, T. et al. 2012b.
Food Research International 47(1) (Jun): 23–30.)

foodstuffs. Because of the different expression levels of peptides, their simultaneous detection and the selection of different
allergenic proteins will increase the confidence in the correct
identification of specific allergen traces in analytical samples
(Careri et al. 2007). Finally, simultaneous analysis of five nut
allergens from cashew-nut, hazelnut, almond, peanut, and walnut in cereals and biscuits has been proposed (Bignardi et al.
2010).

16.4.2 Examples Dealing with Bioactive Peptides
Epidemiological studies are increasingly linking the prevalence
of some diseases to the dietary factor (Hernández-Ledesma et al.
2011). Humans ingest an average of 50–70 g of food proteins
per day. Proteins are hydrolyzed into a large variety of peptides,
which can be adsorbed and transported by the blood stream and
that can have a significant influence on the main human body
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systems (cardiovascular, nervous, gastrointestinal, or immune)
(Martínez-Maqueda et al. 2012). It is important to highlight that
some dietary peptides are extremely potent and even microgram
amounts entering the body circulation can have major pathophysiological effects (Zaloga and Siddiqui 2004). The term
“bioactive peptide” refers to peptides of plant or animal origin
that bring measurable biological effects at a physiological level,
with the caveat that the effect must be beneficial (De Leo et al.
2009). Around 37 different peptide bioactivities are known, such
as 
antihypertensive, antioxidant, anticancer, opioid, mineralbinding, antimicrobial, immunomodulatory, cytomodulatory,
antithrombotic, hypocholesterolemic, and so on (Minkiewicz
et al. 2008). Online databases such as BioPep, PepBank, EROPMoscow, BioPD, PeptideDB, Peptidome, and ADP are comprehensive resources of bioactive peptides (Panchaud A et al. 2012).
Among these peptide bioactivities, the most commonly studied
are antihypertensive and antioxidant peptides (see Table 16.3).
Recently, some excellent reviews devoted to several bioactivities
of peptides (Hartmann and Meisel 2007; Erdmann et al. 2008;
Shahidi and Zhong 2008; Garcia et al. 2013) or, in particular,
antihypertensive (De Leo et al. 2009; Hernández-Ledesma et al.
2011; Puchalska et al. 2015) or antioxidant peptides (Pihlanto
2006; Elias et al. 2008; Sarmadi and Ismail 2010) have been published. Studies about bioactive peptides involve their extraction,
separation, isolation, identification, and characterization by in
vitro and in vivo studies. In general, animal-origin (milk, cheese,
pork, egg, fish, ham, etc.) bioactive peptides are more explored
although vegetable-origin peptides are recently gaining relevance (see Table 16.3). Among vegetable-origin peptide sources,
soybean is receiving special attention since in many countries
it is an important dietary ingredient (Martínez-Maqueda et al.
2012). As previously explained, bioactive peptides can be present as independent entities or can be part of parental proteins
released by their hydrolysis. Since protein hydrolyzates obtained
by digestion or fermentation are highly complex matrices, several techniques have been employed to separate and purify
bioactive peptides. The use of RP-LC is still the most common
although HILIC, AC, and IMAC constitute interesting alternatives. Additionally, appropriate bioactive assay(s) are also needed
in order to detect most active fractions. Identification of bioactive peptides is the next step. Despite robust Edman degradation
peptide sequencer still in use, high-throughput, exact, and quick
MS techniques have started to dominate recently. Once bioactive
peptides are identified, several methods for their characterization
are used. General aspects, characteristics, and examples of peptides with selected bioactivities are summarized below.

16.4.2.1 Angiotensin I Converting Enzyme
Inhibitory Peptides
Antihypertensive peptides are the most extensively studied
bioactive peptides. This might be linked to the fact that high
blood pressure or hypertension affects about a quarter of the
world’s population and it is considered as a significant health
problem worldwide. Hypertension is one of the main risk factors in the development of cardiovascular diseases (CVDs), a
group of disorders of heart and blood vessels (Phelan and Kerins
2011). Renin–angiotensin system plays a crucial role in the
regulation of blood pressure in human organism. Angiotensin I

converting enzyme (ACE) converts angiotensin I into angiotensin II, a potent vasoconstrictor involved in a cascade of mechanisms increasing blood pressure. By the inhibition of ACE, the
level of angiotensin II and, as a consequence, blood pressure
decreases. Antihypertensive peptides contain few amino acid
residues (2–12 amino acids) and commonly hydrophobic amino
acids (aromatic or branched side chains) at three C-terminal
positions. The presence of W, Y, F, and/or P at the C-terminal
was suggested to enhance the effectiveness of peptide inhibition
(Hernández-Ledesma et al. 2011). Despite the fact that the inhibition mechanism of ACE inhibitor peptides is still unknown, they
represent a healthier and natural alternative to drug counterparts
since ACE inhibitor peptides do not present side effects (Li et al.
2004). The affinity of antihypertensive peptides to ACE can also
be used for their purification. In fact, ACE enzyme immobilized
on a BCL glyoxyl-agarose support was employed for the separation of antihypertensive peptides from the alcalase hydrolyzate
of sunflower and rapeseed (Megias et al. 2006) and the alcalase/
flavorzyme hydrolyzate of sunflower (Megias et al. 2009). ACE
inhibitor capacity is measured by monitoring the conversion of
an appropriate substrate by ACE in the presence or absence of
inhibitors. The inhibitory potency is expressed as the IC50 value
defined as the concentration required for a 50% inhibition of
enzyme activity (Hernández-Ledesma et al. 2011). Among various strategies, a spectrophotometric method measuring the conversion of hippuryl-histidyl-leucine (HHL) to hippuric acid (HA)
by ACE is still the most widely employed (Cushman and Cheung
1971; Garcia et al. 2013). However, an in vivo assay based on the
measurement of blood pressure in spontaneously hypertensive
rats (SHR) after oral administration of a hydrolyzate or peptide
is also widely employed. On several occasions, in vitro and in
vivo assays have shown inconsistent results. In fact, the potential
of three antihypertensive peptides isolated from gastrointestinal
digest of pork meat (Escudero et al. 2010) were in vivo assessed
with SHR. These peptides exerted a makeable in vivo antihypertensive effect despite a previous study that did not show high
ACE inhibitor activity (Escudero et al. 2012b). This could be due
to the bioconversion or availability of these peptides in organism,
or the influence of these peptides on additional blood pressure
regulating system than the major one (renin–angiotensin system).
A variety of food sources of antihypertensive peptides have
been investigated (see Table 16.3). However, animal-origin products, including fermented milk and dairy products, are among
the most studied. A large set of antihypertensive peptides from
milk fermented with a variety of lactic acid bacteria strains
(LAB) or enzymes have been purified and identified by several
authors (Hernández-Ledesma et al. 2004; Nielsen et al. 2009;
Otte et al. 2011). For example, fraction below 3 kDa of fermented
milk prior and after the simulated gastrointestinal digestion was
separated using RP-HPLC (see Figure 16.3a). The MS, MS/MS
spectrum obtained for selected peak enabled the identification
of peptide β-casein ƒ(98–105) (see Figure 16.3b and c), and a
set of other potential antihypertensive peptides (HernándezLedesma et al. 2004). Antihypertensive peptides formed during
Manchego cheese ripening were monitored by HPLC-MS/MS
(Gómez-Ruiz et al. 2004). Epidemiological studies suggested
that the consumption of milk and dairy products is inversely
related to the risk of hypertension (Martínez-Maqueda et al.
2012). Indeed, the best-characterized ACE inhibitor peptides
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Table 16.3
Recent Works Studying Bioactive Peptides
Foodstuffs

Aim of the Study

Peptide Preparation

Peptide
Separation

Peptide Detection

Identified
Peptides

Bioactivity Assay

Reference

Angiotensin I Converting Enzyme (ACE) Inhibitory Peptides (Antihypertensive Peptides)
Sunflower

Enrichment of antihypertensive peptides by
immobilized ACE enzyme

Digestion
(alcalase/flavorzyme)

Pork meat

Study of the generation of ACE inhibitory
peptides after GI, separation, identification,
and study of in vitro antihypertensive effect
Investigate the in vivo antihypertensive
activity of three novel peptides
Study of different LAB strains. The effect of
pH and temperature on antihypertensive
activity
Identify peptide sequences released by milk
fermentation

GI
(pepsin/pancreatin)

Pork meat
Milk

Milk

Bovine milk

Manchego
cheese
Wheat bran

Effect of temperature on the fermentation,
autolysis, and release of antihypertensive
peptides in milk
Identify peptide sequences released during
cheese ripening
Examine and isolate ACE inhibitory peptides
produced by autolysis of milled parts of
wheat seeds

Antioxidant Peptides
Rice
Study antioxidative properties of rice
proteins. Purify and identify antioxidant
peptides

Isolate and identify peptides and low
molecular weight compounds with
antioxidant activity

UV (λ 214 nm)

None

In vitro ACE inhibition assay

Megias et al.
2009

MALDI-ToF/ToF
ESI-MS/MS

12 peptides
10 peptides

In vitro ACE inhibition assay

Escudero et al.
2010

GI
(pepsin/pancreatin)
Fermentation
(13 LAB strains)

None

None

None

RP-LC

UV (λ 210, 280 nm)
ESI-MS/MS

27 peptides

In vivo ACE inhibition assay
(SHR)
In vitro ACE inhibition assay

Escudero et al.
2012b
Nielsen et al.
2009

Fermentation
(7 LAB strains)
GI
(pepsin/Corolase PP)
Fermentation
(4 LAB strains)

UF
RP-LC

ESI-MS/MS

18 peptides
34 peptides

In vitro ACE inhibition assay

HernándezLedesma et al.
2004

RP-LC

UV (λ 210 nm)
ESI-MS/MS

54 peptides

In vitro ACE inhibition assay

Otte et al. 2011

Extraction

UF
RP-LC
RP-LC
IEC
SEC
RP-LC
RP-LC

ESI-MS/MS

75 peptides

None

MALDI-ToF-MS
Edman degradation
peptide sequencer

6 peptides

In vitro ACE inhibition assay

Gomez-Ruiz et al.
2004
Nogata et al. 2009

Digestion
(alcalase/
chymotrypsin/
neutrase/papain/
flavorase)

IEC
SEC
RP-LC

MALDI-ToF/ToF

2 peptides

Extraction

RP-LC
RP-LC
HILIC

ESI-MS/MS

6 peptides

DPPH assay
Hydroxyl
radical scavenging activity
Superoxide radical scavenging
activity
Inhibition of linoleic acid
autoxidation
Cellular cytotoxicity by MTT
assay
DPPH assay

Autolysis

Zhang et al. 2010

Broncano et al.
2012
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AC
RP-LC
RP-LC
RP-LC
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Release and characterize peptides from
soybean protein with antioxidant properties

Human milk

Purify and identify novel antioxidant peptides
from digested human milk

Jinhua ham

Purify and identify antioxidant peptides from
Jinhua ham

Hypocholesterolemic Peptides
Rice
Purify peptides with potent
hypocholesterolemic capacity

Digestion
(pancreatin/trypsin/
chymotrypsin)
GI
(pepsin/pancreatin)

UF
SEC
HILIC
UF
RP-LC

ESI-MS/MS

9 peptides

Trolox assay

Beermann et al.
2009

ESI-MS/MS

20 peptides

Tsopmo et al.
2011

Extraction

SEC
RP-LC
RP-LC

MALDI-ToF/ToF

1 peptide

ORAC assay
Inhibition of linoleic acid
autoxidation
Hydroxyl
radical scavenging activity
DPPH assay
Fe2+-chelating ability

Digestion
(alcalase/neutrase/
papain/trypsin)
Digestion
(alcalase)

Separation
on resin

UV (λ 220 nm)

None

Micellar cholesterol inhibition
assay

Zhanget al. 2012

Separation
on resin
SEC
RP-LC
RP-LC
SEC
RP-LC

UV (λ 220 nm)
ESI-MS

1 peptide

Micellar cholesterol inhibition
assay

Zhong et al. 2007

UV (λ 220 nm)
ESI-MS

None

Cholesterol reduction assay

Alhaj et al. 2010

ESI-MS
ESI-MS/MS
Edman degradation
peptide sequencer
UV (λ 230, 214 nm)
Edman degradation
peptide sequencer

2 peptides

Antibacterial assay (Bacillus
subtilis/L. innocua/several
Gram-positive/Gram-negative
bacteria)
Antibacterial assay (E. coli/
Bacillus subtilis)

McCann et al.
2006

MALDI-ToF-MS
UV (λ 220 nm)
ESI-MS
ESI-MS/MS
ESI-MS/MS

64 peptides

Cell proliferation assay
Flow cytometric analysis of
DNA content

De Simone et al.
2009

3 peptides

Splenic lymphocytes
proliferation assay

Hou et al. 2012

ESI-MS
Edman degradation
peptide sequencer

2 peptides

In vivo inhibition of platelet
aggregation assay

Lee and Kim
2005

Soybean protein

Purify and identify a hypocholesterolemic
peptide

Bovine casein

Determinate in vitro cholesterol lowering
effect of different hydrolyzates

Fermentation
(Bb12 strains)
Digestion
(trypsin)

Investigate whatever new antibacterial
peptides could be released from bovine
casein upon GI

Digestion
(pepsin/
trypsin/α/βchymotrypsin)
None

RP-LC
RP-LC

None

UF
SPE
RP-LC

Digestion
(trypsin)

IEC
SEC
Multi RP-LC

None

SEC
RP-LC
IEC
RP-LC

Antimicrobial
Bovine casein

Bovine casein
hydrolyzate

Isolate antibacterial peptides from
commercial casein hydrolyzate

Immunomodulating/cytomodulatory
Mozzarella di
Identify potential bioactive peptides from
Bufala
whey of Mozzarella cheese
Campana
Trace the pathway of formation of potential
Cheese
bioactive peptides from extract
Alaska Pollock
Purify and identify immunomodulating
frame
peptide from Alaska Pollock frame
hydrolyzate
Antithrombotic
Soybean protein
hydrolyzate

Isolate peptides from soybean protein
hydrolyzate inhibiting platelet aggregation

IEF
SEC
RP-LC

3 peptides

Peptides

Soybean protein
isolate

Zhu et al. 2013

Elbarbary et al.
2012

(Continued)

345

www.ebook777.com

Free ebooks ==> www.ebook777.com
346

Table 16.3 (Continued)
Recent Works Studying Bioactive Peptides
Foodstuffs

Aim of the Study

Multiple Bioactivities
Sunflower
Apply IMAC to purify copper-chelating
peptides
Sesame
Purify and identify metal chelating-peptides
from sesame hydrolyzate

Peptide Preparation

Peptide
Separation

Peptide Detection

Identified
Peptides

Bioactivity Assay

IMAC
RP-LC
IMAC
RP-LC

UV (λ 215 nm)

None

β-Carotene oxidation assay

ESI-MS/MS

6 peptides

UF
RP-LC

UV (λ 214 nm)

None

Metal-chelating assay
Zn- and Fe-chelating assay
ABTS assay
In vitro ACE inhibition assay
ABTS assay
ORAC assay
Caco-2 cell permeability assay
Intracellular antioxidative
activity by Caco-2 cell
Cellular cytotoxicity by MTT
assay
In vitro ACE inhibition assay
FRAP assay
β-carotene-linoleate bleaching
assay
In vitro ACE inhibition assay
In vivo ACE inhibition assay
(SHR)
DPPH assay
Superoxide ion extinguishing
ability
In vitro ACE inhibition assay
Ferric thiocyanate assay
Antithrombotic assay
Surface tension assay

Pacific hake fish

Study antioxidant and ACE inhibitory
activities of Pacific hake fish hydrolyzate.
Study the effect of GI on these activities.
Investigate intestinal transport of these
peptides and their potential bioactivity

Cocoa

Study antioxidant and ACE inhibitory
activities of cocoa autolyzate

Autolysis

None

None

None

Dry-cured ham

Study dry-cured ham as a natural source of
antihypertensive and antioxidant peptides

Extraction

SEC
SPE

UV (λ 214 nm)

None

Soybean
hydrolyzate/
natto/tempeh

Purify, characterize, and evaluate biologically
active peptides

Digestion
(pronase/trypsin/Glu C
protease/kidney
membrane protease)

Multi RP-LC

ESI-MS/MS

9 peptides

Megias et al.
2007
Wanget al. 2012

Samaranayaka
et al. 2010

Sarmadiet al.
2011

Escudero et al.
2012a

Gibbs et al. 2004
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Digestion
(alcalase/flavorzyme)
Digestion
(papain/alcalase/
trypsin)
Autolysis
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Figure 16.3 (a) RP–HPLC–UV chromatograms of 3 kDa fraction of fermented milk (with L. rhamnosus) prior and after the simulated gastrointestinal
digestion. (b) Mass spectrum of the selected chromatographic peak. (c) MS/MS spectrum of ion m/z 873.6. The sequence of peptide with the fragment
ions observed in the spectrum is presented below. Only the b and the y fragment ions were labeled. (From Hernández-Ledesma, B. et al. 2004. Journal of
Chromatography A 1049(1–2) (Sep 17): 107–114.)

are casein-derived VPP and IPP, also known as lactotripeptides
(Hernández-Ledesma et al. 2011). In vivo studies using SHR
(Martínez-Maqueda et al. 2012) and around 20 human studies
have linked the consumption of products containing lactotripeptides with signiﬁcant reductions in both systolic and diastolic

blood pressure (Boelsma and Kloek 2009). Consequently, products containing lactopeptides are already commercially available
(see Table 16.1). Nevertheless, despite the great effort invested in
the discovery and characterization of antihypertensive peptides,
vegetable-origin ACE inhibitor peptides are relatively poorly
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explored. Among them, sunflower and wheat have shown to be
good sources of antihypertensive peptides (Megias et al. 2009;
Nogata et al. 2009).

16.4.2.2 Antioxidant Peptides
Oxidative stress reflexes the increased amount of reactive oxygen
species (ROS) with outstripping endogenous antioxidant defense
mechanisms (Erdmann et al. 2008). ROS can damage macromolecules such as DNA, proteins, and lipids (Sarmadi and Ismail
2010). Protein oxidation has been linked to the evolution of a
variety of diseases (diabetes, atherosclerosis, neurodegenerative disorders, etc.) (Elias et al. 2008). An antioxidant is a synthetic or natural compound that delays or inhibits oxidation of a
substrate when present at low concentration. Strict regulation is
needed for synthetic antioxidants since they can possess toxic
effects on human’s enzyme system (Pihlanto 2006). Therefore,
safe and widely distributed natural antioxidants are an excellent alternative. The cytotoxicity of natural peptides purified
and identified from an alcalase hydrolyzate of rice endosperm
was studied. In addition to a higher inhibition of lipid peroxidation than α-tocopherol, no cytotoxic effect on lung fibroblasts
or mouse macrophages were observed (Zhang et al. 2010). The
mechanism underlying the antioxidant activity of peptides is
still not fully understood. However, it has been shown that antioxidant peptides can be inhibitors of peroxidation, scavengers
of free radicals, and chelators of transition metal ions. In order
to assess this antioxidant capacity, several methods have been
developed. Since none of them can be used as official standardized method, the most usual is the evaluation of antioxidant
capacity by various methods in different oxidation conditions
(Sarmadi et al. 2011). Two groups of methods can be used for the
measurement of antioxidant capacity: methods based on hydrogen atom transfer (HAT) and methods based on electron transfer
(ET) (Huang et al. 2005). HAT assays such as oxygen absorbance
capacity (ORAC), total radical trapping antioxidant parameter
(TRAP), and β-carotene bleaching involve a competition reaction between antioxidant and substrate for the generation of peroxyl radicals. ET assays measure the capacity of antioxidant in
the reduction of an oxidant used as probe. Trolox equivalent antioxidant capacity (TEAC), ferric ion reducing antioxidant power
(FRAP), and 2,2-diphenyl-1-picrylyhydrazyl radical scavenging capacity (DPPH) assays belong to this group (Sarmadi and
Ismail 2010). Evaluation of inhibition of linoleic acid autoxidation, hydroxyl radical or 2,2′-azino-bis(3-ethylbenzothiazoline6-sulphonic acid) (ABTS) radical scavenging activities are also
commonly employed to assess antioxidant capacity of peptides.
In these assays, antioxidant peptides activity is related to their
composition, structure, and hydrophobicity. Commonly, antioxidant peptides contain aromatic amino acids (F, Y, and W) in
addition to other amino acids such as M, K, C, and H (Sarmadi
and Ismail 2010). Indeed, a peptide fraction enriched in aromatic
amino acids obtained from a soybean protein isolate hydrolyzate showed an antioxidant capacity higher than that observed
with other fractions with less content in aromatic amino acids
(Beermann et al. 2009). Moreover, Tsopmo et al. (2011) suggested that the presence of W residues in the sequence of the
most antioxidant peptide in human milk hydrolyzate played a
significant role. It was demonstrated that it enhanced peroxyl
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radical scavenging properties and the inhibition of lipid hydroperoxide. Nevertheless, the results obtained by the fractionation
of a Spanish chorizo extract using HILIC showed that free amino
acids Y, W, M, and F present as independent entities in some
chorizo fractions, had no antioxidant ability. This singular result
could be due to a low concentration of these amino acids in the
fraction or to the need of being inside a peptide and not as independent entities (Broncano et al. 2012). Moreover, fractionation
of a Jinhua ham extract enabled the purification and identification of antioxidant peptides observing a wider contribution to
free radical scavenging activity of more hydrophobic fractions
(Zhu et al. 2013).

16.4.2.3 Hypocholesterolemic Peptides
Hypercholesterolemia is another important CVDs risk factor
(Shahidi and Zhong 2008). The major preventive strategy for
the treatment of this disease is to manage blood cholesterol level
through diet and drug therapies (Alhaj et al. 2010). Cholesterol,
triglycerides, and other lipids are transported to the intestinal epithelium for its absorption by bile acids and phospholipid micelles.
Micelles form spontaneously when the concentrations of bile salts
and/or phosphatidylcholine are above the critical level in bile.
Two mechanisms are suggested to cause the removal of cholesterol from micellar aggregates. Since micelles can accommodate
a limited level of sterols and lipids, cholesterol can be displaced
from the micelle by other sterols such as phytosterols. On the other
side, cholestyramine, β-sitosterol, or hydrophobic peptides can
disrupt the micellar structure by binding to bile acids, which led
to the reduction of micellar-carrying capacity. Unabsorbed cholesterol passes into the colon to be excreted, which result in lower
blood cholesterol level (Zhang et al. 2012b). The suppression of
cholesterol micelle solubility in artificially prepared or naturally
derived micelles is used for in vitro test of hypocholesterolemic
efficiency (Shahidi and Zhong 2008). Hypocholesterolemic peptides have been recognized to contain mostly highly hydrophobic
amino acids. Therefore, hydrophobic supports such as DA201-C
resin with ethanol elution have been used for the fractionation of
soybean and rice bran protein hydrolyzates (Zhong et al. 2007;
Zhang et al. 2012b). In both cases, most hypocholesterolemic peptides appeared in the hydrophobic peptide fraction eluting at 75%
(v/v) ethanol. In the case of isolated rice bran proteins, it was possible to observe a positive correlation between low K/R and M/G
ratios and hypocholesterolemic capacity. Consequently, some
authors suggested that both hydrophobicity and peptide structure
could play important roles in the decrease of cholesterol concentration in bile micelles (Zhong et al. 2007; Zhang et al. 2012b).
However, a synergistic effect of hypocholesterolemic peptides
was also observed when hypocholesterolemic capacity of a tryptic
casein hydrolyzate was compared to individual fractions obtained
by SEC (Alhaj et al. 2010).

16.4.2.4 Antimicrobial Peptides
Antimicrobial peptides inhibit microbe-caused food deterioration and invasion of different pathogens in vivo (bacteria, fungi,
virus, parasites) (Shahidi and Zhong 2008). They act either by
penetrating and disrupting microbial membrane integrity or by
translocating across membranes and acting on internal targets
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(Danquah and Agyei 2012). Antimicrobial peptides are composed of less than 50 amino acids with approximately 50%
hydrophobic amino acids. They are often cationic peptides and
have amphipathic three-dimensional structures. The main application areas of antimicrobial peptides are food preservation and
therapeutic purpose in health care (Shahidi and Zhong 2008).
Among the broad variety of antimicrobial peptide sources, milk
can be credited as a leader. Indeed, two cationic peptides isolated
and identified in pepsin hydrolyzate of bovine casein displayed
a broad spectrum of activities against several Gram-positive
(Bacillus subtilis, Listeria innocua, Listeria monocytogenes)
and Gram-negative bacteria (Citrobacter freundii, Enterobacter
aerogenes, Escherichia coli, Salmonella enteritidis, Salmonella
typhimurium). Additionally, the high degree of similarity between
bovine peptide 99–109 of bovine αS1-casein and the corresponding peptide from sheep, goat, and buffalo αS1-casein indicated
probable antimicrobial counterparts in these milk sources. Since
identified peptides were obtained by pepsin action, the protection
against microbial infection in the gastrointestinal tract was also
suggested (McCann et al. 2006). However, peptides generated
from αS1-casein, αS2-casein, and κ-casein and possessing high
antibacterial activities against E. coli and B. subtilis were identified in a commercial casein hydrolyzate. The amino acid analysis
of identified peptides revealed that positive charges of peptides
were very important but it did not guarantee antimicrobial activity (Elbarbary et al. 2012).

16.4.2.5 Immunomodulatory and Cytomodulatory
Peptides
Immune function plays a significant role in the prevention and
control of chronic diseases. The modulation of immune response
is difficult and most drugs are not suitable to prevent chronic
diseases (Hou et al. 2012). Immunomodulatory peptides improve
immune cell functions, antibody synthesis, and cytochrome
regulation (Danquah and Agyei 2012). Cytomodulatory peptides modulate the viability (e.g., proliferation) of different cell
types and, together with immunomodulatory peptides, might
help in the control of tumor development (Danquah and Agyei
2012). Potential cytomodulatory peptides have been isolated
from Mozzarella di Bufala waste whey (De Simone et al. 2009).
Investigated peptides significantly inhibited cell proliferation,
interfered with cell cycle, and exerted a possible pro-apoptotic
activity on Caco2 cancer cells. Nevertheless, identification of
individual peptides responsible for this cytomodulatory action
was impossible due to sample complexity. Instead, the presence of precursors of the widely recognized agonist opioids
β-casomorphin 7 and β-casomorphin 5 were evaluated. It was
suggested that cell proliferation decreased due to the interaction
of identified casomorphin-agonist precursors and specific opioid
and somatostatin receptors expressed on Caco2 cells (De Simone
et al. 2009). Furthermore, Alaska Pollock frame enhanced
splenic lymphocytes proliferation, T lymphocyte proliferation,
and macrophage phagocytosis. Purification of Alaska Pollock
frame hydrolyzate using IEC, SEC, and multiple RP-LC enabled
to purify three bioactive peptides. Identified peptides exhibited
high lymphocyte proliferation activities, which provided a scientific basis for the preparation of immunomodulating peptides
(Hou et al. 2012).

16.4.2.6 Antithrombotic Peptides
One of CVDs complications is related to the tendency to
develop thrombosis due to the abnormalities in blood coagulation. Thrombosis is linked to platelet hyperactivity, high levels
of hemostatic proteins, defective fibrinolysis, and blood hyperviscosity. Antithrombotic drugs reduce platelet aggregation and
enhance fibrinolysis (Erdmann et al. 2008). Owing to amino acid
sequence similarities between fibrinogen γ-chain from blood and
κ-casein from milk and functional similarities between milk and
blood coagulation, most investigated antithrombotic peptides
are from milk (Rutherfurd and Gill 2000). Recently, two novel
peptides from soybean protein hydrolyzate inhibiting rat platelet
aggregation have been discovered. Interestingly, during its fractionation by SEC, RP-LC, and IEC, it was observed that most
fractions yielded some level of antiplatelet effect. Indeed, synthesized counterparts of identified peptides inhibited platelet aggregation in a concentration-dependent manner (Lee and Kim 2005).

16.4.2.7 Multiple Bioactivities Peptides
Some peptides can also possess multiple bioactivities. As an
example, metal-chelating peptides can bind metal elements
through certain amino acids (H, M, or C) and, simultaneously,
can yield antioxidant activity (Shahidi and Zhong 2008). Positive
correlation between H content and antioxidant activity of sunflower copper-chelating peptides was reported. Copper, in addition to its role as an essential trace element, can also exhibit
pro-oxidative activity. Indeed, copper-chelating peptides may
be useful in preventing oxidative activity of copper in the digestive tract and oxidative damage of low-density lipoproteins in
blood and tissues by copper absorption into the blood stream
(Megias et al. 2007). Food derived metal-chelating peptides can
also enhance in vivo absorption of metals and trace elements.
A prime example of this kind of metal-chelating peptides is
caseinophosphopeptides (CPPs) (Shahidi and Zhong 2008).
Their calcium absorption ability was already applied in some
commercial products (see Table 16.1). Recently, tryptic peptides
of sesame have also shown to possess metal-chelating activity.
Purification of these hydrolyzates enabled to isolate six potent
metal-chelating peptides. Identified peptides showed high zinc
and iron-chelating abilities (Wang et al. 2012). It is important to
point out the effectiveness of IMAC technique in the purification
of metal-chelating peptides from food hydrolyzates.
It is also very common for protein hydrolyzates or peptides
to possess both antioxidant and antihypertensive activities
(Samaranayaka et al. 2010). It was reported that angiotensin II
amplifies oxidative stress and ACE inhibitors intensify antioxidant defense system by inhibition of angiotensin II formation in
animals and humans (Sarmadi et al. 2011). Peptides obtained from
cured ham extract, cocoa, and pacific hake autolyzates showed
antihypertensive and antioxidant activities (Samaranayaka et al.
2010; Sarmadi et al. 2011; Escudero et al. 2012a). The presence of
two bioactivities makes these foods an attractive source of bioactive compounds that can improve cardiovascular health and control-related diseases (Escudero et al. 2012a). Another attractive
source of bioactive peptides turned out to be soybean. Peptides
purified and characterized from soybean hydrolyzate, natto,
and tempeh have demonstrated a range of biological activities.
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Antihypertensive, antithrombotic, surface tension, and antioxidant peptides were mainly from glycinin. In this study, the use of
low-specificity proteases produced more bioactive peptides with
higher activity than higher specific enzymes (Gibbs et al. 2004).
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Ansari, P., N. Stoppacher, and S. Baumgartner. 2012. Marker peptide selection for the determination of hazelnut by LC-MS/
MS and occurrence in other nuts. Analytical and Bioanalytical
16.5 Future Trends
Chemistry 402 (8) (Mar): 2607–2615.
Isolation of peptides from foods is still a difficult task and a prob- Ansari, P., N. Stoppacher, J. Rudolf, R. Schuhmacher, and S.
Baumgartner. 2011. Selection of possible marker peptides for
lem to overcome in the coming years. For that purpose, highly
the detection of major ruminant milk proteins in food by liquid
specific, reproducible, and high-throughput methods are desirable.
chromatography-tandem mass spectrometry. Analytical and
Recent popularization of techniques mainly devoted to clinical
Bioanalytical Chemistry 399(3)(Jan): 1105–1115.
proteomics, such as IMAC and AC, have resulted to be very useful
Ardo, Y., H. Lilbaek, K. R. Kristiansen, M. Zakora, and J. Otte. 2007.
and are gaining acceptance. Although “off-gel” isoelectrofocusing
Identification of large phosphopeptides from Î²-casein that
has shown to be a complementary tool to obtain peptide fractions,
characteristically accumulate during ripening of the semi-hard
its application in the area of food peptides is still scarce and will
cheese herrgard. International Dairy Journal 17(5): 513–524.
spread in the future. Another separation technique that will expand Beermann, C., M. Euler, J. Herzberg, and B. Stahl. 2009. Antiin the coming years is HILIC. Fractions previously rejected duroxidative capacity of enzymatically released peptides from
ing RP-LC due to their elution in the void time can now be easily
soybean protein isolate. European Food Research and
separated by HILIC. Since HILIC and MS are a perfect marriage,
Technology 229(4)(Aug): 637–644.
their united expansion in the peptide research field is expected.
Bell, L. N. 1997. Peptide stability in solids and solutions.
The trend in the area of peptide production from foodstuffs is
Biotechnology Progress 13(4)(Jul–Aug): 342–346.
oriented to obtain highly valuable material (bioactive peptides) Bernal, J., A. M. Ares, J. Pol, and S. K. Wiedmer. 2011. Hydrophilic
from cheap sources (use of by-products or wastes), using low-cost
interaction liquid chromatography in food analysis. Journal of
(autolysis) and/or highly efficient (simulated 
gastrointestinal
Chromatography A 1218(42)(Oct 21): 7438–7452.
digestion) methods. The study of bioactive peptides in vivo, Bignardi, C., L. Elviri, A. Penna, M. Careri, and A. Mangia. 2010.
together with clinical studies, and further expansion of bioacParticle-packed column versus silica-based monolithic coltive peptides in the functional food area are also future trends.
umn for liquid chromatography-electrospray-linear ion traptandem mass spectrometry multiallergen trace analysis in
Moreover, since most bioactive peptide activities are dose-
foods. Journal of Chromatography A 1217(48)(Nov 26 2010):
dependent, a great development of quantification methods is
7579–7585.
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17.1 Introduction
Proteins are the major nonwater ingredients of muscle foods
and constitute almost 20% of the weight of lean muscle tissue.
Proteins are polymers of amino acids that perform diverse functions. They comprise the enzymes that catalyze biochemical
reactions to sustain life. Muscle tissue also contains large quantities of proteins involved in the process of muscle contraction.
Since the amino acid composition of proteins from food animals
is similar to human muscle and since the muscle makes up almost
50% of our body’s weight, muscle foods are an excellent source
of the amino acids needed for growth, repair, and maintenance.
Determination of protein content is necessary for measuring
muscle food composition to meet human nutritional requirements,1 for the meat industry use in product formulation and to
meet legal requirements for product identity, and for research on
the role of specific proteins in foods and biological processes.
The purpose of this chapter is to review the major methodology for analysis of proteins in muscle foods and discuss some
of the advantages and disadvantages of the different approaches.

Analysis of total protein, classes of proteins, and methods to
measure quantities of specific proteins will be reviewed in this
chapter. The topic is too much broad to allow for an in-depth coverage; so, the goal will rather be to provide a general overview
substantiated by a few examples. The reader should also refer to
other related chapters in this volume dealing with amino acids,
peptides, proteomics, and muscle enzymes for more details on
these topics. For information on milk and cereal proteins, the
reader is directed to Owusu-Apenten2 and Dziuba et al.3

17.2 Major Methods for Measuring
Protein Nitrogen
17.2.1 Kjeldahl Method
The first widely used method for the analysis of proteins was initiated by Johan Gustav Christoffer Thorsager Kjeldahl, a Danish
chemist. He was employed by Carlsbad Laboratories (associated
with Carlsbad Brewery) and was given the task of determining
357
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Figure 17.1 Copy of a painting of Johan Kjeldahl in his laboratory.
Digestion and distillation apparatus are visible on the bench. (From The
Carlsberg Laboratory 1876/1976. With permission from the Carlsberg
Foundation.)

the amount of protein in various grain sources. The yield of
beer had been found to be inversely related to the grain’s protein content. In 1883, Kjeldahl published a method to measure
the nitrogen content of a sample.4 The method involves three
steps—digestion, distillation, and titration. The material to be
tested was first digested in sulfuric acid at high heat, which converted the nitrogen-containing substances to ammonium sulfate.
Sulfuric acid alone proved to be too slow to achieve complete
digestion (it boils at 338°C), but addition of potassium sulfate plus
a divalent metal catalyst (Kjeldahl used mercury, but copper or
selenium also work well) raised the boiling point to 373°C and
accelerated the digestion. After cooling the digest, diluting it with
water, and adding an excess of alkali to convert ammonium ions
into ammonia, the ammonia was distilled and trapped in boric
acid. The amount of ammonia that had been generated was then
determined by back titration with acid. The method proved to be
extremely robust and was adopted for the analysis of a wide variety of substances. The procedure became known as the “Kjeldahl
method,” and its flexibility, resistance to problems with interfering substances, and high reproducibility led to its early adoption
as an official method for protein determination in meat and meat
products.5 This method has been the “gold standard” by which all
other methods have been compared for over 100 years. A photograph of Johan Kjeldahl in his laboratory along with an apparatus
for digestion and distillation is shown in Figure 17.1.
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may be obtained more quickly (about 5 min for a single sample
versus 2–3 h for the Kjeldahl method). Disadvantages remain;
the equipment required is more expensive than with the Kjeldahl
method, and the Dumas method analyzes single samples prepared sequentially. Thus, to obtain results from a group of 15–20
samples, about the same total time is needed with both methods.
A diagram showing the various steps in the combustion
and analysis process is shown in Figure 17.2. A small sample
(~0.2–1 g) is wrapped in a piece of foil and placed in a multiplace sample holder (a). The sample is dropped into a combustion
tube (b) heated to ~1000°C where the meat sample is mixed with
pure oxygen and the organic components are totally converted
into CO2, N2, H2O, and nitrogen-containing oxides. Helium gas
then flushes these products through a copper-containing column
(c) where the nitrogen oxides are fully converted into N2. Water
and CO2 are removed by a trap (d) and the remaining volatiles
passed through a gas chromatograph (GC) (e). The nitrogen gas
then flows through a thermal conductivity meter where the signal
is compared to a separate parallel stream of pure helium. The area
under the nitrogen peak is determined (f), and the nitrogen content
is calculated by comparison with results from known standards
(such as ethylenediaminetetraacetic acid [EDTA] or lysine) run at
the same time as the unknown. As with the Kjeldahl, the protein
content is calculated using the conversion factor of 6.25 × N.
A comparison of the results using the Kjeldahl digestion and
Dumas combustion methods have been conducted.6 Twelve laboratories analyzed the same set of 15 meat samples using both
methods. The samples included both raw and cooked products
with varying fat content. The nitrogen values obtained by both
methods were in remarkably good agreement. Only 2 of 360
determinations by the Dumas combustion method were considered as outliers. Combustion instruments from three different
commercial manufacturers gave similar precision, repeatability, and reproducibility. Thus, both the AOAC Kjeldahl method
928.08 and the AOAC combustion method 992.15 are now
accepted for total nitrogen and estimated protein in whole-meat
samples. It should be mentioned that accurate analysis by both
methods requires adequate mixing and careful sampling. The
United States Department of Agriculture Chemistry Laboratory
Guidebook (1986) provides directions for sample preparation.

Combustion
(a)

GC
(e)

Detection

17.2.2 Dumas Method
Another method for determining nitrogen content of organic
materials was developed by Jean-Baptiste Dumas, a French
chemist. He found that nitrogen could be analyzed by first combusting the material at high heat in the presence of oxygen and
subsequently measuring the volume of gaseous nitrogen released.
Although his method was originally described in 1833, the results
were somewhat variable and later, Kjeldahl method proved to
be much more reliable. In recent years, the Dumas combustion
method has made a comeback. Its main advantage is that results

(d)
(b) (c)

(f )

(g)
© 1996 James P.H. Fuller

Figure 17.2 Instrumentation and steps in a Dumas protein combustion.
(From http:/www.uga.edu/~sisbl/udumas.html. With permission from the
University of Georgia.)
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Emulsified meat products need to be ground through a 1/8-inch
plate twice, and coarse ground products passed through the
grinder 3 times to ensure adequate mixing. Since only 200–
900 mg of sample is typically used for combustion, replicates
should be used since sampling errors can be made easily.

Homogenize muscle in phosphate buffer pH 7
Centrifuge
Precipitate

Supernatant

Homogenize in 1 M KI

Sarcoplasmic proteins
55 mg/g

Precipitate

17.3 Muscle Protein Analysis
An early paper that systematically examined the composition of
muscle tissue was conducted by von Furth.7 He used a variety
of salt solutions to prepare protein-containing extracts. Nitrogen
was determined by the Kjeldahl method. The nitrogen composition of various food items, including meat, was reported as early
as 1906.8 Großfeld9 studied the water and nitrogen content of
minced meat and sausage products, and he concluded the “nitrogen × 6.25” factor originally proposed by Kjeldahl was appropriate for protein estimation in such products. However, to more
accurately estimate the actual protein content in a meat or muscle sample, several corrections need to be applied. First, not all
nitrogen in a meat sample comes from protein. Nitrogen is present in peptides, free amino acids, deoxyribonucleic acid (DNA),
ribonucleic acid (RNA), nucleotides, some phospholipids, some
complex carbohydrates, and some vitamins. Typically, these nonprotein materials are separated by treating a meat homogenate
with trichloroacetic acid that causes the proteins to precipitate.
The soluble fraction, when analyzed by the Kjeldahl procedure,
is referred to as “nonprotein nitrogen.”10 The nitrogen content of
protein is approximately 16% by weight; so, multiplying nitrogen
values by 6.25 should yield the protein content of meat. However,
meat samples are very heterogeneous in regard to their content
of fat and connective tissue, and the protein conversion factor
for the latter tissue is not 16%. This was recognized very early
in protein analyses with reported values of 17.9% nitrogen in
collagen (gelatin) and 16.9% in elastin.11 Thus, meat or muscle
samples containing larger proportions of collagen will underestimate the total protein content.12 Apparently, not everyone has
got this message, since the review by Benedict13 has an extensive
discussion on the errors in protein estimation with high collagen-
containing meat products. Benedict suggested that separate
analyses for collagen could be conducted, and that the nitrogen conversion factor could be altered using the formula 6.25
(−) 0.0085A, where A is the percent collagen. The amount of
collagen is usually determined by hydroxyproline content. The
conversion factor for hydroxyproline to collagen is 8; so, the correct formula for meats with significant collagen content would be
6.25 (−) 0.068B, where B is the percent hydroxyproline.

Centrifuge

Stroma proteins
20 mg/g

Supernatant
Myofibrillar proteins
115 mg/g

Figure 17.3 Fractionation of muscle proteins. The method shown is a
sequential extraction protocol to separate proteins into three different solubility classes.

can be brought out of the solution by diluting the ionic strength
to ~0.05. Robinson15 extended these studies by using a higher
pH-extracting solution (pH 8.5) and a further extraction with
0.1 M NaOH. The residue after these sequential extractions was
referred to as the connective tissue or stroma fraction and was
believed to consist primarily of the proteins collagen and elastin.15 Perry16 found that preparations of myofibrils had very low
quantities of proteins soluble in 0.08 M borate buffer, pH 7.1. He
also found that the washed myofibrils could be almost fully dissolved in high (>0.5 M) concentrations of salts.
A fractionation scheme for the separation of the various solubility classes of muscle proteins is shown in Figure 17.3. The
estimated quantities of the major proteins that constitute these
classes are shown in Tables 17.1 and 17.2. The values shown for
the amounts of the various proteins are based on the assumption that one is starting with lean meat (i.e., low fat content).
Homogenization of the tissue in 3–8 volumes of dilute salt such
as 0.08 M borate buffer pH 7.1,16 0.03 M potassium phosphate
Table 17.1
Major Sarcoplasmic Proteins in Skeletal Muscle
Enzyme

Content (mg/g)

Phosphorylase
Amylo-1,6-glucosidase

2.0
0.1

Phosphoglucomutase

0.6

Phosphoglucose isomerase

0.8

Phosphofructokinase

0.35

Aldolase

6.5

Triosephosphate isomerase

2.0

Glyceraldehyde 3-phosphate dehydrogenase
Glyceraldehyde phosphate dehydrogenase

0.3
11.0

17.4 Protein Solubility Classes

Phosphoglycerate kinase

1.4

Phosphoglycerate mutase

0.8

Proteins in meat have been divided into several classes based
on their cell location and solubility. Bate-Smith10,14 recognized
there were differences between intracellular and extracellular
protein. The sarcoplasmic proteins are readily soluble in water
or dilute salt containing solutions and primarily consist of the
glycolytic enzymes. Extraction of the muscle with strong salt
solutions dissolves the major portion of the sarcoplasmic plus
myofibril proteins.10,14 Most of the strong salt-soluble proteins

Enolase

2.4

Pyruvate kinase

3.2

Lactic dehydrogenase

3.2

Creatine kinase

5.0

AMP kinase

0.4

Total protein

~40

Source: From Scopes, R.K. Biochem. J. 134, 197, 1973. With permission.
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Table 17.2
Major Myofibril Proteins in Muscle
Protein

Percent of
Myofibrillar Protein

Myosin (heavy + light chains)
Actin
Titin
Tropomyosin
Troponin (TnI + TnT + TnC)
Nebulin
Myosin-binding protein C
M-protein
Alpha-actinin

43
22
8
5
5
3
2
2
2

Total

92

Source: Compiled from various sources.

pH 7.4,17 or 0.1 M KCl–0.066 M potassium phosphate pH 7.118
followed by centrifugation yields a supernatant-soluble fraction
(containing the sarcoplasmic proteins) and an insoluble precipitate. The proteins obtained would be soluble in pure water, but
the latter’s pH may be lower than neutrality and result in some
of the proteins becoming insoluble due to isoelectric precipitation. If the step 1 precipitate (Figure 17.3) is resuspended in a
high salt-containing solution such as 0.5–1.0 NaCl, the myofibril protein is solubilized and can be separated from the insoluble proteins by centrifugation. This residual insoluble protein,
referred to a stroma or connective tissue protein, is composed
primarily of collagen and elastin. The sarcoplasmic and myofibrillar fraction proteins are intracellular while the stroma proteins are found outside the muscle cell. The relative content of
the different classes of proteins has been estimated as 55 mg/g
for sarcoplasmic, 115 mg/g of myofibrillar, and 20 mg/g for
stroma.19
The diagram in Figure 17.3 is a simplification of procedures
necessary to accurately estimate the true content of each of these
protein classes. Part of the sarcoplasmic proteins will be trapped
in the soluble phase of the pellets after the first centrifugation.
Thus, to completely remove this fraction, one would need to
extract and centrifuge more than once. Also, the extent of soluble protein extraction will depend on the degree of particle size
reduction and time of extraction. Mixing ground meat with a
low salt buffer will result in most of the sarcoplasmic proteins
being extracted, but homogenization in a Waring, Polytron, or
similar-type blender will improve the percent protein extracted.
Even mincing the tissue to pieces as small as a half-grain of
rice did not allow as efficient protein extraction as using 20-μm
microtome sections.17 Similarly, the amount of myofibril protein
extracted depends on the number of extractions, the volume of
extracting solution, and the type of extracting salt. During the
first 10–30 min of high salt treatment, the primary protein dissolved is myosin. Longer extraction times resulted in increasing
actin content. Bate-Smith10,14 found that at least six sequential
extractions with high salt were necessary to remove 95% of the
salt-soluble protein. Bate-Smith20 also showed that LiCl was more
efficient than NaCl or KCl in extracting the salt-soluble proteins.
An extensive study by Helander17 compared a number of different salts and his results showed the most efficient extractant was

KI–0.1 M potassium phosphate, pH 7.4. This is probably due to
the fact that the iodide ion causes F-actin to depolymerize. A
major factor affecting the solubilization of the myofibrillar proteins is the high viscosity of the actin–myosin complexes that
remain associated even after dissolving these proteins from the
tissues. Although many early workers used an overnight extraction with high salt to dissolve the myofibrillar protein fraction,
Helander17 found that three successive extractions with 10 volumes each (solvent relative to tissue) over a total period of 8 h
were sufficient to quantitatively solubilize the myofibrillar proteins. Robinson15 followed his pH 8.5 high salt-soluble extraction with an additional treatment with 0.1 M NaOH to remove the
final salt-soluble protein. It is unclear whether this latter alkalisoluble fraction is really a salt-soluble protein or partially soluble
stromal protein.
A group of proteins that do not really fit in one of the above
classes are the membrane proteins. These are found in the sarcolemma, nuclei, sarcoplasmic reticulum, T tubules, mitochondria,
and Golgi apparatus of the muscle cells. Membrane proteins are
also found in other cell types found in the muscle tissue such
as fibroblasts, blood cells, and fat cells. Normally, these proteins will be distributed between different fractions depending
on the fractionation protocol. The centrifugation to separate the
sarcoplasmic proteins is typically conducted using speeds of
5000–10,000 × G. Such speeds would probably sediment large
cell membrane fragments, nuclei, and mitochondria but leave
most sarcoplasmic reticulum fragments in the supernatant. The
latter fragments would also end up in the myofibrillar fraction
supernatant after high salt extraction. Thus, part of the membranes would end up in the “sarcoplasmic” fraction and part of
the membranes would end up in the “myofibrillar.”
Another problem with the protein fractionation scheme occurs
when analyzing the early postmortem tissue. If the muscle is
homogenized while adenosine triphosphate (ATP) is still remaining, some of the myofibril protein gets released in the low ionic
strength buffer.21 This can be observed by the extracted appearance of many myofibrils and the presence of filaments that can be
pelleted by centrifugation at 30,000 or 60,000 × G.21 Therefore,
a small part of the myofibrillar protein would end up in the “sarcoplasmic” fraction when the usual lower-speed centrifugation
is used.

17.5 Methods for Analysis of Soluble Proteins
A number of different methods in addition to the Kjeldahl and
Dumas procedures have been used to assay muscle protein content. Most of these methods require a soluble protein extract. Thus,
protein fractions that are merely suspensions may be difficult
or impossible to accurately pipet into the assay system. Wholemuscle homogenates often contain connective tissue fragments
that clog pipet tips and thus may give large variations of total
protein values between replicates. Two further problems are common. First, pipeting myofibrillar or high salt extracts may also
be difficult because of their high viscosity. Second, whole-muscle
homogenates or protein fractions may be high in fat content that
results in significant turbidity. Anyone attempting to assay protein
concentrations of solutions needs to be aware of these potential
problems and use appropriate means to reduce assay variability.
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17.5.1 Biuret

Protein + Cu+2

The biuret assay reagent is a mixture of potassium hydroxide,
copper sulfate, and potassium sodium tartrate. Copper (Cu2+)
forms a complex with the peptide bonds under alkaline conditions when this reagent is added to a protein solution. The copper is converted into Cu+, and the color of the solution changes
from blue to purple. Sample absorbance is measured at 540 nm
in a spectrophotometer. The word “biuret” refers to a compound formed from the condensation of two urea molecules.
Biuret gives a similar type of color change when mixed with
copper as do proteins. The procedure that is still most widely
used was described by Gornall et al.22 in 1949. Protein concentrations are determined from a calibration curve prepared
using bovine serum albumin or immunoglobulins as standards.
The assay is not as sensitive to interfering substances as some
other more recently introduced methods described below, but it
requires higher protein concentrations to produce an adequate
signal. The strongly alkaline solution reduces problems from
turbidity due to insoluble proteins, but large amounts of lipids
cause cloudiness that still can be a problem. Known interfering
compounds include Tris buffer, ammonium ions, sucrose, primary amines, and glycerol.23 The effect of Tris on the protein
assay includes both blank values and the slope of the standard
curve.24 In all protein assays, it is a good practice to prepare
standard curves using the same buffer as used in the proteins
to be assayed.

17.5.2 Lowry
This assay was developed by Lowry et al.25 The method combines the biuret copper reaction with the addition of another
solution (the Folin–Ciocalteau phenol reagent—a mixture of
phosphotungstic acid, phosphomolybdic acid, and phenol) to
enhance the sensitivity of the assay. This second reagent reacts
with the tyrosine, tryptophan, and cysteine residues in the protein. The color response varies more widely between different
proteins than with biuret alone since there is a wide range in
proportions of these amino acids in different proteins. The assay
is sensitive to interference from strong acids or bases, chelating
agents such as EDTA that tie up the copper, or reducing agents
(such as 2-mercaptoethanol, dithiotreitol [DTT], or phenols)
that alter the copper oxidation state.26 The absorbance of the
mixtures can be read at 500 nm if the protein solutions are at
a higher concentration or at 750 nm for more dilute samples. A
disadvantage of this assay system is the requirement of adding
two separate reagents. A further problem is that the standard
curves are typically nonlinear and that the timing of the reagent
addition and the mixing of the assay samples are critical for
reproducible results.26

17.5.3 Bicinchoninic Acid
The bicinchoninic acid (BCA) assay is a different modification of
the biuret reaction.27 In this case, BCA replaces the Folin reagent
of the Lowry assay. BCA forms a 2:1 complex with the Cu+, and
this complex has a purple color and an absorbance maximum
at 562 nm (Figure 17.4). Since the BCA reagent is stable under
alkaline conditions whereas the Folin reagent used in the Lowry

OH–
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–

OOC

N

Cu+1 + BCA

N

COO–

N

COO–

Cu+1
–

OOC

N

BCA – Cu+1 complex
Figure 17.4 Color reaction steps using the bicinchoninic reagent. (From
Anal. Biochem. 150, Smith, P.K. et al. Measurement of protein using bicinchoninic acid. 76, Copyright 1985, with permission from Elsevier.)

procedure is not, a one-step reagent addition can be used in the
BCA assay. An additional advantage of this method is that it tolerates higher concentrations of detergents (such as 1% sodium
dodecyl sulfate [SDS] or 1% Triton X-100) than the Lowry
method.

17.5.4 Coomassie Blue Dye Binding (Bradford)
The Bradford assay28 uses Coomassie Blue G-250 binding to proteins to determine their concentration. The dye is dissolved in a
strong acid solution (8.5% phosphoric acid). Unbound Coomassie
Blue G-250 exists as both red and green forms, and incubation
with proteins results in the conversion of the red form into blue
(bound form). The reaction is rapid, with the color forming within
2 min. Protein binding causes a shift in the absorbance maximum from 465 to 595 nm. The dye binds primarily to arginine
side chains with lesser interaction with lysine, histidine, tyrosine,
tryptophan, and phenylalanine residues. Bradford assays give
fewer problems with interfering substances (Tris, EDTA, or sulfhydryl reducing agents) than either Lowry or the BCA methods.
However, detergents such as SDS or Triton X-100 give strong
interference with the Bradford assay. A further difficulty with the
Bradford method is that the dye and/or dye–protein complexes
tend to stick to cuvettes. An acetone and acid wash is necessary
to remove the dye from the cuvette optical surfaces.28

17.5.5 Problems with the Colorimetric
Protein Assays
A major problem with these assays, and one that is not universally recognized, is the extreme variability of the values from
different individual proteins obtained versus the true concentration. Results are quite different when different methods are
compared. Each of these assays depends on a standard curve
for calibration with serum albumin and immunoglobulins most
commonly used. Variations in aromatic amino acid content have
been alluded above as a partial cause of variation. However,
not all variation can be logically explained. An example of the
problems this variability may produce is that the color yield
using serum albumin is 20%–50% higher than that of immunoglobulin in the Lowry, BCA, and Bradford methods.26 Thus, the
choice of standard has a marked effect on the protein concentration estimates. Proteins that have strongly divergent amino
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acid compositions (basic and acidic proteins, gelatin, etc.) are
particularly inaccurate. A large number of proteins in side-toside comparisons of the different assays are shown in Table
17.3. Note that proteins that normally have color in the visible
range (cytochrome c, hemoglobin, and myoglobin highlighted
in bold) are excessively divergent. However, even a conventional
protein such as trypsin gives a threefold greater concentration
estimate with the Lowry versus the Bradford assay (Table 17.3).
In many cases, the absolute protein concentration is not needed
and the value from one of these colorimetric assays will suffice.
However, when an accurate concentration is required, several
different approaches may be used. First, if you have a pure protein and the ultraviolet (UV) extinction coefficient is known,
you may assay by both UV absorption and one of the colorimetric methods and obtain a correction factor for subsequent
use. Second, you can use the Kjeldahl or Dumas method and
a nitrogen conversion factor based on the known amino acid
sequence. Third, you can determine the protein concentration
by subjecting an aliquot of the protein solution to amino acid
analysis. This involves digestion of the protein in strong acid
and then determining the amounts of each amino acid using
the ninhydrin procedure on an amino acid analyzer. The latter
approach requires corrections for destruction during hydrolysis
of part of the serine, threonine, and tyrosine, corrections for the
destruction of tryptophan, cysteine, and cystine, and corrections
for incomplete hydrolysis of leucine and isoleucine. Although
these corrections may seem overwhelming, in practice, the fact
that the stoichiometry of the amino acids is known for proteins
that have been sequenced means that the amounts of stable, fully
hydrolyzed amino acids can be used as a subset to estimate the
total protein quite accurately.
Table 17.3
Protein Concentration Estimates by Different Assay Methods
Protein

Biuret

Lowry

Bradford

Alcohol dehydrogenase
α-Amylase
Bovine serum albumin
Carbonic anhydrase
Catalase
α-Chymotrypsin
Cytochrome c
Ovalbumin
Gamma globulin (bovine)
Hemoglobin
Histones
Lysozyme
Myoglobin
Pepsin
Ribonuclease
Transferrin
Trypsin inhibitor (soybean)
Trypsin

5.8
6.8
9.7
8.8
7.6
9.4
25.7
10.2
10.0a
16.2
9.7
10.4
13.7
9.8
11.8
8.5
9.1
11.4

5.0
6.0
8.4
8.9
6.3
11.6
11.3
10.1
10.0a
8.3
9.2
12.6
7.9
12.4
15.9
9.0
10.3
15.5

7.8
8.3
21.1
13.0
9.7
7.8
25.3
9.4
10.0a
19.9
15.8
9.9
20.7
4.1
5.3
12.6
6.1
4.9

Source: From Anonymous. Bio-Rad Protein Assay, Bulletin 1069, Bio-Rad
Laboratories, Inc., 1984. With permission.82
a Proteins were prepared at 10 mg/mL and assayed by the three methods
using bovine gamma globulin as a standard.

17.5.6 Ultraviolet Protein Absorbance
The biuret, Lowry, BCA, and Bradford assays are all destructive
in that part of the protein solution for which the concentration
being determined must be discarded. A nondestructive method
for protein assay is the direct measurement of the absorbance in
the ultraviolet range, typically at 275–280 nm. This approach is
only possible if various conditions are met. First, an extinction
coefficient must be known to convert the absorbance values into
concentration. Second, the method is only valid with essentially
pure proteins. Third, the protein solutions should have minimal visible turbidity. Fourth, the protein needs to be dissolved
in a solution that contains minimal amounts of compounds that
absorb at the same wavelength. Published extinction coefficients
exist for most of the major proteins, so that this condition is easily met. Whether one has a pure protein to measure concentration
must be determined by other methods. Regarding turbidity, corrections can be made if the protein does not normally absorb light
in the visible range. First, measure the absorbance at 350 and
280 nm. Then, calculate a correction factor, by raising the ratio of
wavelengths 350 over 280 to the fourth power (i.e., 2.44). Then,
multiply this factor times the 350 nm absorbance, and subtract
the resulting number from the 280 absorbance. Absorption by
other solution components is not much of a problem with typical
salts (NaCl, KCl) or buffers, but sulfhydryl-reducing compounds
such as mercaptoethanol and DTT give significant interference.
For example, a 1 mM DTT solution in its oxidized form may
contribute nearly 0.3 optical density units to the absorbance
readings. Contamination by nucleotides can also be particularly
troublesome, since, although their absorbance maximum is near
260 nm, they still absorb light significantly in the 280 nm region.

17.6 Electrophoretic Methods
Polyacrylamide gel electrophoresis has been used extensively for
the analysis and quantitation of muscle proteins. In most cases,
the proteins have been dissolved in SDS prior to electrophoresis.
SDS dissociates proteins and any protein–protein complexes to
the polypeptide subunit level. When a protein extract is placed
at the top of an acrylamide gel and a current applied, the proteins migrate through the gel with the speed of migration being
related to the subunit size (small polypeptides move faster). The
most widely used procedure was described by Laemmli.29 The
procedure uses two gel layers—a separating gel and a stacking
gel. The purpose of the latter is to concentrate the proteins into a
tight zone before they are separated in the lower gel region. After
the electrophoretic run, the gel is usually stained with Coomassie
Blue (R-250 or G-250) or with silver (for more sensitive detection).
The quantity of specific proteins can be determined by scanning
the gel lanes. The area under the peaks is then compared with a
standard curve prepared using a known concentration of the same
pure protein applied in parallel lanes on the same gel. Simply
determining the total staining area for a lane and then calculating the percentage in a specified band will give inaccurate results.
This is true for the same reason as was described earlier for the
colorimetric assays of different individual proteins—each protein
has a unique dye-binding capacity. Caution must be exercised
since there may be more than one protein in a single scanned gel
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band. One may require a two-dimensional gel system where the
proteins are separated first by isoelectric focusing or in urea and
the strip is placed on an SDS gel for the second dimension.30 The
proteins are thus separated by both charge and size. A further
caution is that the protein concentrations need to be in a relatively
linear portion of the scanned absorbance versus concentrationloaded range. This may require that different loads be applied for
the analysis of different proteins. For example, determining the
amount of myosin heavy chain and the amount of one of the myosin light chains in the same gel lane may not be possible since the
ratios of these two proteins are >10:1. An advantage of the SDS
method for protein analysis over that using the enzyme-linked
immunosorbent assay (ELISA) techniques (see the description
below) is that SDS can solubilize cooked meat samples and proteins that are insoluble even in high salt solutions. This ability has
been utilized to detect soy protein in meat.31
The typical Laemmli gel system is unsatisfactory for dealing
with titin (Mr 3,000,000–3,700,000 Daltons) and nebulin (Mr
~800,000 Daltons), two unusually high-molecular-weight proteins in muscle. An improved electrophoretic system has been
described to resolve these proteins better.32 The critical difference from the conventional Laemmli system was the use of
N-N′-diallyltartardiamide (DATD) as the cross-linking agent
in the stacking gel instead of bis-acrylamide. This results in
larger pores but in a mechanically stable gel. Apparently, bisacrylamide cross-linked gels cause some retardation of the very
large proteins such that proper stacking does not occur. The Fritz
and coworkers paper32 also showed that inclusion of a sulfhydryl-reducing agent in the upper reservoir buffer improved the
migration of the high-molecular-weight proteins. Although the
sample buffer contains high concentrations of sulfhydryl-reducing agents, these agents move through the gel at the same speed
as the tracking dye and the sulfhydryl groups of the proteins then
begin to form intermolecular disulfide bonds in the mildly alkaline running buffer environment. The problem of disulfide bond

Test
Standards
samples
Protein X

formation during the electrophoretic run is more evident with
large format gels and only with the largest-sized proteins. A system using agarose and SDS has since been developed to separate
isoforms of titin.33
Another method for quantitation of proteins separated by SDS
gels was described by Yates and Greaser.34 They separated myofibrillar proteins on polyacrylamide gels and then determined the
quantity of specific proteins by cutting out the respective protein
band, hydrolyzing the protein in strong acid, and determining the
protein content by amino acid analysis. The results indicated that
the myosin heavy chain constituted about 43% and actin constituted about 22% of the myofibrillar protein.34 A similar approach
was used to demonstrate that the molar stoichiometry of the troponin subunits TnI:TnT:TnC was 1:1:1.35 This evidence refuted a
published report that suggested there were 2 mol of TnI per one
each of the other two subunits.
A widely used method for measuring protein concentrations
in protein mixtures is Western blotting.36,37 Figure 17.5 shows
the different steps in the blotting procedure. In this method, the
proteins are first separated on an SDS polyacrylamide gel. The
gel is then placed on a piece of nitrocellulose or polyvinylidene
difluoride (PVDF) membrane and the proteins moved onto the
membranes by passing current through the sandwich transversely (the original method transferred the proteins passively,
thus the term “blotting”). The remaining sites on the membrane
are then blocked with an inert protein such as serum albumin or
nonfat dry milk. Next, the membrane is incubated with an antibody (usually either a polyclonal or monoclonal IgG) that recognizes one of the proteins in the original mixture. The unbound
antibody is washed away, and the blot is incubated with a second species-specific antibody that recognizes the first IgG. If
the antibody was a polyclonal produced in a rabbit, the second
antibody would be an anti-rabbit IgG. The second antibody has
a covalently attached enzyme (usually horseradish peroxidase
or alkaline phosphatase). After incubation and washing away

Western blotting

Rotate
gel 90°

Gel NC
Transfer
X

X

Block

X

BSA

SDS polyacrylamide gel
Primary
antibody
anti-X

Film
Rotate
film 90°

Protein X

X

Enzyme
substrate

X

Secondary
antibodyenzyme

X

Film
Figure 17.5 Steps used in Western blotting. After an SDS polyacrylamide gel is run, the gel is placed alongside a sheet of nitrocellulose or PVDF and the
protein is electrophoretically moved transversely to the membrane. After the remaining membrane sites are blocked with bovine serum albumin or nonfat
dry milk, the membrane is incubated with a primary antibody against protein X. Following washing, a secondary antibody (directed against the primary
antibody and containing a covalently attached enzyme) is then bound to the primary. A final wash then precedes incubation with a substrate. The light emitted is finally recorded on the film.
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unbound secondary antibody, the membrane is incubated with a
substrate. Either a colored precipitate may be formed at the site
of the secondary enzyme or the substrate may luminesce and the
light signal captured on the film. Commercial products are available for “enhanced chemiluminescent” (ECL) detection that is
very highly sensitive with detection levels in the nanogram range.
The determination of protein concentrations by Western blotting requires a number of conditions. First, the antibody must
be specific for the protein you are assaying. Second, the percent
protein transferred should be near 100% and consistent between
experiments. Third, you must apply a range of concentrations of
a pure standard to the same gel as the unknowns to be able to
determine concentrations. The large numbers of steps involved
with blotting mean that protocols must be carefully followed.
Primary antibodies for many proteins may be obtained commercially, but their quality may vary widely. In many cases, an
antibody may be prepared versus a human protein but the application is with a different food animal species. Polyclonal antibodies can usually be used for related species, but monoclonal
antibodies are more risky since many may fail to recognize proteins from different animals. In some instances, antibodies may
recognize more than one isoform of a protein. For example, there
are four major myosin heavy-chain isoforms in the skeletal muscle, but isoform-specific antibodies produced against rat myosins
do not react with the same isoforms in the pig.38
Transfer percentage during blotting may vary considerably.
Transfer of high molecular weights is more difficult. In fact, if one
stains a polyacrylamide gel after a typical transfer, the amount of
staining for titin appears essentially the same as a companion gel
that did not undergo transfer even though all the proteins smaller
than myosin heavy chain have been transferred from the blotted
gel. One can also transfer too long and find that smaller proteins
are moved through the transfer membrane. These problems, in
addition to the variable primary antibody binding with time and
temperature, make it imperative that standards be run on the
same blot as the unknowns to give accurate protein estimations.

17.7 ELISA Methods
The ELISA procedure has been extensively used in the analysis of proteins. ELISA is an acronym for enzyme-linked immunosorbant analysis. In this procedure, an antibody that reacts
specifically with a protein in a tissue extract can be used to
determine the concentration. Soluble proteins are required for
such an assay. The protein solution is typically placed in a polystyrene microtiter plate where some bind tightly to the plastic
surface (the steps that follow are quite similar to those used with
Western blotting—see Figure 17.5). After unbound protein is
washed away, the microtiter wells are treated with an inert protein to block the rest of the sites on the polystyrene. The plates
are next incubated with an antibody solution. The antibody forms
a tight complex with the specific protein that is bound on the
plastic surface. Excess antibody is washed away and the wells
are then exposed to an enzyme-linked antibody that recognizes
the bound antibody. Thus, if the first antibody is a mouse monoclonal, the second antibody would be an antimouse immunoglobulin. The second antibody typically has a covalently linked
enzyme such as horseradish peroxidase or alkaline phosphatase.
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After washing the plates to remove unbound secondary antibody,
the wells are treated with a substrate appropriate for the enzyme.
Either colorimetric or fluorescent substrates (the latter being
more sensitive) may be used depending on the microtiter plate
reader available. The absorbance of the solution is obtained and
compared with standards prepared from known concentrations
of the pure protein being assayed. The procedure can be used to
measure protein or antibody concentrations.
ELISA methods have been used in a variety of applications for
muscle protein or meat analysis.39 Examples include detection of
foreign species in meat products,40–43 identification of nonmeat
protein ingredients such as milk, egg, or soy protein,44 measurement of calpastatin (a muscle calpain inhibitor) content in muscle
tissue,45 detection of central nervous tissue components in meat
products,46 and identification of various microbial contaminants in
meat products.47,48 A requirement in each of these applications is
that the protein in question must be soluble and not be complexed to
other proteins. Therefore, ELISAs have limited use for measuring
myofibrillar proteins in mixtures because many of them typically
associate into large multiprotein aggregates. A further problem
occurs with cooked meat products since most proteins become
insoluble with heating. A few proteins however survive heat treatment in the native state—serum albumin is one example.39

17.8 Special Problems with Collagen
In an earlier section, the effects of collagen on protein estimations with Kjeldahl and combustion methods were described.
The unusual amino acid composition of the protein and its heatderived product gelatin results in a higher nitrogen percentage
than most of the rest of the muscle proteins. Both Gornall and
Lowry noted that the biuret and Lowry methods, respectively,
gave values in error in determining gelatin concentration. Gelatin
should give 84% and 63% of the expected true protein concentration using the biuret and Lowry procedures, respectively.49
Hydroxyproline analysis appears to be the best approach for collagen estimation.50,51 This amino acid is only found in collagen
and elastin. However, since the elastin content in muscle tissue is
nearly 20-fold lower in concentration than collagen, the assumption that hydroxyproline predicts collagen is reasonable.
Collagen causes potential sampling problems when assaying
total protein in meat samples since it is so unevenly distributed
spatially in the tissue. Grinding meat may result in part of the
large collagen pieces being retained behind the grinder plate.
Homogenization in Waring blender or Polytron spinning blade
devices also often leave strands of stringy connective tissue
that are not fully broken down and mixed with the slurry. One
solution has been to pulverize tissue frozen in liquid nitrogen
to effectively mix and sample meat products. However, this
approach is expensive and labor intensive, and so has not been
routinely adopted.

17.9 Taqman Protein Assay
Taqman protein assay is a DNA-assisted protein analysis method
for quantitation and characterization of proteins with high specificity and sensitivity. Taqman protein assay combines quantitative
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real-time polymerase chain reaction (PCR) and proximity ligation assay (PLA). The application of quantitative real-time PCR
technique dramatically increases the sensitivity for protein analysis and enables small-sample protein quantitation.52–54 PLA is
a recently developed method in which specific proteins are analyzed by converting detection reactions into DNA sequences.
The development of the PLA assay can be viewed as a natural
evolution of immune PCR.47,55 In this method, the specific DNA
oligonucleotides are attached to pairs of specific target proteinbinding reagents such as antibody or DNA aptamers to produce
proximity-recognized affinity probes. In proximity ligation,
target proteins are recognized simultaneously by two or more
proximity affinity probes. The DNA sequences of the free ends
of affinity probes are brought sufficiently close to each other
to hybridize with a subsequently added connector oligonucleotide, allowing the ends to be joined by enzymatic DNA ligation. The ligation products can then be quantified by quantitative
real-time PCR and distinguished from unreacted probes52,53,56
(Figure 17.6).
Taqman protein assay can be performed in the liquid phase
without the need of any immobilization or washing steps, and,
since two distinct binding events are necessary for detection,
the specificity of the assay is drastically improved compared to
ELISA.56 Taqman protein assay can not only quantify protein
expression by binding to two specific epitopes on the same target
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17.10 Mass Spectrometry-Based Protein
Quantification
Mass spectrometry (MS)-based protein quantification is an
emerging technology with great potential for the functional
analysis of biological systems and for the detection of clinical
diagnostic or prognostic marker proteins. Methods for acquiring
protein quantitative data have been developed and are continually developing with 2DE-MS (two-dimensional gel electrophoresis–mass spectrometry), accurate stable isotope labeling (SIL),
and label-free approaches.57–59

17.10.1 2DE-MS
The most commonly used method is a combination of 2DE and
MS. 2DE is a well-established technique for separation and quantification of a large set of proteins, and provides high-resolution
separation of the individual proteins of a proteome.60 First, the
targeted proteins are separated by 2DE, and then stained. Each
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the protein (Figure 17.6a), but it can also detect protein–protein
interaction (Figure 17.6b) or posttranslational modification of the
protein (Figure 17.6c) by utilizing affinity-purified polyclonal
antibody preparations or matched antibody pairs.
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Figure 17.6 Protein analysis via proximity ligation (Taqman protein assay). (a) Basic procedure. Two short 3′ and 5′ DNA oligonucleotides are attached
to separate antibodies that are subsequently allowed to interact with the target protein. A connecting DNA fragment is then allowed to ligate the 3′ and 5′
DNA fragments attached to the bound antibodies. The amount of DNA ligated is finally quantitated using real-time PCR. This assay can be used to detect
expression levels of proteins. (b) Assay of interacting protein instead of the target protein. Separate antibodies against the target and interacting protein are
used. The procedures and principles are the same. (c) Assay of a modified protein. Alterations may include posttranslational modifications (PTMs) that can
be distinguished by a specific antibody. The major advantage of each of these procedures is the high sensitivity for low-level detection.83
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individually stained protein spot is excised, digested, and identified by MS. Quantification is achieved at the protein level by
comparing the signal intensities of identical proteins in different samples. This method can resolve the low complex sample
and related proteins, but it suffers from a limited dynamic range,
insufficient power to resolve proteomes, and limited sample
throughput.58,61

properties of collagen plus its widely varying content in meat
products provides a special challenge. In addition, the presence
of a significant content of unusually high-molecular-weight proteins in the muscle tissue and the very high degree of protein–
protein interaction among the proteins from the myofibril require
a unique and specialized methodology for protein analysis.

17.10.2 Stable Isotope Labeling
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The second method is a more recently developed technique
based on stable isotope tagging of proteins and automated peptide MS.62 This method employs differential SIL to create a specific mass tag that can be recognized by a mass spectrometer
and at the same time provide the basis for quantification. Stable
isotope tags can be introduced to proteins or peptides via several
methods: (1) having cells incorporate the label metabolically;63,64
(2) incorporation through an enzyme during protein digestion; (3) introducing a chemical, isotopically labeled tag onto
peptides or proteins; and (4) spiking in an isotopically labeled
analog.62,65–69 This highly accurate method of quantification has
recently become the gold standard of MS-based proteomic quantification.70 However, this method suffers from a limited dynamic
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spectra, a high redundancy, and the enormous complexity of the
generated peptide samples.58

17.10.3 Label-Free Approaches
Label-free approaches to quantitative proteomics have gained
prominence in recent years since no additional chemistry or sample preparation steps are required. Label-free methods are based
on the relationship between protein abundance and sampling statistics.70,71 Label-free methods for quantitation are often used when
the introduction of stable isotopes is impractical or the cost is
prohibitive. Currently, there are three label-free strategies widely
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17.11 Summary
The accurate analysis of proteins from muscle or meat products
provides many problems that are similar to those with the assay
in other biological materials. However, the chemical and physical
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18.1 Introduction
During the past few years, the concepts of food and nutrition have
evolved from being considered only within the context of providing energy and nutrients to human populations, to the current
understanding of nutritional research in the twenty-first century,
which has expanded to include as a main scientific objective, the
understanding of the role of the diet in the metabolic regulation,
and improvement of human health (Schnackenberg et al. 2010).
Thus, modern nutritional research focuses on health promotion,
disease prevention, protection against toxicity and stress, and on
performance improvement.
Nutritional research was aided in the second half of the twentieth century by the introduction of chromatographic techniques
(paper chromatography, thin-layer chromatography, gas–liquid
chromatography, and high-performance liquid chromatography [LC]). By 1980, this world of investigative science became
overwhelmed by the rapidly developing technologies inherent to
molecular biology and the quest for the holy grail of science, the
chemistry of DNA, and the sequence of the entire genome of

the most relevant organisms. Also during the 1980s, the methods
to determine complete amino acid sequences of proteins shifted
from the Edman degradation of peptides obtained by protein
trypsinization to the use of molecular cloning methods to isolate
cDNA encoding the targeted protein, sequencing it, and deducing the protein sequence from the DNA sequence. The resulting
excitement enabled a more rapid assembly of a protein’s sequence
and led to the bold step in 1990 of sequencing the entire human
genome, by methods no longer based on protein-driven research.
However, the late 1990s advancements in protein sequencing
analytical methods, in particular, sequencing of protein spots
after two-dimensional electrophoretic separation, has permitted high-throughput protein sequencing from complex protein
extracts. The proteome, by analogy to the term genome, can be
defined as the set of proteins expressed by the genetic material of
an organism under a given set of specific conditions, and “proteomics” refers to the analytical techniques and the discipline,
which studies the proteome (Lippe et al. 2011).
Proteomics is an integral part and key player in the family
of “omic” disciplines, which include genomics (gene analysis), transcriptomics (gene expression analysis), metabolomics
369
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(metabolite profiling), and lipidomics (lipid composition analysis). Given the complexity, dynamics, and protein concentration
range of any given proteome, Kussmann et al. (2005) considered
proteomics to be both the most challenging “omic” discipline
requiring the most sophisticated analysis pipeline and a central
platform among the “omics” tools that have more recently been
adapted and applied to nutrition and health research in order to
deliver biomarkers for health and comfort as well as to discover
beneficial food bioactives (Kussmann 2010; Kussmann et al.
2005, 2010a,b). Nutriproteomics has been defined as the new
discipline involved in the study of (1) the effects of nutrients on
protein expression, which can be monitored by protein mapping
and (2) the interactions of nutrients with proteins by posttranslational modifications (PTMs), or (3) small molecule–protein
interactions (Schweigert 2007). Nonenzymatic posttranslational
protein modifications (nePTM) occur frequently during food
processing and storage, rendering the food proteome even more
complex. nePTMs are mostly caused by oxidation and nonenzymatic reactions of sugars with amino acid side chains (Maillard
reaction or glycation). Additionally, other nePTMs have been
reported; such as condensation, elimination, or hydrolysis of
side chains, or breakdown of the peptide backbone. nePTMs also
have significant consequences on the technological, nutritional,
and toxicological properties of processed food, and proteomic
techniques have been applied to the systematic study of the formation of nePTMs in processed food, items, many of which
are largely unknown (Pischetsrieder and Baeuerlein 2009). The
challenges of nePTM analysis are their low abundance compared
to the unmodified or PTM-modified side chains and their high
heterogeneity. Knowledge of the chemical structure and binding
sites of nePTMs, however, is crucial to evaluate their effects on
food safety and quality. The analysis of the proteome, optimally
in combination with the metabolome, promises to yield a systematic overview of the changes in food that are caused by changes
in production parameters (Piñeiro and Martinez 2013). However,
and although modifications of amino acids and proteins have

been studied and reviewed extensively, information on the alteration of peptides is very dispersed (Van Lancker et al. 2011).
The application of proteomics methodologies to food and nutritional research has evolved from being mostly a descriptive tool
to becoming a global molecular analysis platform (Ganesh and
Hettiarachchy 2012; Kussmann et al. 2008, 2010a,b; Lippe et al.
2011; Mamone et al. 2009; Wang et al. 2006; Zhang et al. 2008).
A large number of data have been obtained using electrophoretic and/or mass spectrometric (MS) methodologies in order to
describe changes occurring in one specific protein, in a group of
proteins, or in a tissue, under for instance different environmental conditions, stimuli, process, origin, or quality and sometimes
considering a single protein or a group of proteins as biomarkers for authenticity (Primrose et al. 2010), quality (Gašo-Sokač
et al. 2010, 2011; Han and Wang 2008; Pedreschi et al. 2010;
Pischetsrieder and Baeuerlen 2009; Sénéchal and Kussmann
2011), or safety (Chassy 2010; D’Alessandro and Zolla 2012a;
Davies 2010), for example, in the case of food allergens (Fæste
et al. 2011; Monaci and Visconti 2009; Picariello et al. 2011b).
However, the complexity of the relationship between nutrition
and health indicates that nutritional research is, in many ways,
ideal for the application of systems biology approaches (Moore
and Weeks 2011). Related to that fact, “foodomics” has been
defined recently as the discipline that studies the food and nutrition domains, through the application of advanced “omics”
technologies to improve consumer’s well-being, health, and confidence (Herrero et al. 2012). At the same time, the term “nutritional peptidomics” (Panchaud et al. 2012) has been applied to
the discovery and validation of bioactive food peptides and their
health effects.
A search in PubMed using “food” and “proteome” as keywords, evidences that the number of publications on the application of proteomics to food analysis has experienced a gradual
increase from 1997 when it was first used to almost 500 in 2012
(Figure 18.1). Proteomics has been mostly applied to vegetables
and cereal studies, followed by milk analyses.
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Since this chapter is part of a handbook of food analysis,
the different steps for proteomic workflow and strategies will
be described, indicating also the proteomics applications that
have been made to date in different food groups such as food
from plant origin (cereals, fruits, and other edible plants);
wine and beer; milk, dairy products, and eggs; and meat and
seafood. In addition, proteomics tools have been applied during the last few years to evidence the nutraceutical activity of
many food proteins and peptides (Bernal et al. 2011; Panchaud
et al. 2012) and the metabolic response to dietary supplements
(Astle et al. 2007).

18.2 Concepts, Techniques, and Strategies
in Proteomics
Proteomics is defined as the large-scale analysis of proteins in
a particular biological system at a particular time (Pandey and
Mann 2000). The proteome reflects the biological context of one
particular biological system; it is highly dynamic and constantly
changing in response to different stimuli. Proteomics not only
includes the structural and functional knowledge of proteins, but
also the study of their modifications and interactions, the study
of their intracellular localization, and quantification of their
abundance.
Mass spectrometry (MS), mainly matrix-assisted laser
desorption/ionization-time of flight (MALDI-TOF) and electrospray-ion trap (ESI-IT) mass spectrometry, is recognized
as an indispensable tool for proteomics studies (Aebersold and
Mann 2003). However, the history of proteomics began in the
1970s with the development of two-dimensional gel electrophoresis (2DE), which provided the first way of displaying thousands of proteins on a single gel (O’Farrell 1975; Klose 1975).
Nowadays, bioinformatics treatment of the data has increased
the scale of proteomics tools, representing a powerful strategy
for a high-throughput protein and peptide identification and
quantification.
More recently, the combined efforts of research institutions,
industries, agencies, and regulatory laboratories to acquire the
necessary knowledge on food composition, quality, safety, and
biological activity are turning proteomics methodologies into a
valuable strategy for food science studies.
The most frequently used proteomics workflow is called the
bottom-up approach, where the protein or proteins of interest are
converted into peptides using commercially available enzymes
such as trypsin, and the resulting peptides are analyzed by MS
(Aebersold and Mann 2003). An alternative approach referred to
as top-down proteomics allows the characterization of intact proteins directly in the mass spectrometer, without a preenzymatic
digestion, making use of the ion fragments produced by different
MS fragmentation techniques (Kelleher 2004). Top-down proteomics is now possible because of the high accuracy in the mass
estimation by the new high-resolution mass spectrometers.

18.2.1 Bottom-Up Proteomics Approach
The 2DE is a conventional gel-based proteomics method for the
separation of proteins in biological samples in which proteins are

first separated, usually on a polyacrylamide gel matrix, based
on two properties—isoelectric point (pI) and molecular weight
(Mr)—are then visualized following different staining procedures to be finally quantified (Miller et al. 2006). The resulting
spots of interest are excised and hydrolyzed in situ by specific
proteases, such as trypsin, leading to a specific set of peptides for
each spot. The subsequent peptides are finally identified by MS.
Gel-based proteomics remains the most widely applied method
in proteome analysis, owing to the high protein resolution and the
low requirements for apparatus and bioinformatics tools. In addition, it is the most powerful option for nonmodel organisms (i.e.,
seafood samples), where the identification of proteins is based
on comparing peptides of the proteins of interest to orthologous
proteins from other species or by means of de novo mass spectrometry sequencing strategies. However, gel-based methods still
have some limitations, such as the separation of hydrophobic and
poorly soluble proteins and the sensitivity is limited by the available detection methods.
In the gel-free, also referred as shotgun proteomics approach,
the mixture of proteins are digested with proteases and the peptides of the resulting mixture are separated by LC, commonly by
reversed-phase (RP) chromatography. Subsequently, the eluted
peptides are analyzed online in a mass spectrometer. However,
the chromatographic separation of peptides in these mixtures
becomes very complex and usually the peak capacity of onedimensional chromatography is not sufficient to identify all the
individual peptides. Therefore, multidimensional LC coupled to
mass detection is widely used (Motoyama and Yates 2008). A
strong cation exchange (SCX) resin coupled with RP chromato
graphy is the most common combination used.
A gel-free approach presents a number of advantages over
2DE, such as a higher sensitivity, easier implementation of automation of procedures to provide a better reproducibility and a
reduced influence of intrinsic protein characteristics (pI, Mr, etc.).
Nevertheless, gel-free approaches have the disadvantages that
qualitative and quantitative information on protein isoforms is
often lost and that the identification of species whose genome is
not fully sequenced is more difficult or not possible.

18.2.2 Mass Spectrometry
A mass spectrometer consists of an ion source, such as electrospray (ESI) (Fenn et al. 1989) or matrix-assisted laser desorption/ionization (MALDI) (Karas and Hillenkamp 1988) to
produce ions from the sample, one or more mass analyzers
(i.e., Q, TOF, IT) to separate the ions based on their mass-tocharge (m/z) ratio and a detector to register the number of ions
coming from the analyzer to produce the mass spectra (Cañas
et al. 2006).
The development of two soft ionization techniques, ESI and
MALDI, able to convert large molecules into gas-phase ions
without affecting their integrity has revolutionized proteomics
analysis, making possible the high-throughput identification of
thousands of proteins in only one experiment. In the ESI process, high voltage is applied to a solution containing the mixture
of peptides flowing through a narrow capillary tube producing
an electrical spray composed of charged small drops. These
small drops evaporate very fast until the number of charges on
their surface becomes very high and surpasses the Rayleigh

www.ebook777.com

Free ebooks ==> www.ebook777.com
372
limit when they explode forming smaller micro drops. This process is repeated several times until the analyte ions (the mixture of peptides) present in the solution are isolated and further
desolvated. One of the advantages of ESI is that, depending on
their molecular mass and structure, the ions may acquire multiple charges. In fact, tryptic peptides usually become doubly or
triply charged ions.
In the MALDI process, a high-frequency laser is fired at a
sample plate containing a dried mixture of matrix (α-cyano4-hydroxycinnamic acid, sinapinic, etc.) and sample (peptide
mixture). The energy from the laser is absorbed by the matrix
molecules inducing a desorption from the solid crystals. In
this process, analytes are pulled out together with the matrix,
resulting in a dense plume of matrix and analyte molecules in
the gas phase where proton transfer reactions happen very fast.
As a result, the charged molecules frequently end up with a
single charge.
The analyzer is the part of the mass spectrometer where the
formed ions are separated according to their m/z ratio. Time of
flight (TOF), quadrupole (Q), and ITs are the most commonly
used in proteomics. Mass spectrometers may be constructed with
one or more analyzers. Instruments composed of two or more
mass analyzers coupled together are known as tandem mass
spectrometers. TOF consists of a tube in high vacuum where the
ions, accelerated with equal energies, fly along the tube with different velocities, which are inversely proportional to their masses
(Weickhardt et al. 1996). Ions with smaller m/z values will reach
the detector faster than those with higher m/z. TOF instruments
coupled to a MALDI source (MALDI-TOF) have been the basis
for peptide fingerprinting for more than 20 years. Quadrupole
works by the selective stabilization of ion trajectories through
an oscillating radio frequency field created by four parallel rods
(Leary and Schmidt 1996). Inside this field, movement of ions is
very complex and only those with stable trajectories will travel
across the quadrupole and will reach the detector. Ion trap instruments, 3D or linear (LIT), have in common the particularity that
ions are retained inside a dynamic electric field and sequentially
ejected into the detector according to their m/z values (Jonscher
and Yates 1997). In ITs, the process of ion selection, decomposition, and fragment analysis can be repeated several times in a
process known as MSn. Usually, ITs are coupled to high-resolution separations through an ESI source.
Orbitraps and ion cyclotron resonance instruments, usually
coupled to other analyzers, such as ITs or quadrupoles, offer
the possibility of high-resolution analyses. In these instruments,
detection is based on the production of an induced alternating
current (AC) with the same frequency as that of the oscillation
of the ions inside the instruments. The complex signal produced
must be mathematically processed by the Fourier transform
algorithm.
Tandem mass spectrometry (MS/MS) usually couples two
MS steps and this enables to obtain information about the
sequence of peptides. In MS/MS, a particular peptide is isolated
and the energy it receives either by collision with an inert gas
(collision-induced dissociation, CID) or by electron transfer
(electron-transfer dissociation, ETD) causes its fragmentation.
The mass spectra of the resulting fragments are generated and
used to reconstruct the sequence of peptides (Steen and Mann
2004). For tandem mass spectrometry, instruments with ESI or
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MALDI sources can be used together with MALDI-TOF/TOF,
ESI-Q-TOF, or LIT, alone or in combination with high-resolution analyzers.

18.2.3 Protein Identification
The general approach for protein characterization and identification is based on the comparison of the MS experimental
data with calculated mass values obtained from the entries in
a sequence database. Matches are scored by search engines
such as Sequest (Eng et al. 1994) and Mascot (Perkins et al.
1999) and, if the protein under study is contained in the database, it may be identified. Identification depends on the scoring
assigned by the search program, which, of course, takes into
account the probability of random matches. Using the peptide mass fingerprinting (PMF) approach, the MS experimental data are the peptide masses obtained from the enzymatic
digestion of the unknown protein, previously isolated (Pappin
et al. 1993). This approach often uses 2DE as the protein isolation method and trypsin as the protease. Another approach,
usually known as peptide fragmentation fingerprint (PFF),
uses MS/MS fragment ion data from one or more peptides
instead of the masses of several peptides from the protein.
This method provides the sequence of the peptide, yielding the
unambiguous identification of the protein with only one peptide sequence, provided that the probability of random matches
is below a certain limit (Eng et al. 1994). A similar approach,
known as peptide sequence tag (Mann and Wilm 1994), combines the interpretation of a partial peptide sequence—known
as sequence tag—the peptide mass and the masses of the
fragments preceding and trailing that sequence tag. Protein
identification by any of these approaches demands that the
corresponding protein sequences be included in the database.
Proteins not included in the database but with a high degree
of homology to proteins included in it may still be tentatively
identified by either PMF or PFF. However, when the sequence
similarity of the examined protein and those contained in the
database is too low or absent, the experimental MS/MS spectra
must be interpreted, manually or with specialized software, to
ascertain the sequence of the peptides originating those spectra: this procedure is known as de novo peptide sequencing
(Shevchenko et al. 1997).

18.2.4 Quantitative Proteomics
Many biological questions require quantitative information, such
as the relative changes in protein amounts under different conditions or states (e.g., control vs. case), or the estimation of the
absolute amount of a given protein in a complex sample. The former approach, the relative quantification, can be achieved by different protocols, such as the estimation of the intensity of spots in
2DE gels after protein staining, or after labeling the proteins or
peptides differentially with stable isotopes. Alternatively, a labelfree approach for the relative quantification of peptides is possible as well. Gel-based methods rely on the relative quantization
of the signal produced by a protein spot isolated by electrophoresis from the samples under comparison. Samples from different
conditions or states can be run in different gels or, alternatively,
pulled together after being differentially labeled using a single
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gel. This last methodology is known as difference gel electrophoresis (DIGE) (Unlu et al. 1997). DIGE increases the confidence
in terms of detection and quantification of differences in protein
abundance and also reduces the number of gels needed to run an
experiment.
For the approaches based on isotopic labeling (Gygi et al.
1999; Ong et al. 2002; Yao et al. 2001), the relative quantification is obtained from the MS readout, and depending on the specific method, proteins or peptides have previously been labeled
(i) metabolically, provided the cells are in culture with nutrients
containing different stable isotopes; (ii) chemically, with different isotopic tags; or (iii) via enzymatic digestion in the presence
of either H218O or H216O. The quantization, performed by MS or
MS/MS, is based on the signal ratios given by the same peptide
labeled with either the heavy or the light isotope of the same
atom.
Label-free methods constitute a promising alternative that
has recently emerged, in which quantization is calculated by
comparison of the peak areas or intensities of the same peptide in different chromatographic runs (Chelius and Bondarenko
2002), or on the number of identified MS/MS spectra (spectral
count) for peptides of the same protein (Asara et al. 2008). For
the absolute quantification of proteins, isotopically labeled
synthetic peptides are needed as internal standards for each targeted protein (Gerber et al. 2003). Thus, this methodology is
only applicable for proteins with a known sequence. An overview of the most used approaches for quantitative proteomics is
shown in Table 18.1.

18.2.5 Posttranslational Modifications
PTMs play crucial roles in cell biology since they can change
a protein’s physical or chemical properties, activity, localization, and/or stability. More than 300 different PTMs have
been described (Jensen 2004). Several proteomic techniques
have been developed to identify and quantify PTMs including phosphorylation, acetylation, glycosylation, and oxidation.
Posttranslationally modified amino acids always have a different molecular mass than the original, unmodified residues and

this change in the mass is usually the basis for the detection and
characterization of PTM by MS (commonly by LC-ESI-MS/
MS). In addition, several methods have been developed to
enrich the samples in proteins or peptides with specific PTMs,
such as anti-pY antibodies, IMAC (immobilized metal affinity chromatography) and TiO2 for phosphorylations (Corthals
et al. 2005; Larsen et al. 2005), affinity capture with lectins
for glycosylated proteins (Yang and Hancock 2004), and resin
coupled with anti-acetyl-lysine for acetylated proteins (Kim
et al. 2006).

18.2.6 Targeted Proteomics
Targeted proteomics is a hypothesis-driven approach focusing on the detection and quantification of specific sets of peptides contained in the proteins of interest. The MS analyzer for
these selective and sensitive operating methods only targets the
compound of interest by selected-reaction monitoring (SRM)
(Gallien et al. 2011; Lange et al. 2008). Checking transitions
(suitable pairs of precursor-fragment ion m/z) constitute a common procedure to identify and quantify biomarkers. This setup
provides high analytical reproducibility, a good signal-to-noise
(S/N) ratio, and an increased dynamic range (Lange et al. 2008).
While SRM performed on a triple quadrupole (QQQ) is the most
sensitive scanning mode (to the low attomolar level) with a broad
dynamic range (up to 5 orders of magnitude), their optimization
for a definite SRM assay is time consuming. Moreover, with these
scanning procedures, the complete MS/MS spectra are not registered and the MS/MS spectrum of a molecule is of paramount
importance to confirm the structure of the compound detected.
To solve this problem, new routines such as SRM-triggered MS/
MS using hybrid Q-IT mass spectrometers have been explored
(Unwin et al. 2009). In these assays, when a significant signal
for a specific SRM transition is detected, the instrument switches
the third Q automatically to the IT mode, collecting the full MS/
MS spectrum. Selected MS/MS ion monitoring (SMIM) in an IT
is another scanning mode that allows for a sensitive monitoring
of specific molecules, producing complete structural information (Jorge et al. 2007). Fast scanning attainable in ITs allows

Table 18.1
Summary of the Most Common Approaches for Quantitative Proteomics Studies
Quantification
Relative

Approach
Gel-based
Label-based

Label-free

Absolute

Method
Comparison of spots abundance
Metabolic isotope labeling
Chemical isotope labeling

Enzymatic isotope labeling
MS signal intensity
LC-MS/MS
Use of isotopically labeled synthetic peptides

Examples
DIGE
SILAC
ICAT
TMT
iTRAQ
ICPL
18O labeling
SELDI-TOF MS
XIC-based
Spectral counting
AQUA

Reference
Unlu et al. 1997
Ong et al. 2002
Gygi et al. 1999
Thomson et al. 2003
Ross et al. 2004
Schmidt et al. 2005
Yao et al. 2001
Vorderwulbecke et al. 2005
Chelius and Bondarenko 2002
Asara et al. 2008
Gerber et al. 2003

DIGE, differential in gel electrophoresis; SILAC, stable isotope labeling by amino acids in cell culture; ICAT, isotope-coded affinity tagging; ICPL, isotopecoded protein label; TMT, tandem mass tag; iTRAQ, isobaric tag for relative and absolute quantification; SELDI-TOF, surface-enhanced laser desorption/
ionization-time of flight; XIC, extracted ion currents; AQUA, absolute quantification.
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Figure 18.2 Proteomics schematic workflow.

for the production of MS/MS spectra in a fraction of a second,
registering the information given by the complete spectra. Highconfidence MS/MS spectra are recorded due to the possibility of
averaging the signal during acquisition. The utility of this operating mode has been demonstrated in several published studies for
the authentication of different seafood products (Carrera et al.
2011; Jorge et al. 2007; Ortea et al. 2011).
The different proteomic approaches and workflows are
summarized in Figure 18.2.

18.3 Proteomics and Food Research
To illustrate and review the main applications of proteomics
to food research, the authors have chosen six groups of foods:
cereal, fruits, and other edible plants; wine and beer; dairy products and eggs; meat products; seafood; and bioactive products.

18.3.1 Cereals, Fruits, and Other Edible Plants
Being the main component in human diets in many countries,
cereal grains have been the subject of numerous proteomic studies, but as Finnie et al. (2011) mention in their review, much
still remains to be discovered about PTMs and protein–protein interactions. Their work focuses on recent methodological improvements, including dissection methods for tissue and
organelle isolation and the description of optimized protocols
for protein extraction, separation (both electrophoresis and chromatographic methods), detection of proteins and PTMs (glycation, phosphorylation), identification by several MS methods
(MALDI-TOF-TOF, ESI-MS/MS), and functional proteomics,
including activity assays, recombinant protein production, gene
expression analysis, and protein engineering.
Proteomics analyses of posttranslationally modified plant proteins have been the subject of several reviews. Bond et al. (2011)
compiled protocols to isolate and identify phosphoproteins,
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glycoproteins and lipid-modified and ubiquitinated proteins, and
for redox proteomics (the global identification of PTMs related
to protein oxidoreduction and the characterization of the redox
control systems). Navrot et al. (2011) reviewed plant redox proteomics and Agrawal et al. (2012) reviewed the proteogenomics
approach, the application of proteomics to assess biodiversity,
crop improvement and food quality, safety, authenticity, and
nutrition. Agrawal and Rakwal (2011) had published an earlier
review on rice proteomics describing improved protocols for
sample preparation (TCA/acetone and phenol extractions), elimination of abundant proteins or enrichment of low-abundant ones
(affinity chromatography), gel-based (1DE and 2DE) and gel-free
multidimensional protein identification technology (MudPIT),
isotope-coded affinity tags (ICAT), and isobaric tags for relative and absolute quantification (iTRAQ) protein separation. The
proteomics works covered by the review dealt with numerous
areas of biology: from methods to study rice development and
growth to seed development and germination, responses to biotic
and abiotic stresses, study of organelle proteomes and the secretome (secreted proteins), analysis of phosphorylated proteins,
screening of transgenic plant and food safety and food safety
proteomics. The nutritional and safety assessment of transgenic
rice (able to synthesize the Cry protein, highly toxic to three
important pests of rice and encoded by a gene resulting from
the fusion of cry1ab and cry1ac genes) did not reveal significant
differences between the transgenic and nontransgenic counterpart, although the protemic profiles showed that approximately
20 proteins were differently modulated in the transgenic plants,
which was attributed to the influence of the environment and
the insertion of a single gene (Wang et al. 2012). A label-free
shotgun proteomics approach used for the comprehensive identification of rice grain proteins was used to monitor changes during development and identify changes in the proteome from the
grain filling and desiccation stages to the fully mature grain (Lee
and Koh 2011).
Proteomic studies on maturing and ripening processes in
several fruits (tomato, grape, citrus, prunus, and apples) were
reviewed by Palma et al. (2011): most species seemed to share
common ripening profiles involving sugar and oxidative metabolism and stress responses but there were also species-specific
responses that indicated the need for further studies in this field
in order to optimize the quality and nutritional value of the fruits
(Table 18.2).

18.3.2 Wine and Beer
Many of the studies on these products aim at characterizing proteins that affect the wine’s quality, such as the formation of haze,
where protein denaturation, aggregation, and consequent precipitation play a major role, and/or its safety, which in wines includes
the detection of allergens that may originate in the berries or in
the fining agents used in wine manufacture such as albumin or
casein. Cereda et al. (2010) used the combinatorial peptide ligand
library (CPLL) technology (suitable to detect the very low abundance proteome) to detect traces of casein in white wine, which
is important to label the product accordingly and allow persons
allergic to it to avoid its consumption. The glycoproteomic analysis in wine by Palmisano et al. (2010) using three complementary enrichment methods for glycosylated peptides followed by

high-accuracy mass spectrometry also contributed to increasing
wine safety by detecting glycoproteins in white Chardonnay
wine whose sequences similarities to known plant allergens indicates their potential to be involved in allergenic cross-reactivity.
Giribaldi and Giuffrida (2010) published a very interesting
review on grapevine changes in the proteome under adaptation
to different stresses and during berry ripening. From a nutritional
point of view, proteomic studies have shown that the induction
of antioxidant proteins by herbicide treatment (Castro et al.
2005) and that cultivating Vinis vitifera under the stress induced
by water deficiency alters its amino acid metabolism, enzymes
involved in energy metabolism, biotic and abiotic stress and others, including subunits of the proteasome (Grimplet et al. 2009).
In an early study, the same group (Giribaldi et al. 2007) reported
changes in the proteome during berry ripening, indicating alterations mainly in the metabolism, energy, and protein synthesis
and fate and also in proteins related to stress response and to
cell structure. Di Carli et al. (2011) confirmed these results and
registered a change in the berry metabolism during ripening due
to the production of ethanol, CO2, and fermentation by-products.
The subsequent postharvest withering process includes a dehydration, with the consequent increase in sugar concentration, the
activation of stress responses, accumulation of proteins involved
in flavonoid pathway, induction of glycolytic enzymes and regulation of proteins related to berry cell structure.
The properties of the yeasts used to ferment grape juice to
wine are no less important than those of the grape itself in order
to achieve optimal wine quality. The proteome of the widely used
Saccharomyces cerevisiae strain EC118 at the beginning of the
exponential phase of alcoholic fermentation was compared with
its proteome after the stationary phase, which by then contained a
6% ethanol in the medium, by Rossignol et al. (2009): out of 744
detected spots, 89 were at least twofold stronger in the stationary phase and 124 at least twofold weaker. Most of the changes
affected proteins involved in glycolysis and ethanol production,
glycerol and carbohydrate and amino acids metabolism and protein degradation (most of which were upregulated), to nucleotide
metabolism and to protein synthesis (most of which were downregulated) and to proteins involved in stress responses. Of the
later, chaperones involved in protein folding were downregulated
and heat-shock proteins with specific functions were induced.
In particular, the levels of expressed heat-shock protein Hsp26
appeared to keep a positive relationship with good fermentation
profiles (Rossignol et al. 2009; Zuzuarregui et al. 2006).
Beer contains approximately 0.2–0.6 g protein/peptides/100 mL, originating mostly from barley but also from the
yeasts necessary for the fermentation (Cortacero-Ramírez et al.
2003). The proteinaceous material is made up of native, denatured, chemically modified, and partially hydrolyzed proteins
and peptides. Because of uncertainties associated with the identification of hordeins and gliadin-like proteins in beer, the beverage is usually not allowed in diets for celiac (Ellis et al. 1990).
Thus, to detect potentially antigenic peptides in beers, Picariello
et al. (2011a) examined two different Italian barley malt beers by
high-resolution chromatography and 2DE techniques followed
by mass spectrometry and tandem mass spectrometry (including
nano-LC-ESI-MS/MS) and a competitive ELISA assay using the
antigliadin monoclonal R5 antibody (to identify gluten-like epitopes). They identified some peptides related to known allergens
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Table 18.2
Summary of the Most Relevant Reports on the Application of Proteomics Techniques to Wine, Beer, Cereal, and Vegetables Research
Substrate and Target

Methodology

Reference

Wine and Wine Yeast
Effect of watering on proteomic and metabolite profiles of
Vitis vinifera L. variety. Cabernet Sauvignon
Glycoproteome profiling of wine and yeast
Grape (V. vinifera variety Corvina). Changes in the
proteome during development and during postharvest
withering
Grapevine (Vitis spp). Physiological responses and changes
during ripening
Identification of additives in Italian white wines
Proteome changes during ripening in V. vinifera, Nebbiolo
Lampia variety
Response to herbicide stress of V. vinifera, Chardonnay
variety
Transcriptome and proteome of two strains of S. cerevisiae
during wine fermentation
Variation of a yeast strain proteome during fermentation
Beer and Beer Yeast
Barley seeds and malt (cultivar Jersey). Shotgun detection
of protein glycation during malting
European lager beers—relationship among barley cultivar,
malting conditions, quality, and the proteome
Italian barley malt beers, detection of gluten-cross-reacting
material, avenin-like protein, glycolytic enzymes, and
fragments of γ3 and B-hordein
Proteome of Japanese and Canadian barley beer, malt, and
yeast—proteome for quality control
Cereal Grains and Fruits
Cereal grains, improved protein extraction, subcellular
proteome analysis, functional subproteomes

Molecular physiology of fruit ripening—Effect of fruit
storage, chilling ripening and senescence on carbohydrate
amino acid and lipid metabolism, responses to stress,
transport/membrane carriers, protein fate/synthesis,
metabolism, photosynthesis, etc.
Methods of analysis of posttranslationally modified proteins
(phosphoproteins, glycoproteins, lipid-modified proteins),
redox-proteomics and protein ubiquitination in plants
Plant redox proteomics
Rice grain development
Safety and quality assessment of transgenic rice (Cry 1ab/ac)

2DE, MALDI-TOF/TOF

Grimplet et al. 2009

In-solution digestion, glycopeptides enrichment,
deglycosylation, MALDI-TOF, LC-MS/MS
2DE, LC-ESI-MS/MS

Palmisano et al. 2010

Review (2DE, MALDI-TOF, MALDI-TOF-TOF, LC-MS/
MS, antibodies)
ProteoMiner™, home-made combinatorial peptide ligand
libraries (CPLLs), SDS-PAGE, hybrid quadrupole TOF
2DE, MALDI-TOF

Giribaldi and Guiffrida 2010

2DE, nano-LC-MS/MS

Castro et al. 2005

Monoisotopic PMF by MALDI-TOF (MS) and MS/MS
sequence analysis by MALDI-TOF-TOF
2DE, MALDI-TOF

Zuzuarregui et al. 2006

2D-HPLC, MALDI-TOF/TOF

Petry-Podgórska et al. 2010

OFFGEL prefractionation, 2DE with narrow pH gradients,
MALDI MS/MS
Solid-phase protein/peptide extraction (SPE, Sep-Pak®),
1DE, 2DE, immunoblotting, in-gel trypsinolysis, sizeexclusion chromatography, RP-HPLC, MALDI-TOF,
LC-MS/MS, ELISA
2DE, MALDI-TOF-MS

Konečná et al. 2012

Di Carli et al. 2011

Cereda et al. 2010
Giribaldi et al. 2007

Rossignol et al. 2009

Picariello et al. 2011a

Iimure et al. 2010

Review, methods for optimized tissue and organelle isolation,
protein extraction and isolation methods, detection of
proteins and of posttranslation modifications, protein
identification methods and functional proteomics
Review, 1DE, 2DE, 2DE-DIGE, multidimensional HPLC,
iTRAQ, μLC, LC-MS/MS; MALDI-TOF-MS, Western
Blot, LC-ESI-MS/MS, LC-MS/MS, ESI-IT-MS/MS

Finnie et al. 2011

Reviews, labeling, derivatization, separation, and
identification of plant proteins, MS (MALDI-TOF MS,
ESI-MS)

Bond, et al. 2011
Agrawal and Rakwal 2011
Agrawal et al. 2012
Navrot et al. 2011

Label-free quantitative shotgun proteomics; MudPIT analysis
(nanospace SI-2 HPLC, ESI LXQ TRAP- MS/MS)
2DE, in gel tryptic digestion, MALDI-TOF/TOF-MS/MS

Lee and Koh 2011

(as happened for wine) but not to celiac disease, and others that
may be associated with coeliac toxicity (peptides derived from
α-gliadin and B-hordein). The potential toxicity was confirmed
by positive R5 immunoreactivity, although the levels were well
below the considered toxicity threshold for both beers.
As in wines, the beer proteome has also been known to
improve its quality and safety (allergenicity). Foam quality is
an important sensory property in beers, while colloidal haze

Palma et al. 2011

Wang et al. 2012

formation is a quality flaw in clear beers. Studying the influences
of barley cultivar and malt modifications on the protein composition of Japanese-style lager beers, Iimure et al. (2010) constructed a 2DE proteome map from which 85 protein spots were
identified by mass spectrometry. Their results indicate that not
only the abundance of some proteins but also their modifications
(disulfide bonds reduction, partial proteolysis, glycosylation, and
phosphorylation) had a large impact on the quality of the beers
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and that both barley and yeast proteins were involved in quality
determination.
Konečná et al. (2012) investigated the relationships between
the type of barley cultivar, malting conditions, protein composition, and the resulting beer quality of four lagers of different
origins. Given that the large abundance of Z proteins in beers
often limits the detection of low-abundance ones, these authors
solved the problem by using OFFGEL prefractionation together
with narrow pH gradients for 2DE, as an alternative method
to the prefractionation step with combinatorial peptide ligand
libraries (CPLL) mentioned above that Cereda et al. (2010) used
in wine analysis. Using this approach, the authors were able to
identify 70 proteins (30 from barley, 31 from yeast, and 9 from
other sources), 37 of which had not previously been identified.

18.3.3 Dairy Products and Eggs
18.3.3.1 Dairy Products
Milk proteins are characterized by a great heterogeneity and
the presence of different isoforms in some animal species.
Proteomics has been applied to milk research since the beginning
of the 1990s, addressing relevant issues such as the investigation
of caseins (αs1-, αs2-, β-, and κ-caseins) and their polymorphisms,
and whey proteins (β-lactoglobulin, α-lactalbumin, bovine
serum albumin), but milk also contains a high concentration of
low-abundance proteins such as lactoferrin, immunoglobulins,
glycoproteins, hormones, and enzymes (Roncada et al. 2012).
Significant advances have been made in (1) the detection and
identification of new proteins, in particular, minor proteins or
proteins located in subcellular compartments such as the milk fat
globule membrane (MFGM), (2) variations in the protein profiles
depending on the mammalian species or on the stage of lactation, and (3) PTMs that occur very frequently, either naturally
or induced by processes such as lactosylation (Arena et al. 2010).
The significant advancements during the last 5 years on the identification of some minor milk proteins will help in the characterization of pathways and mechanisms that occur during lactation
and give information on the biological activity and functionality of these important proteins (Gagnaire et al. 2009; Kussmann
et al. 2005), as illustrated by the recent works on human milk by
Picariello et al. (2012) and Molinari et al. (2012).
From an analytical perspective, milk proteins can be grouped
into three major classes: caseins, mucins (related to MFGM),
and whey proteins. The three fractions can be obtained through
sequential centrifugation and washing processes (Casado et al.
2009; Roncada et al. 2012). However, the proteomic workflow
required for milk research demands an important prefractionation step in order to separate low- from high-abundance proteins, and this can be achieved using different approaches. For
example, the use of combinatorial peptide ligand libraries greatly
facilitates the subsequent analysis (Arena et al. 2011; Molinari
et al. 2012; Picariello et al. 2012; Roncada et al. 2012).
About 500 proteins have been characterized in human milk to
date using different proteomics tools and strategies, mainly by
HPLC-MS-based investigations (Cunsolo et al. 2011; Roncada
et al. 2012). The quest to completely annotate the milk proteome
began nearly a decade ago, targeting first human and bovine milk
(Barile and Lange, 2012). Proteomic research on milk and dairy

products has produced numerous and diverse works (Bendixen
et al. 2011) on quality and safety, traceability, changes in protein
functionality, influence of the animal diet and health on product
properties, fermentative and thermal process monitoring, characterization of bacterial enzymes, detection of allergens, establishment of reference maps in their microbiota (lactic acid bacteria,
propionibacteria, and bifidobacteria), detection of strain-to-strain
variations, and elucidation of the mechanisms of in vitro and in
vivo adaptation to environmental conditions, as summarized in
Table 18.3, which also shows a compilation of the latest publications on the proteomic studies of milk and dairy products.

18.3.3.2 Eggs
Eggs and particularly hen eggs are, as milk, a basic human
nutrient whose components possess a broad range of biological activities. The egg contains molecules with antibacterial,
antiviral, antihypertensive, anticancer, antioxidant, antigenic,
cryoprotective, immunomodulating, and antiadhesive activities
in their white, yolk, and shell components (reviewed by Mann
2007; Mann et al. 2008). The fractionation of albumen and yolk
proteins started more than 50 years ago, but it has been the use of
electrophoretic and mass spectrometry techniques together with
the publication of the chicken genome that has helped to elucidate their structure, function, and interactions (Gautron et al.
2010). Table 18.3 shows a compilation of data about methodologies applied to egg components’ analysis.

18.3.4 Meat Products
Global meat production and consumption has increased rapidly in
the recent decades. World meat production is expected to double
by 2050, with most of the increase taking place in developing
countries (Thornton 2010). Nevertheless, increasing livestock
production and the safe processing and marketing of hygienic
meat and meat products represents a big challenge (FAO 2008).
Meat production involves four main activities: livestock production, slaughtering, processing, and trade, which makes it a complex process, where biochemistry, physiology, nutrition, health,
technology, and other factors combine to affect muscle structure,
integrity, and proteome of products at each step (Paredi et al.
2012). Proteomics tools were initially applied to meat analysis
mainly for quality analyses (Bendixen 2005), for example, to
identify biomarkers for muscle growth and to map how postmortem processes relate to meat quality traits such as juiciness, flavor, and tenderness. Tenderness is the organoleptic quality most
appreciated by meat consumers and in fact heat shock proteins
(HSP), metabolic and proteolytic enzymes, and structural proteins
(particularly myofibrillar proteins involved in muscle contraction
and relaxation) had already been targeted as relevant biomarkers
influencing meat tenderness in previous studies. These markers
are involved in many different cellular processes, such as glycolysis, muscle contraction, responses to stress, proteolysis, and
apoptosis, and their variability depends among other factors on
the type of muscle, which is a complex mosaic made up of different fiber types and extracellular matrix constituents (Guillemin
et al. 2011). Growth rate, muscle yield, and water-holding capacity (WHC, related to both yield and juiciness) are also important
quality attributes in the meat industry (Phongpa-Ngan et al. 2011).
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Table 18.3
Summary of the Most Relevant Reports on the Application of Proteomics Techniques to Dairy Products and Eggs
Substrate and Target
Milk
Allergenic proteins. Milk and other dairy products from
different species
Cow health evaluation (mastitis, brucellosis, and fever)
Bacteria and protein identification in dairy fermented
products
Bovine whey proteins characterization (fractionation)
and interactome analysis

Coagulation properties of bovine milk related to protein
isoforms. Evaluation of PTM
Comparison among bovine, caprine, buffalo, equine, and
camel milk proteins
Cow milk minor allergenic proteins detection in
human milk
Detection of adulteration with sheep and goat in milk
Detection of milk species by casein analysis
Evaluation of protein oxidation during milk thermal
processing
Evidence protein changes in UHT milk during storage
Fat globule protein membrane analysis
Human milk proteome atlas and analysis by shotgun
strategies
Lactosylation protein targets in native milk and in milk
protein concentrate
Lactosylation β-lactoglobulin, casein, α-lactalbumin, due
thermal processes
Cheese and Other Dairy Products
Bacteria detection in yogurt
Characterization of milk and cheese proteins and lactic
acid bacteria protein expression study
Cheese differentiation by casein analysis
Detection of sheep milk in goat and cow cheese
Evaluation of cheddar cheese made from high-pressure
treatment of milk
Peptide profile of cheese made from different types of
milk
Identification of functional peptides in yogurt
Swiss-type cheese bacterial and milk enzyme
quantification during ripening
Eggs
Minor and low-abundance proteins in chicken egg
proteome
Egg cuticle shell protein characterization
Allergenic egg proteins determination
Hen egg white characterization. Chicken egg white
proteome analysis
Characterization of hen egg protein isoforms
Egg white protein characterization of different egg
varieties (organic, omega 3 enriched)
Evaluation of white protein changes during egg storage
under different temperatures

Methodology
LC and MS (review)

Reference
Di Stephano 2012; Monaci and Visconti
2009; Monaci et al. 2011
Alonso-Fauste et al. 2012; Tao et al.
2012; Xia et al. 2012
Gagnaire et al. 2009

2DE and MALDI-TOF/MS; SDS-PAGE and 2DE;
2D-DIGE and MALDI-TOF/MS
Review (2DE; MALDITOF/MS; HPLC; LC-MS/
MS)
Cation exchange chromatography and 2DE;
bioinformatic approach building an exhaustive
nonredundant list of 573 entries of protein from
bovine milk
2DE and MALDI-TOF/MS

Jensen et al. 2012

SDS-PAGE; 2DE; MALDI-TOF/MS

Hinz et al. 2012

Proteominer treatment and traditional proteomics
techniques
MALDI-TOF of tryptic peptide digest
LC-ESI/Q-q-TOF/MS
SDS-PAGE and Western blot; MALDI-TOF/MS

Coscia et al. 2012

2DE and MALDI-TOF/MS
Review of applied methodologies; SDS-PAGE and
Q-TOF/MS
Proteominer gel-free
2DE and MALDI-TOF

D’Alessandro et al. 2011; Fong et al.
2008

Calvano et al. 2012
Chamberry et al. 2009
Meyer et al. 2012
Holland et al. 2011
Cavaletto et al. 2008; Pisanu et al. 2011
Bisley et al. 2012; Molinari et al.2012;
Picariello et al. 2012
Arena et al. 2010; Le et al. 2012

Nondenaturing size-exclusion chromatography
(SEC) and ESI-MS

Johnson et al. 2011

Ionic solution and nanoparticle assisted to
MALDI/MS
Review of different techniques

Lee et al. 2012
Manso et al. 2005

Trypsin digestion and HPLC-chip-MS/MS
Plasmin digestion of casein and LC/ESI-MS/MS.
2DE

Franc et al. 2010
Guarino et al. 2010
Voight et al. 2012

2DE; MALDI-TOF/MS; Q-TOF/MS; LC-ES/MS

Pappa et al. 2008

Solid-phase extraction and microLC-TOF/MS
2DE-trypsinolysis, iTRAQ; nLC coupled
ESI-QTOF-MS

Kunda et al. 2012
Jardin et al. 2012

SDS-PAGE, protein-chip and SELDI-MS, 2DE and
nano LC-MS/MS and combinatorial peptide ligand
libraries
SDS-PAGE; RP-LC and LTQ-MS
SDS-PAGE and Western blot; 2DE, RP-HPLC, and
MALDI-TOF-MS
PAGE, nLC coupled to LTQ Orbitrap-MS

D’Ambrosio et al. 2008 and
D’Alessandro et al. 2010
Rose-Martell et al. 2012
Lee and Kim 2010; Martos et al. 2013

2DE and MALDI-TOF-MS
2DE and LC-MS/MS

Guérin-Dubiard et al. 2006; Mann and
Mann 2011
Raikos et al. 2006
Wang et al. 2012

2DE-micro HPLC and Q-TOF 2

Omana et al. 2011; Qiu et al. 2012
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Among the farm animal species marketed as meat products,
bovine and porcine species are the most studied using proteomics approaches. Pig (Sus scrofa domesticus) has received
special attention during the last few years, not only for its high
demand as food by consumers, but also for basic and medical
research, since pig is, after primates, the species that shares most
evolutionary resemblance with humans, but it is cheaper and
easier to maintain than that group of mammals (de Almeida and
Bendixen 2012; Verma et al. 2011). Therefore, after becoming a
model species, the number of publications on proteomic studies applied to increase the knowledge of different aspects of pig
reproduction, physiology, growth, muscle quality, and others, has
boosted and the results of these studies and data can, in turn,
help in investigations on meat products from pork and from other
animal species as well.
The application of proteomics strategies to farm animal science from the food perspective has as main goals the elucidation of the various aspects of skeletal muscle biochemistry and
physiology, both before and after harvesting, that influence the
quality of the meat and its derivative products (D’Alessandro
and Zolla 2012a). More specifically, proteomic methodologies, mainly 2DE and MALDI-TOF-MS, have been applied in
meat products to monitor gender, breeding conditions and species-specific differences, authenticity, growth performance in
response to different farming conditions, fat accumulation and
distribution, effects of different processes (drying, curing, cooking), microbiological and toxicological safety, as summarized in
Table 18.4. Following cattle and pork, chicken, turkey, and rabbit are, in this order, the most frequently studied species in the
proteomic literature (Table 18.4).
As all proteomics analyses, the analysis of meat products
includes first a sample preparation step intended to obtain a protein extract as clean as possible, free of contaminants that might
interfere with subsequent analyses, either by their nature as in the
case of the lipids or by their molecular complexity. There are different homogenization, degreasing, gradual centrifugation, and
precipitation protocols as well as commercial devices and kits to
optimize the first stage (Cañas et al. 2007).

18.3.5 Seafood
The term seafood includes fishery products and refers to a large
number of different species of aquatic organisms, both from
fresh and seawater (e.g., shrimp, algae, octopus, carp, salmon,
cod, tuna, and catfish) and tissues (muscle, liver, gonads,
including roe, bones), presenting developmental stage and temperature-dependent polymorphisms (Martinez and Pettersen
1992; Martinez et al. 1991; Watabe 2002). Given that the proteome represents the interface between genotypic and phenotypic variability and, consequently, corresponds to the broadest
possible biomarker profile for ecophysiological responses and
adaptations to the environment, the application of proteomics
to seafood research has a high potential (Slattery et al. 2012);
potential that is further increased taking into account the diagnostic value of the modifications suffered by the proteome of
the raw material as a result of the natural postmortem alterations and processing.
Owing to the large number and diversity of seafood species
and products, the introduction of proteomics as a tool in seafood

research lagged behind its application to other foodstuffs. This
very same complexity is the reason why protein databases for
aquatic edible species are still relatively scarce, although their
number has increased significantly in the last decade (Piñeiro
and Martinez 2013; Piñeiro et al. 2003). Japanese pufferfish
(Takifugu rubripes), zebra fish (Danio rerio), and the estuarine fish Fundulus heteroclitus were the first bony fishes whose
complete genome was sequenced. Nowadays, a large number of
proteomes from aquatic species and related data are available,
including a fish metabolic network model (MetaFishNet), which
can be very helpful to estimate the proteome, metabolome, and
nutritional value of seafood products.
Almost 40% of the publications on fish proteomics deal with
issues related to aquaculture. The studies carried out so far have
clearly demonstrated the potential of proteomics to identify
physiologically relevant molecules and mechanisms, biomarkers for seafood management and fish welfare, and to evaluate
the impact of environmental pollution. In addition, some studies
combining proteomics with genomic, metabolomics, and functional approaches provide a wider vision of relevant physiological functions and pointed out the direction for future research
(Forné et al. 2010). The fact that proteins of aquatic origin easily
become insoluble and/or aggregate, displaying variable electrophoretic mobilities, in addition to exhibiting a large number of
isoforms and weak ionizations levels, remain one of the major
challenges in the successful application of proteomics to resolve
problems in fishery product technology (Forné et al. 2010;
Piñeiro et al. 2003).
Proteomics has been applied to monitoring the effects of
feed composition, farming conditions, crowding, catching
methods, postmortem handling, and processing on muscle
quality (Martinez et al. 1992, 2007; Morzel et al. 2006; Piñeiro
and Martinez 2013; Terova et al. 2011). In addition, the globalization of markets, new logistics transport procedures, stocks
depletion, new trends in farming practices, and the development of novel products and production methods represent new
challenges where proteomics tools may be applied to monitor
and improve the quality and safety of seafoods. Indeed, microbiological and toxicological safety and species substitution
have been studied using the traditional bottom-up proteomics
strategies in most of the published papers (Carrera et al. 2012,
2013b; Piñeiro and Martinez 2013) and, more recently, the
rapid development of mass spectrometry techniques such as
SRM have enabled the identification of specific targets (e.g.,
peptide biomarkers) for those purposes. Myosin light chains,
sarcoplasmic proteins, particularly parvalbumins, and glycolytic enzyme pattern analyses have been targeted in earlier
(Martinez et al. 1990; Piñeiro et al. 2001) and more recent
(Gebriel et al. 2010; Lu et al. 2010; Terova et al. 2011) quality monitoring studies. Other muscle proteins such as desmin,
titin, actin, and troponin have been used as stress and freshness biomarkers (Kjærsgård et al. 2006a; Morzel et al. 2006;
Veiseth-Kent et al. 2010). Recently, changes in selenoneine
(novel selenium-containing compound, 2-selenyl-N α ,Nα ,Nα trimethyl-l-histidine), have been described as potentially
playing a role in the evaluation of antioxidant and detoxifying
potential of seafoods and in the quality deterioration phenomenon called “burn meat” that typically occurs in mackerel and
tuna (Yamashita et al. 2010).
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Table 18.4
Summary of the Most Relevant Reports on the Application of Proteomics Techniques to Meat Research
Meat Topic
Meat Quality
Effect of electrical stimulation on insoluble muscle
protein
Protein quality markers for cooked ham production
monitoring
Protein quality markers related to color stability
Protein quality markers related to dry-cured ham process
Protein quality markers related to tenderness
Protein biomarkers related to drip loss and shear force
Protein markers involved in bovine intramuscular fat
(IMF) development
Protein quality markers related to gender,
Protein quality markers related to oxidation processes
Meat Safety
Adulteration (growth promoters)
Authenticity
Breeding protein markers related to breeding
Microbiological safety: Campylobacter jejuni and
high-pressure process in meat products
Microbiological safety: lactic bacteria peptides in
fermented meat products
Microbiological safety: Staphylococcus enterotoxin in
chicken
Poultry
Cattle, pork, and poultry species-specific proteins
Detection of allergens in chicken meat
Detection of chicken in meat mixtures
Detection of mechanically recovered chicken meat
Effect of weight loss in two breeds of rabbits
WHC and protein expression in chicken

Methodology

Reference

2DE and MALDI-TOF-TOF

Bjarnadóttir et al. 2011

2DE and MALDI-TOF

Pioselli et al. 2011

2DE and MALDI-TOF
Size exclusion chromatography, RP-HPLC,
and MALDI-TOF-TOF
2DE and MALDI-TOF or LC-ESI-CID/MS
(if phosphorylation)
SELDI-TOF/MS
2DE and MALDI-MS

Joseph et al. 2012
Mora et al. 2009, 2010, 2011

2DE-DIGE and MALDI-TOF-TOF;
2DE and LC-MS/MS

Hollung et al. 2009
Sayd et al. 2012

2DE and MALDI-TOF/nESI-QTOF-MS
Miscellanea
2DE and MALDI-TOF/MS; 2DE and
LC-MS/ MS
2DE

Nebbia et al. 2011
Santandreu and Santandreu 2011
Kwasiborski et al. 2009
Škrlep et al. 2011
Bièche et al. 2012

SDS-PAGE, RP-HPLC, and
MALDI-TOF-TOF
Tryptic digestion and LC/MS with isotope
labeling

Fadda et al. 2010

2DE and MALDI-TOF or UPLC-QTOF-MS;
2D-DIGE
OFF-GEL™, SDS-PAGE, MALDI-TOF, and
n-LC/MS
OFF-GEL, SDS-PAGE, and n-LC/MS
2DE and MALDI-TOF/MS
2DE and MALDI-TOF/MS

Montowska and Pospiech 2013
Nakamura et al. 2010
Santandreu et al. 2010

Reviews
Deep review from muscle to meat proteomics and
compilation of COST actions 1002 results
Farm animal proteomics book
Pork proteomics and biomedical approaches
Systems biology applied to meat science. Exhaustive
explanation about postmortem physiology

Protein modifications induced by processing (e.g., chilling
and freezing of farmed Atlantic cod and rainbow trout muscle
(Gebriel et al. 2010; Kjærsgård et al. 2006a; Lu et al. 2010) and
salting and drying of cod (Martinez et al. 2007) have served
as quality biomarkers identified by 2DE, MALDI-TOF-MS,
or ESI-MS, noting once more that glycolytic enzymes, myosin
heavy and light chains, and α-actin are affected. Carbonylation
reactions and oxidation process in some sarcoplasmic proteins
were observed using MALDI-TOF/TOF in frozen rainbow
trout and brine-frozen skipjack tuna (Kinoshita et al. 2007;
Kjærsgård et al. 2006b).
The application of proteomics to seafood safety has
shown that exposition to dispersed oils, polycyclic aromatic

D’Alessandro et al. 2012a, b
Te Pas et al. 2009
Zhang et al. 2010

Bao et al. 2012

Surowiec et al. 2011
Almeida et al. 2010
Phongpa-Ngan et al. 2012
Picard et al. 2010;
Paredi et al. 2012
Rodrigues et al. 2012
De Almeida and Bendixen 2012; Verma et al.
2011
D’ Alessandro and Zolla 2012b, 2013

hydrocarbons (PAH), and other environmental contaminants
induced changes in sarcoplasmic and skeletal proteins (BohneKjersem et al. 2010; Meier et al. 2010), and that the proteome
was also affected by metal pollutants such as zinc or cadmium
(Hogstrand et al. 2002; Piñeiro et al. 2010; Zhu et al. 2006).
Moreover, proteomics has contributed in identifying the routes
involved in the biosynthesis of shellfish toxins, one of the most
important issues in seafood safety (Wang et al. 2012, 2013) and
MALDI-TOF-MS was used to investigated the main Grampositive and Gram-negative seafood spoilage bacteria (Böhme
et al. 2010, 2011a,b; Fernández-No et al. 2011, 2012). Fish species authentication by proteomics has become a widely used
tool: initially, 2DE was performed to identify a large variety
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of species either in pure samples or in mixtures (Martinez
et al. 1990; Piñeiro et al. 1998, 2001) and recently MALDITOF-MS and LC-MS by top-down and bottom-up strategies
have been used to identify different species of gadoids, crustaceans (Carrera et al. 2006, 2007; Ortea et al. 2012), and mussels (Campos et al. 2012). Finally, proteomics has also been
successfully applied to differentiate between farmed and wild
specimens of the same species (Martinez et al. 2007; Monti
et al. 2005).
References to the works applying proteomics methodologies
to seafood products from different perspectives are compiled
in Table 18.5. It should be pointed out that there are usually no
specific problems to obtain good homogenization and protein
extractions from marine or freshwaters animal tissues, with the
exception of cephalopods and parts of specimens with high collagen content. However, the large natural variability found in the
proteome of aquatic organisms claims for strict experimental
design protocols that permit to select samples representative of
the population.

not successfully identified because in addition to technical difficulties in their measurement, the identified peptides are so small
that they may belong to any of the hundreds of proteins within
the organism.
A recurrent problem is the analysis of samples that contain
a few proteins in large amounts and/or others in minute concentrations. Sénéchal and Kussmann (2011) reviewed protocols
addressing this issue: they refer first to protocols to enrich the
sample in the low-abundance proteins or to eliminate the most
abundant ones (e.g., using affinity-chromatography techniques),
followed by protein separation methods (in-gel, e.g., 2DE- and/or
gel-free LC), protein digestion and MS/MS or MALDI-MS or in
gel-free approaches, direct digestion of the protein in the buffer,
separation of the peptides by HPLC, ultra-HPLC, or 2D-HPLC
(e.g., ion-exchange chromatography followed by reverse-phase
HPLC), or by gas-phase fractionation, and then protein identification by ESI or MALDI ionization and mass analyzers (ITs,
QQQs, TOF, orbitrap, Fourier transform ion cyclotron resonance, and MS/MS). The authors also addressed techniques to
analyze PTM.

18.3.6 Identification and Characterization of
Bioactive Compounds
Proteomics and metabolomics techniques have been used to set
up strategies to discover novel biomarkers and bioactive compounds and to characterize the responses to known ones. Astle
et al. (2007) summarized the works presented at the symposium
Characterization of Proteomic and Metabolomic Responses to
Dietary Factors and Supplements (Washington DC, April 29,
2007) where proteomic fingerprinting in complex mixtures with
peptoid microarrays and top-down mass spectrometry were
identified as the two most promising techniques. Bernal et al.
(2011) listed several omic approaches (Table 18.6, bioactive compounds) to identify and characterize nutraceutical lipids, vitamins, proteins, peptides, and amino acids (1D, 2DE, microchips
electrophoresis, HPLC-MS/MS, MALDI-TOF-MS, Q-TOF-MS,
GC-MS, nanoLC-Q-TOF-MS/MS, IPC-MS), glycosides, phenolic compounds, and others.
Panchaud et al. (2012) and Sénéchal and Kussmann (2011)
have published very interesting reviews on the application of
mass spectrometric techniques to identify bioactive peptides and
characterize their effects on human health; the former and the
latter to classical and novel proteomics approaches (including
Precursor Acquisition Independent from Ion Count and Imaging
MS) and the identification and characterization of bioactive peptides from foods, and the identification of allergens and protein
biomarkers in humans for health and disease. Panchaud et al.
(2012) listed a combination of prefraction by solution-phase IEF
or gel-eluted liquid fraction entrapment electrophoresis followed
by LC with capillary columns and high-resolution high-accuracy
mass spectrometer to separate and detect large polypeptides (>25
amino acids, although the identification of their potential bioactivity is not straightforward). For medium-size peptides (7–25
amino acids, the range size where most of the peptides generated
by trypsin digestion fall), C18 RPLC was the preferred method
to separate the peptides followed by MALDI or ESI-MS and peptide detection based on the precise measurement of the mass of
the precursor and of its related product ions. Finally, the proteins
from which small peptides (>7 amino acids) originate are usually

18.4 Omics and Systems Biology in Nutrition
Research
Modern nutrition research has evolved from simply studying
nutrients to considering the diet as a tool to improve our health
and well-being and prevent diseases; particularly nowadays that
metabolic diseases and diabetes are reaching pandemic level.
This shift in the focus of nutrition science has given rise to new
concepts: nutrigenomics (the study of how the diet influences
a response in man, i.e., gene transcription, protein expression,
and metabolism, which can be assessed by transcriptomics,
proteomics, and metabolomics); nutrigenetics (the inverse, i.e.,
how the individual’s genotype influences his/her response to the
diet) (Arab 2004); foodomics (the study of the food and nutrition
domains through the application of advanced omics technologies
in order to improve consumer’s well-being, health, and confidence) (Cifuentes 2009); nutritranscriptomics, nutriproteomics,
and nutrimetabolomics referring to the relationships between
dietary changes and gene transcription, protein expression, and
metabolite generation, respectively (Zhang et al. 2008).
Proteomics and particularly MS-based analyses have therefore
found a natural way to enter nutrition studies and to identify the
effects of potential bioactives, but also of toxic, allergenic, and
antinutrient substances (Herrero et al. 2012; Kussmann et al.
2005, 2007, 2010a,b). Indeed, most reviews on the application of
proteomics techniques to food science and to nutrition research
address the technical aspects (both gel-based, gel-free techniques, shotgun, MS and ionization techniques, and mass analyzers) and the application, as already mentioned above, to food
composition and quality, safety (i.e., detection of contaminants,
allergens, pathogens, parasites, and toxins), genetically modified
organisms (GMOs), traceability, the identification and characterization of bioactive compounds, and the effects of processing
storage (Herrero et al. 2012; Pedreschi et al. 2010; Pischetsrieder
and Baeuerlein 2009). The techniques reviewed by each of these
publications are listed in Table 18.6.
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Table 18.5
Summary of the Most Relevant Reports on the Application of Proteomics Techniques to Seafood Research
Fish Topic
Fish Quality
Influence of diet composition on flesh quality
Crowding, pumping, and stunning muscle
effects
Postmortem quality changes
Slaughtering and postmortem muscle integrity
Stress during cultivation and postmortem
muscle conditions
Stress during catching

Methodology

Reference

2DE and LC-MS/MS
2DE, HPLC and MALDI-TOF/MS

Sissener et al. 2010
Veiseth-Kent et al. 2010

2DE; 2DE and nESI-LC-MS/MS

Kjærsgärd and Jessen 2003; Verrez-Bagnis et al.
2001; Wang et al. 2011
Addis et al. 2012; Morzel et al. 2006

2DE and MALDI-TOF/MS; 2D-DIGE and
LC-MS/MS
2DE; 2DE and MALDI-MS and LC-MS/MS

Addis et al. 2010; Martinez et al. 2007

2DE and MALDI-TOF/MS

Yamashita 2010

Fish Products Safety
Allergens detection
Bacterial identification

Selected MS/MS ion monitoring
MALDI-TOF

Metal exposure (Cd and Zn)
PAH alkyl phenols exposure
Shellfish biotoxins

2DE; SELDI and cDNA arrays
2DE and MALDI-TOF-TOF
2DE and MALDI-TOF

Carrera et al. 2012
Böhme et al. 2010, 2011a,b; Fernández-No et al.
2011, 2012
Hogstrand et al. 2002; Zhu et al. 2006;
Bohne-Kjersem et al. 2009; Meier et al. 2010
Chan et al. 2006; Wang et al. 2012, 2013

High-resolution 2DE
2DE peptide mapping

Martinez et al. 1990; Ochiai et al. 1990
Martinez et al. 1991; Martinez and Pettersen 1992
Piñeiro et al. 2001
Carrera et al. 2006, 2007, 2009
Carrera et al. 2011

Flat fishes

2DE and MALDI-TOF
2DE and nESI-LC-MS/MS
Focused-ultrasound-assisted tryptic digestion
and selected MS/MS ion monitoring
2DE
2DE and MALDI-TOF-TOF
2DE and MALDI-TOF/MS
Selected tandem ion monitoring MS/MS
HPLC coupled to multiple reaction monitoring
(MRM) MS
MALDI-TOF/MS

Fish Processing
Atlantic cod—surimi manufacture
Production of klipfish
Atlantic cod ice stored
Frozen rainbow trout oxidation
Hydrostatic high-pressure Coho salmon
Rainbow trout ice stored and cooked
Salmon lactic fermentation
Skipjack tuna brine frozen

2DE
2DE
1D-PAGE and LTQ-MS
2DE and ESI-MS/MS
SDS-PAGE and LC-MS/MS
2DE-MALDI-TOF/MS and nESI-LC-MS/MS
2DE
2DE and MALDI-TOF/TOF

Martinez et al. 1992
Martinez et al. 2007
Gebriel et al. 2010
Kjærsgärd et al. 2006
Ortea et al. 2010
Bauchart et al. 2007
Morzel et al. 2000
Kinoshita et al. 2007

Fish Authentication
Fish species (n > 10) identification
Arctic char: tissue and developmental stage
polymorphisms
Identification of gadoid species

Discrimination of farmed and wild cod
Mussels
Shrimp and prawns

Reviews
Aquaculture
Marine proteomics
Fish, shellfish, and seafood
Fish quality and safety

The role of proteomics in human nutrition sciences and
related health issues has been the subject of several interesting reviews (Kussmann et al. 2005, 2007; Wang et al. 2006)
addressing aspects such as obesity and diabetes, allergies, probiotics, and food preference. It has become clear that there will
possibly not be one optimal universal protocol for proteomics
studies, but rather that different objectives will be needed for

Martinez et al. 2007
Campos et al. 2012
Ortea et al. 2009
Ortea et al. 2011
Ortea et al. 2012
Mazzeo et al. 2008

Rodrigues et al. 2012
Slattery et al. 2012
Zhou et al. 2012
Carrera et al. 2013a,b; Piñeiro and Martinez 2013

different optimized protocols. Moreover, the complexity of most
samples (a cell, a tissue, a biological fluid, or an organ) has made
it necessary to emphasize the efforts in the analysis of subproteomes. Methods reviewed by these publications include those
that identify PTMs, quantifications in complex mixtures, protein–protein and protein–small molecule interactions, analyses
of bioactive proteins and peptides, biomarkers for nutrition and
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Table 18.6
Summary of the Most Relevant Reports on the Application of Proteomics Techniques to Nutrition Research
Nutrition Research, Nutriproteomics, Foodomics—Systems Biology
Reviews: Proteomics in nutrition and health
issues, including digestive health, obesity,
diabetes, immunity, allergy, probiotics,
bioactive compounds, peptide, and metabolite
analyses, composition of physiological fluids,
responses to dietary supplements, and so on.
Review: General application of proteomics in the
food industry: food quality, safety, composition,
and traceability

Reviews: MS strategies in foodomics, that is,
food quality, safety, composition, and
traceability

Application of transcriptomics, proteomics, and
metabolomics to characterizing the effect of
nutrients on colon cancer cells
Integration of nutritranscriptomics,
nutriproteomics, nutrimetabolomics, and
bioinformatics
Reviews: Application of systems biology
approaches to nutrition sciences

Reviews on Bioactive Compounds
Review: Application of proteomics and
metabolomics to the identification of novel
biomarkers and bioactives and to assessing their
effects
Review: Techniques to identify and characterize
nutraceuticals
Review: Application of mass spectrometry to
assessing the health effects of bioactive peptides
Review on nutriproteomics techniques and the
identification and characterization of novel
bioactives

Multiple in-gel and off-gel technical approaches, including
shotgun proteomics applied to a variety of aspects of
nutrition research

Kussmann et al. 2005, 2007, 2010;
Wang et al. 2006

Gel-based and gel-free techniques, ESI and MALDI ionization
and TOF, Q, and IT mass analyzers, MS versus MS/MS and
data analysis and their application to postharvest
management, wine processing, cereals, functional foods,
allergen detection, and identification of thermal processing
Multiple MS techniques: MALDI TOF-MS, LC-ESI-MS/
MS, GC-TOF-MS, GC-GC-TOF-MS, LVI-GC-MS,
UPLC-TOF-MS, UPLC-ESI-TOF-MS, LC-QTOF-MS,
SDS-PAGE-LC-IT-MS, 2DE-MALDI-TOF-MS,
ICAT-nLC-MALDI-TOF-TOF-MS
Transcriptomics, proteomics (2DE-MALDI-TOF/TOF-MS)
and metabolomics (CE-MS, UPLC-Q/TOF-MS)

Pedreschi et al. 2010; Pischetsrieder
and Baeuerlein 2009

Multiple MS techniques and the possibilities to integrate the
results from the different omic approaches to give
personalized recommendations for health maintenance and
disease prevention
Integration of all the data produced by the omics approaches
to model the system made up of the diet, the individual’s
geno- and phenotype and response to the diet’s ingredients
in its environment and predict the effects of the nutrients on
the organism to ultimately control and optimize the system

Zhang et al. 2008

Protein fingerprinting in crude mixtures using peptidoid
microarrays and top-down MS (TDMS), on/offline
MudCAT TDMS, HR-NMR, MS, lipid profiling, TOF-MS

Astle et al. 2007

1D, 2DE, microchips electrophoresis, HPLC-MS/MS,
MALDI-TOF-MS, Q-TOF-MS, GC-MS, nanoLC-QTOF-MS/MS, ICP-MS
Peptidomics techniques: LC-ESI-MS/MS

Bernal et al. 2011

Classical and novel (precursor acquisition independent from
ion count and imaging) proteomics techniques. Applications
of proteomics to identifying food ingredients, probiotics,
allergens, and biomarkers for health and disease

Sénéchal and Kussmann 2011

health and for nutritional interventions (Kussmann et al. 2005,
2007, 2010a,b), and for the composition and characterization of
dietary proteins, how they are digested and absorbed in the gastrointestinal tract, the metabolism of nutrients and its regulation,
the functions of nutrients in growth and health, the characterization of physiological fluids and individualized requirements
of nutrients. Wang et al. (2006) and Ibáñez et al. (2012) used
transcriptomics, proteomics (2DE-MALDI-TOF/TOF-MS), and
metabolomics (CE-MS, UPLC-Q/TOF-MS) to study the effects
of some dietary ingredients against colon cancer cells.
The application of systems biology methodologies to food
and nutrition sciences is relatively recent and expanding (see
reviews by Hertog et al. 2011; Moore and Weeks 2011). The
term systems biology, attributed to von Bertalanffy (1928), refers
to a 
biology-based interdisciplinary study field that focuses

Herrero et al. 2012

Ibañez et al. 2012

Hertog et al. 2011; Moore and Weeks
2011

Panchaud et al. 2012

on complex interactions in biological systems using a holistic
approach. To understand all the information provided by the
-omics approaches and the interrelations among the diet, genoand phenotype and environment, health, and disease is a very
complicated task that requires good databases and modeling
capabilities to learn how the system works and to be able to control it, that is, to predict the response that a given nutrient and/or
a mixture of them will induce in a targeted organism. One ambition of systems biology is the modeling and discovery of emergent properties of a system whose theoretical description is only
possible using systems biology techniques. Implementation of a
system biology approach to nutrition sciences will require a multidisciplinary team of experts, including biologists, nutritionists,
biochemists, microbiologists, toxicologists, physicians, experts
in mathematical modeling, computing scientists, and engineers,
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from different disciplines to optimally generate a model capable
of helping to predict, for any given individual, his/her response
to a given diet, or, turning it around, to select the composition of
a diet that a given individual should ingest to obtain the desirable
result.
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2008). However, once again, this requires truly interdisciplinary
collaborations between a broad range of scientists, including collaboration with researchers engaged in botanic and animal production and those working in the food industry.

References
18.5 Conclusions and Future Trends
Proteomics is a powerful instrument for intensive research that
has advanced rapidly since its inception less than 20 years ago.
The technical advancements during the last decade on sample
preparation methods and on the identification of proteins and
their modifications have been impressive, and have contributed
to obtain an exponentially increasing database of highly valuable
data not only for the improvement of food variety, quality, and
properties but also for functional genomics and systems biology.
Although the “wet-bench” aspects of proteomics have undergone a renaissance with the advancements in protein and peptide
separation techniques, including various improvements in 2DE
and gel-free or off-gel protein focusing, it has been the seminal
advances in MS that have led to the ascension of this field. Recent
improvements in sensitivity, mass accuracy, and fragmentation
have led to achievements previously only dreamed of, including
whole-proteome identification, and quantification and extensive
mapping of specific PTMs (Thelen 2012).
With such current capabilities, one might conclude that proteomics has already reached its zenith; however, “capability”
indicates that the envisioned goals have not yet been achieved.
Quoting Thelen and Miernyk (2012), “The introduction of proteomics as ‘the next big thing’ was met initially with enthusiasm
by the community of biologists. More recently, however, skepticism and even disappointment have arisen as it has become
increasingly clear that the vast majority of proteomics publications are fractional in content or descriptive in scope.”
Recurrent challenges are the analysis of complex mixtures
of proteins of very different properties and/or abundance, of
modified proteins, proteins of extreme properties (too small or
too large, extreme pI values), and PTM proteins. There is little
doubt in our mind that the different omics techniques, which
are becoming increasingly available to many laboratories,
will be applied by research groups with different expertise to
a variety of scientific issues, and that the enormous and very
valuable amount of data generated will be the bases for a systems approach to understand the data and their implications.
Collaboration between research groups and integration of different disciplines will be necessary in the very short future to
help modeling an optimal diet for man.
Concerning food science, food technology, and nutrition,
proteomics theory and methodologies can help to define quality biomarkers to produce better foods or food ingredients with
the potential to influence metabolic processes in order to avoid
the progress of some diseases and to develop products to evidence metabolic perturbations. Therefore, proteomics may help
us to design better foods and to enhance human health. To truly
understand the intrinsic or indispensable properties of food,
researchers need to simultaneously study the functional interactions, networks, and pathways of food proteins (Han and Wang
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19.1 Introduction
The history of enzymes is closely connected with our increased
knowledge in the fields of foodstuff chemistry and technology.
It started around 1526 with Paracelsus’s studies of fermentation
products. The assay of the enzyme characteristics of a certain
food is carried out to determine its degree of freshness (as is the
case with the oxidative enzymes found in vegetables), to detect
particular treatments such as pasteurization (easily monitored in
milk by measuring the levels of phosphatases and lactoperoxidase), or to see whether decay or microbial contamination has
started.*
Enzyme levels can be easily measured by observing the action
they have on their substrates, since most of these enzyme-catalyzed
reactions have an absolute specificity. The first satisfactory
*

This review is an update of Chapter 10, “Enzymes” by R. Muñoz
and A. Ros Barceló of Handbook of Food Analysis, Volume 1
(1996).

mathematical analysis of the course of an enzyme-catalyzed reaction was by Michaelis and Menten in 1913. These authors suggested that the rate of transformation of a substrate (v) is a function,
over a certain range, of the concentration of substrate [S] and the
concentration of enzyme [E]:
v=

kcat [ E ][ S ]
KM + [S ]

(19.1)

where kcat and KM are constants. Assuming that this equation is
valid for most enzyme-catalyzed reactions, the enzyme concentration (or activity) is proportional to the rate of the appearance
of the product or disappearance of the substrate, and independent
of substrate concentration, only when [S] ≫ KM for which the
above expression may be reduced to
v = kcat [E]

(19.2)

For this reason, it is desirable to know KM (Michaelis constant)
for an enzyme using a particular substrate in a particular food.
This can easily be ca1culated through the Lineweaver–Burk
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(double-reciprocal) plot of Equation 19.1. This fact makes it difficult to describe a universal method of measurement for a certain enzyme since KM values vary greatly for the same enzyme
depending on the substrate used and the food analyzed. This
means that if enzyme concentrations are to be accurately estimated, a previous knowledge of the KM values is necessary.
From Equation 19.2, it is not surprising that enzyme concentrations are given in katals, a unit of the SI system. The katal
(kat) is defined as the amount of enzyme capable of transforming
1 mol of substrate in a product per second. Nevertheless, the concentration of enzymes in tissues normally varies between nkat
(nanokatals) and pkat (picokatals) per gram fresh weight.
Another factor to be taken into account in enzyme determinations is the pH, since most enzyme-catalyzed reactions
show a strong dependence on the pH of the reaction medium.
A well-known example is the case of grapevine peroxidase.
Thus, whereas most plant peroxidases are assayed at pH
6.0–7.0, grapevine peroxidase is inactive at this pH, with its
optimal activity occurring at pH 5.0. Strong variations in enzymatic activity according to pH are also observed in the case of
lipoxygenase and polyphenoloxidase. It is therefore necessary
to check the optimal pH for the enzyme being assayed in a particular food.
Together with pH, another factor that may mask enzymes in
foods is the presence of endogenous inhibitors. For example,
ascorbic acid is present in relatively large amounts in most fruits
and vegetables, and is both a polyphenoloxidase and a peroxidase inhibitor. This makes enzyme purification necessary in
some cases. The protocols for enzyme purification vary and in
most cases depend on the food and on the grade of enzyme purity
desired. In general, gel filtration, ion-exchange chromatography,
hydrophobic chromatography, isoelectric focusing, preparative
electrophoresis, or high-performance liquid chromatography are
useful procedures and are valid for most of the enzymes that are
of interest in foodstuff chemistry.
Excellent books that describe the fundamentals of enzymology and explain the roles of enzymes in food, agricultural, and
health sciences are existing [1–3]. For this reason, and due to the
high number of enzymes used in foodstuff chemistry and the
great number of assay methods that exist, this chapter cannot
be, nor does it intend to be, exhaustive. Attention is only paid
to the most widely used enzymes in foodstuff chemistry (oxidoreductases and hydrolases, which greatly affect the quality
of processed food and their products) and to the most common
methods for measuring them. In some cases, recently described
methods that afford substantial improvements to existing methods are discussed.
In International Dairy Journal, P.F. Fox and A.L. Kelly published two articles on overview and historical aspects of indigenous enzymes in milk [4,5] and one article with a synopsis of
the future of indigenous enzymes in milk [6].
Milk contains a large number of indigenous enzymes, with
differing functions, stability to processing, impact on dairy
products, and significance for consumer safety. Some enzymes
are of interest for their beneficial activity (e.g., lactoperoxidase),
some for use as indices of processing (e.g., alkaline phosphatase
[ALP]), and some for effects on the quality of dairy products
(e.g., plasmin, lipoprotein lipase), which may be either positive
or negative for different products.
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19.2 Oxidoreductases
19.2.1 Amine and Amino Acid Oxidases
Amine and amino acid oxidases (EC 1.4.3.1-6) catalyze the following generic reaction:
Amine (amino acid) + H2O + O2 → aminoaldehyde (2-oxo acid)
+ NH3 + H2O2
The importance of amine and amino acid oxidases for food
chemists comes from the importance of amines and amino acids
themselves, and of their oxidation products (aminoaldehydes,
NH3, and H2O2), in the quality of processed food and their products. Amines are pharmacologically and nutritionally important
since they exhibit a wide range of physiological activities, which
include the regulation of enzyme mechanisms, interaction with
nucleic acids and membranes, bactericidal and pressor activities, neurotransmission, and toxicity. Thus, many cheeses are
rich in tyramine and histamine, the products of bacterial action,
which may cause several reactions in the consumer, including
hypertension, nausea, and vomiting. These symptoms are caused
directly or indirectly by the vasoconstrictive and cardiostimulatory actions of food-derived precursor amines, as in the case of
tyramine. Amines are also the direct or indirect causes of lathyrism and scombrotoxic fish poisoning.
In addition to the specific reactions described above, amine
oxidases and amino acid oxidases can also affect the quality
of foods in desirable or undesirable ways. Thus, amines add to
the fuller flavor of some cheeses but are also responsible for the
off-tastes of spoiling fish. Similarly, reaction products such as
α-keto acids may be involved in Maillard browning reactions,
while other reaction products such as the semialdehydes may
be involved in the modification of texture in certain formulated
foods. H2O2 may also promote lipid peroxidation with changes in
flavor and color.

19.2.1.1 Diamine Oxidase
Diamine oxidase (amine:oxygen oxidoreductase [EC 1.4.3.6])
catalyzes the following reaction:
Diamine + H2O + O2 → aminoaldehyde + NH3 + H2O2
This enzyme has been isolated from different sources and
monoamines, diamines, polyamines, and certain amino acids
are substrates of the enzyme. Diaminooxidases are enzymes that
are widely distributed among living organisms, although their
physiological role is not fully understood. They have often been
considered as histamine scavengers in animal tissues, hence the
trivial name “histaminase” attributed to them. In plants and bacteria, however, this hypothesis seems untenable. In plants, this
enzyme is soluble and is easily extracted with phosphate aqueous
buffers. In some cases [7], 0.5 M NaCl is added to the homogenization buffer to solubilize the tightly bound diaminooxidase
fraction.

19.2.1.1.1 Diaminooxidase Assays
The diaminooxidase assays are based on the measurement
of either O2 consumption or H2O2 production coupled to a
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Table 19.1
Diaminooxidase Assays
Method
O2 uptake
Peroxidase-coupled assay
Δ-Pyrroline

1

Reaction Medium

Detection

0.1 M Na phosphate pH 7.0 + 50 μg catalase + 1.0 mM
putrescine
0.1 M Na phosphate pH 7.0 + 0.5 mM guaiacol + 18.5 nkat
peroxidase + 1.0 mM putrescine
0.1 M Na phosphate pH 7.0 + 10 mM putrescine + 10 TCA
+ 10 mg/mL o-aminobenzaldehyde

peroxidase assay (Table 19.1). In all cases, the addition of 1.0 mM
aminoguanidine, a strong inhibitor of diaminooxidase, is used as
a control for enzymatic activity. In the oxygen uptake assay, the
reaction medium contains 50 µg catalase and a crude enzyme
preparation in aerated 0.1 M sodium phosphate buffer, pH 7.0
[8]. The reaction is initiated by the addition of putrescine (diaminobutane) to a final concentration of 1.0 mM. Oxygen uptake is
monitored with an oxygen electrode, the activity being expressed
in nanomole O2 consumed per minute.
In the peroxidase-coupled assay [9], the reaction mixture contained 0.1 M sodium phosphate buffer, pH 7.0, 0.5 mM guaiacol,
18.5 nkat peroxidase, and a sample of diaminooxidase. The reaction is started by the addition of putrescine (final concentration
of 1.0 mM) and the increase in absorbance at 436 nm is recorded
with time.
In other spectrophotometric methods, the formation of
Δ1-pyrroline is used for the measurement of enzymatic activity [10]. In this case, the reaction is carried out in 0.1 M sodium
phosphate buffer, pH 7.0, 10 mM putrescine, and the enzyme, in
a total volume of 4.0 mL. After incubation at 37°C for 10 min,
the reaction is stopped by adding 0.5 mL of 10% (w/v) trichloroacetic acid (TCA), followed by 0.05 mL o-aminobenzaldehyde
(10 mg/mL) in ethanol. The absorbance at 430 nm is measured
after removal of the protein by centrifugation. Enzymatic activities are ca1culated using an ε430 = 1.86 × 103 M−1 cm−1 for the
Δ1-pyrroline.
A widely used procedure for staining diaminooxidase activity based on a peroxidase-coupled assay [11] after the electrophoretic separation of isoenzymes consists of incubating the gels
in 0.1 M sodium phosphate buffer, pH 7.0, containing 20 µg/mL
peroxidase, 0.2 mg/mL benzidine, and 17 mM cadaverine.

19.2.2 Polyphenoloxidases
Polyphenoloxidases (EC 1.10.3.1-2) have received the continuous attention of food chemists because they are involved in the
enzymatic browning of many edible plant products—especially
fruits, vegetables, and mushrooms—as well as crustaceans such
as shrimp, lobster, and crab. They are enzymes that catalyze the
following reaction:
2 Diphenol + O2 → 2 quinone + 2H2O
The Enzyme Commission originally referred to two enzymes
in this category: (a) catechol oxidase or o-diphenol:oxygen oxidoreductase (EC 1.10.3.1) and (b) laccase or p-diphenol:oxygen oxidoreductase (EC 1.10.3.2). Catechol oxidase is frequently referred
to as phenolase, polyphenoloxidase, tyrosinase, catecholase,
or cresolase. Catechol oxidase from animal tissues is relatively

Reference

O2 electrode

[8]

Spectrophotometry
436 nm
Spectrophotometry
430 nm

[9]
[10]

specific for tyrosine and DOPA, while the fungal and higher plant
enzymes act on a wide range of mono- and o-diphenols [12]. On
the other hand, laccase is a much less specific enzyme, and it is
capable of oxidizing nonphenolic substances such as ascorbic
acid, diaminofluorene, and hydroxyindoles.

19.2.2.1 Laccase
Laccase (p-diphenol:oxygen oxidoreductase [EC 1.10.3.2]) catalyzes the following reaction:
2 p-Diphenol + O2 → 2 p-quinone + 2H2O
Laccase in food chemistry has a role as an indicator of Botrytis
contamination in must and wines [13].

19.2.2.1.1 Sample Preparation and Laccase Assays
For the determination of laccase activity in must and wines
(Table 19.2), phenolics should be removed by absorption on
polyvinylpolypyrrolidone (PVPP), and cleared must and wines
must be used directly. Laccase activity may be monitored by
oxygen consumption using 10 mM p-hydroquinone in a 0.1 M
sodium acetate buffer, pH 5.0 [13] or by spectrophotometry using
syringaldazine as substrate. This last assay is also carried out in
sodium acetate buffer, measuring the increase in absorbance at
530 nm (ε530 = 65,000 M−1 cm−1) of a reaction medium containing 10 mg/L of syringaldazine [13]. Assays of laccase activity in
plant materials using hydroxyindoles [14] and diaminofluorene
[15] as substrates have been described. Syringaldazine, hydroxyindoles, and aminofluorene may also be used to stain laccase isoenzymes after electrophoretic separation. Other reagents used for
this purpose include N,N,N′,N′-tetramethyl-p-phenylenediamine
(2.1 mg/mL) and α-naphthol (1.4 mg/mL) in 0.1 M sodium acetate buffer, pH 5.5 [16].
A laccase, the only ligninolytic enzyme produced by the
basidiomycete Pleurotus ostreatus strain RK 36 was purified to
homogeneity and characterized [17]. The enzyme is a monomeric
protein with a molecular weight of 67,000 Da and an isoelectric
Table 19.2
Laccase Assays
Method

Reaction Medium

O2 uptake

0.1 M Na acetate
pH 5.0 + 10 mM
p-hydroquinone
0.1 M Na acetate
pH 5.0 + 10 mg/L
syringaldazine

Syringaldazine
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Reference

O2 electrode

[13]

Spectrophotometry
530 nm

[13]
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point of 3.6. Type I and type III Cu2+ centers were identified
by spectrophotometry. With syringaldazine as substrate, laccase showed the highest oxidation rates at pH 5.8, 50°C, and in
40 mM phosphate buffer.
Carpophores of mesophilic basidiomycetes were isolated from
the Eastern Cape region of South Africa (18). These isolates were
screened for manganese peroxidase and laccase with high temperature optima. This bioprospecting has led to the discovery of
a thermostable laccase, which exhibits an optimum temperature
of 70°C.

19.2.2.2 Catechol Oxidase
Catechol oxidase (o-diphenol:oxygen oxidoreductase [EC 1.10.
3.1]) catalyzes two distinct reactions:
i. The insertion of oxygen in an ortho position into an
existing hydroxyl group, usually followed by oxidation of the diphenol to the corresponding quinone, and
referred to as cresolase activity:
Monophenol + O2 → o-quinone + H2O
ii. The oxidation of an o-diphenol to o-quinone:
		2 o-Diphenol + O2 → 2 o-quinone + 2H2O (simply
referred to as catecholase activity)
With the exception of that which occurs in fungi, in which
catecholase activity has been reported as being secreted into the
culture medium, plant catechol oxidases are generally located
intracellularly, and are found in the soluble fractions and bound
to membranes [12]. This enzyme is responsible for most browning reactions in damaged fruits and vegetables, and so its control
is of great importance. Although catechol oxidase is an enzyme
widely distributed throughout the plant kingdom, in some cases,
it has been impossible to detect probably due to its latency and
the occurrence of endogenous inhibitors.

19.2.2.2.1 Extraction and Purification of Catechol Oxidase
Soluble catechol oxidase may be extracted from most plant tissues by grinding in aqueous buffers. A homogenization buffer
widely used is 0.1 M sodium phosphate buffer, pH 7.3, containing 10 mM ascorbic acid. In other cases, such as artichoke [19],
Yali pear [20], and grape [21], acetone powders are used as an

enzyme source for extraction. In these cases, soluble protein
fractions are considered as sources of enzyme.
The latency and activation of catechol oxidases has been widely
studied [12]. Its activation can be achieved by short exposure to
acid (pH 3.0–3.5), alkali (pH 11.5), detergents, or by limited
proteolysis with trypsin or carboxypeptidase [12]. Latent catechol oxidase is also extracted from the debris resulting from the
homogenization of tissues in aqueous buffers [22,23]. For this, the
debris are digested overnight at 4°C with 0.1 M sodium phosphate
buffer, pH 7.3, containing 1.5% (w/v) Triton X-114, and 2% (w/v)
PVPP, and then centrifuged at 25,000gmax for 55 min at 4°C. The
supernatant is subjected to temperature phase partitioning via
addition of Triton X-114 at 4°C up to 4% (w/v) [23]. The mixture
is kept at 4°C for 15 min and then warmed to 37°C. After 15 min,
the solution is centrifuged at 5000gmax for 15 min at 25°C. The
supernatant is used as an enzyme source, to which the protease
inhibitors leupeptin and N-ethylmaleimide are added up to a final
concentration of 20 µg/mL and 5 mM, respectively [23].
Procedures for purifying catechol oxidase include gel filtration [24], ion-exchange chromatography on diethylaminoethyl
(DEAE)-cellulose [20,24,25], hydrophobic (affinity) chromatography on phenyl-sepharose CL-4B [19,26], chromatography
on hydroxyapatite [26] or on concanavalin A-agarose [27], highperformance liquid chromatography on a LiChrospher Si-100
diol column [21], and preparative isoelectric focusing [28].

19.2.2.2.2 Catechol Oxidase Assays
Catechol oxidase assays are based on the measurement of either
O2 consumption or phenol oxidation (Table 19.3). In the oxygen
uptake assay, the reaction medium contains 10–50 mM catechol
(or other phenolic substrates such as 4-methylcatechol, chlorogenic
acid, or l-DOPA at the appropriate concentration) and a crude
enzyme preparation in 0.1 M sodium phosphate buffer, pH 4.5–7.0
(the optimal pH for catechol oxidase activity should be routinely
checked). Oxygen uptake is monitored with an oxygen electrode.
Spectrophotometric assays for the measurement of catechol
oxidase activity vary greatly, the most widely used being those
that measure o-quinone formation in the 390–420 nm spectral
range. For this purpose, the reaction media are similar to that
described in the measurement of oxygen uptake. Methods have
been proposed for following catechol oxidase spectrophotometrically by using coupling reactions with the quinone formed. In
such spectrophotometric assays, for example, the proline-catechol

Table 19.3
Catechol Oxidase and Cresolase Assays
Method
Catechol Oxidase
O2 uptake
O-Quinone
detection
Proline/catechol
Cresolase
p-Cresol

Reaction Medium

Detection

Reference

0.1 M Na phosphate
pH 4.5–7.0 + 10–50 mM o-diphenol
0.1 M Na phosphate
pH 4.5–7.0 + 10–50 mM o-diphenol
0.1 M Na phosphate
pH 4.5–7.0 + 30 mM catechol + 30 mM proline

O2 electrode

See text

Spectrophotometry 390–420 nm

See text

Spectrophotometry 530 nm

[29,30]

0.1 M Na phosphate
pH 7.0 + 0.5–1.0 mM p-cresol

Spectrophotometry 400 nm

[32]
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assay [29,30], the reaction medium contains 30 mM catechol and
30 mM l-proline in 0.1 M phosphate buffer, pH 4.5–7.0, the
absorbance at 530 nm being recorded as time elapses. Also based
on a coupling reaction is a new spectrophotometric assay for catecholase activity, which uses cysteine and several o-diphenols [31].
The cresolase activity of polyphenoloxidases is easily monitored using p-cresol [32]. For this, the cresolase activity of
enzyme preparations is assayed in a reaction medium containing 0.5–1.0 mM p-cresol in 0.1 M sodium phosphate buffer, pH
7.0, by measuring the increases in absorbance at 400 nm, and
using an ε400 = 1350 M−1 cm−1 for the 4-methyl-o-benzoquinone
formed. Cresolase activity of polyphenoloxidase can be measured spectrophotometrically by monitoring the adduct formed
by the reaction of the o-quinone end product with 3-methyl-2-
benzothiazolinone hydrazine [33]. All these coupled spectrophotometric assays have the advantage that they can also be used for
staining both catechol oxidase and cresolase activity of polyphenoloxidases after their separation on polyacrylamide gels.
Two catechol oxidases have been isolated from sweet potatoes
(Ipomoea batatas) and purified to homogeneity [34]. The two
isozymes have been characterized by EXAFS (extended x-ray
absorption fine structure), EPR (electron spin resonance), UV/
Vis spectroscopy, isoelectric focusing, and matrix-assisted laser
desorption/ionization mass spectrometry (MALDI-MS) and
have been shown to contain a dinuclear copper center.

19.2.2.2.3 Differentiation of Catechol Oxidase from
Laccase and Peroxidase
At this point, it is extremely important to differentiate catechol
oxidase from laccase and peroxidase, since both laccase and
peroxidase are capable of oxidizing o-diphenols. This discrimination is rarely seen in the literature. Catecholase activity can
easily be distinguished from peroxidase through the use of catalase as peroxidase inhibitor. In some cases, even peroxidase is
capable of oxidizing o-diphenols in the absence of H2O2 and the
use of catecholase inhibitors is necessary. For this, fusaric acid,
salicylhydroxamic acid, or tropolone at 0.1–1.0 mM concentrations may be adequate. In these controls, the oxidation rate of
o-diphenols sensitive to inhibitors should be considered as the
true catechol oxidase activity.
Catechol oxidase and laccase can easily be distinguished by
[12] (a) the oxidation of p-diphenols, (b) the response to CO, and
(c) the response to phenylhydrazine. Thus, laccase is not inhibited by CO or by phenylhydrazine, while catechol oxidase is
incapable of oxidizing p-diphenols.

The determination of catalase is of importance in the analysis
of milk. Milk that is suitable for human consumption contains
no significant amounts of catalase, whereas the presence of this
enzyme indicates secretion disorders or diseases of the udder or
colostrum, or bacterial contamination [35].

19.2.3.1.1 Preparation and Purification of Catalase
from Milk
To obtain catalase from cow’s milk, the cream is separated from
fresh cow’s milk. The cream is churned in a diamond-type metal
chum to obtain buttermilk, which is freeze-dried [36]. Partial purification of catalase using this buttermilk sample is then carried out
by the method of Ito and Akuzawa [37], using n-butanol extraction, ammonium sulfate fractionation, and ethanol–chloroform
fractionation.

19.2.3.1.2 Assays of Catalase in Milk
Catalase activity may be measured by following either the
decomposition of H2O2 or the liberation of O2 (Table 19.4). The
preferred method for food analysis is the UV spectrophotometric
method since the titrimetric methods are only suitable for comparative purposes.
In the spectrophotometric assay, catalase activity is monitored by the decrease in absorbance at 230 nm of a reaction
medium containing 10–20 mM H2O2, 50 mM Na phosphate buffer, pH 7.0, and enzyme. Enzymatic units are calculated using
ε230 = 67 M−1 cm−1 [38].
In the titrimetric method, 60 mM Na perborate in 50 mM Na
phosphate, pH 7.0, is preincubated for 10–20 min at 25°C and
then added to the enzyme sample. After 30–60 s of incubation,
the remaining perborate is back-titrated with 0.05 N KMnO4.
Also based on the decomposition of Na perborate to H2O2
and the subsequent evolution of O2 due to catalase action, catalase activity may be monitored with an O2 electrode [39]. For
this, 0.1 M Na perborate, standardized by titration with 0.1 N
KMnO4, in 50 mM Na phosphate buffer, pH 7.0, is incubated
with catalase samples and O2 evolution is monitored with a Clark
oxygen electrode. In all of the described cases, catalase activity
is taken as those sensitive to inhibition with 0.1 mM Na azide
or with 20 mM 3-amino-1,2,4-triazole, two well-known catalase
inhibitors.
Green coffee samples (4–5 g/sample) were milled under liquid nitrogen on an analytical mill. Produced powder was sieved
(15 min) through an analysis sieve adapted to a vibrating system

19.2.3 Catalases and Peroxidases

Table 19.4

Catalases and peroxidases (EC 1.11.1.6-7) are enzymes widely distributed in the plant and animal kingdom, and are hemoproteins
that use hydrogen peroxide as oxidizing substrate. Plant peroxidases and lactoperoxidase are of major interest to the food scientist.

Catalase Assays
Method

Reaction Medium

Detection

Reference

Peroxide
assay

Spectrophotometry
230 nm

[38]

19.2.3.1 Catalase

Titrimetric
assay

Titration with
KMnO4

See text

Catalase (hydrogen peroxide:hydrogen peroxide oxidoreductase
[EC 1.11.1.6]) catalyzes the following reaction:

O2 evolution

50 mM Na phosphate
pH 7.0 + 10–20 mM
H2O2
50 mM Na phosphate
pH 7.0 + 60 mM Na
perborate
50 mM Na phosphate
pH7.0 + 0.1 M
Na-perborate

O2 electrode

[39]

H2O2 + H2O2 → O2 + 2H2O
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set at an intensity level of 70–80. The sieved powder was recovered and stored at 4°C [40].
A measure of 7.5 mg of sieved powder was poured into a
20-mL headspace glass vial and suspended in 15 mL degassed
borate buffer (50 mM, pH 8.5). CAT activity was determined
by recording the generation of O2 for 5 min after the addition
of H2O2 by a fiber-optic O2 microsensor. Enzyme activity was
defined as nanomoles of O2 generated per minute per milligram
of suspended green coffee.

19.2.3.2 Peroxidase
Peroxidase (donor:hydrogen peroxide oxidoreductase [EC
1.11.1.7]) catalyzes the following reaction:
Donor + H2O2 → oxidized donor + 2 H2O
Although plant peroxidases oxidize a vast array of endogenous
phenolics, these enzymes being involved in browning reactions,
in the case of the lactoperoxidase system, the donor is thiocyanate anion (SCN−) (41), which plays a key role in the antibacterial
system of the milk.
The determination of peroxidase is of importance in food
analysis since it is involved in the ripening of fruits and thus
affects the flavor, texture, and color of processed fruit products,
although the relationship of peroxidase activity to off-flavors
and off-colors in most raw and unblanched vegetables is still
largely empirical [42]. Likewise, the use of peroxidase activity as an indicator of blanching treatment is continuously being
appraised in view of the higher temperatures required to inactivate peroxidises.

19.2.3.2.1 Extraction and Purification of Plant
Peroxidases
Peroxidases are easily extracted from plant tissues by grinding
in aqueous buffers. Nevertheless, some peroxidase activity may
be bound to cell structures, such as membranes and cell walls
[43,44], and in this case it is necessary to add a solubilizing
agent. Among these, the most widely used are KCI, NaCI, LiCl,
and CaCl2 at concentrations in the order of 0.1–2.0 M.
Owing to the stability and solubility of plant peroxidases, their
purification is easily achieved by gel filtration [45], ion-exchange
chromatography [45], hydrophobic chromatography [46,47],
affinity-based reverse micellar extraction and separation [48],
preparative isoelectric focusing [49], autofocusing [50], and highperformance liquid chromatography [51].

19.2.3.2.2 Peroxidase Assays
Peroxidase activity is easily monitored spectrophotometrically
by its action on their substrates when the oxidized donors are
colored, and it is on this property that the assays of peroxidase
activity are based (Table 19.5). In all cases, it is necessary to
carry out controls for the enzymatic activity in the presence
of catalase or in the absence of H2O2. Among the most widely
used assays is the reaction with guaiacol. For this assay, the
reaction medium contains 0.1 M Na phosphate buffer, pH 7.0,
guaiacol 0.1–1.0 mM, and 0.1–1.0 mM H2O2. The reaction is
initiated by the addition of enzyme and the increase in absorbance at 470 nm is monitored with time. Enzymatic activities

Table 19.5
Peroxidase and Lactoperoxidase Assays
Method
Peroxidase
Guaiacol

4-Methoxy-αnaphthol

Reaction Medium

Detection

Reference

0.1 M Na phosphate pH
7.0 + 0.1–1.0 mM
guaiacol + 0.1–1.0 mM
H2O2
0.1 M Tris-acetate
pH 5.0 + 0.1 mM
4-methoxy-α-naphthol +
0.1 mM H2O2

Spectropho
tometry
470 nm

[52]

Spectropho
tometry
593 nm

[54,55]

Spectropho
tometry
412 nm

[56]

Lactoperoxidase
ABTS
25 mM Na acetate
pH 4.4 + 0.025–1.0 mM
ABTS + 0.05–0.25 mM
H2O2

are calculated using an ε470 = 26.6 × 103 M−1 cm−1 [52] for the
tetraguaiacol formed as end product. Another common method
for the measurement of peroxidase activity is based on the
measurement of the oxidation course of 3,3′-diaminobenzidine
(DAB) [53].
4-Methoxy-α-naphthol can also be used for the determination of peroxidase activity and, together with DAB, has the
advantage that it may be used for integrated spectrophotometric,
zymographic, and cytochemical studies [54], since the colored
product is partially stable and nondiffusible [54,55]. For this, the
reaction medium contains 0.1 mM 4-methoxy-α-naphthol and
1.0 mM H2O2 in 0.1 M Tris-acetate buffer, pH 5.0. The reaction
is initiated by the addition of enzyme. Enzyme activity may be
calculated using ε593 = 2.1104 M−1 cm−1 for the dye product [54].
To stain peroxidase isoenzymes after electrophoretic separation,
a reaction medium containing 1.0 mM 4-methoxy-α-naphthol,
1.0 mM H2O2, and 0.1 M Tris-acetate buffer, pH 5.0, may be
used [54].
In the case of lactoperoxidase, the most common method used
is that of 2,2′-azinodi(3-ethylbenzthiazoline-6-sulfonic acid)
(ABTS) [56]. For this, the reaction medium contains 0.025–1.0 mM
ABTS, 0.05–0.25 mM H2O2 in 25 mM acetate buffer, pH 4.4. The
absorbance at 412 run is followed with time once the reaction is
initiated by the addition of enzyme.
Peroxidase was isolated from French beans by Ye and Ng
[57]. French bean (Phaseolus vulgaris cv Kentucky wonder)
legumes from a local dealer were immersed in distilled water
for several hours before homogenization. The homogenate was
centrifuged and the resulting supernatant was dialyzed against
distilled water. Tris-HCl buffer (pH 7.2) was added until the
final concentration was 10 mM. The supernatant was applied
on a column of Affi-gel blue gel (100–200 mesh) previously
equilibrated with and then eluted with 10 mM Tris-HCl buffer (pH 7.2). After elution of unadsorbed proteins, the adsorbed
proteins were desorbed by using a linear concentration gradient
of 0–0.5 M NaCl in the aforementioned buffer. The adsorbed
fraction was dialyzed against 10 mM Tris-HCl buffer (pH 7.2)
and then chromatographed on a column of CM-sepharose in
the same buffer.
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Following the removal of unadsorbed proteins, the adsorbed
proteins (M1, M2, and M3) were eluted by the inclusion of a linear
concentration gradient of 0–0.5 M NaCl in the Tris-HCl buffer.

19.2.4 Lipoxygenase
Lipoxygenase (linoleate:oxygen oxidoreductase [EC 1.13.11.12])
catalyzes the following reaction:
Unsaturated fat + O2 → unsaturated fat peroxide
Thus, lipoxygenase in the presence of dissolved oxygen catalyzes the formation of fatty acid hydroperoxides from the Z,Zl,4-pentadiene portion of polyunsaturated fatty acids, the most
common substrates being linoleic and linolenic acids [58]. The
hydroperoxides are broken down enzymatically and nonenzymatically into a variety of short-chain carbonyl compounds.
These breakdown products, such as hexanal and E-hex-2-enal,
have been implicated in aroma and taste changes in many processed foods [58]. In the presence of linoleic and linolenic acid,
lipoxygenase may also oxidize carotenoids and chlorophylls,
resulting in the bleaching of colors in vegetables. Lipoxygenase
was also used as a blanching index for frozen soybeans [59].

19.2.4.1 Extraction and Assay of Lipoxygenase
Although lipoxygenase exist as a soluble enzyme in most plants
and is easily extracted with aqueous buffers, in other cases,
such as the kiwi fruit, a more complex protocol is needed [58].
In this case, pericarp tissues are ground in liquid nitrogen to a
fine paste, which is then extracted with 50 mM Tris-HCl buffer, pH 7.0, containing 10 mM diethyldithiocarbamate, 1% triton
X-100, 5 g of PVPP, and 5 g Dowex 1. The mixture is stirred
for 20 min, filtered through muslin cloth, and the filtrate centrifuged at 6000gmax for 60 min. The supernatant is then filtered
through a 0.45 µm filter and passed through a C-18 reverse-phase
cartridge to remove the excess detergent. In other cases, hexanedefatted material [60] or acetone powder [61] is directly used as
an enzyme source.
Lipoxygenase activity may be monitored polarographically
or spectrophotometrically (Table 19.6). In the polarographic
method [62], the reaction is carried out in a reaction medium containing 0.1–2.0 mM linoleic acid dispersed with 0.028% Tween
20 in 0.2 M Tris-maleate buffer, pH 6.0–9.0. The reaction is initiated by the addition of enzyme and the oxygen uptake recorded
continuously.
In the spectrophotometric method [63], increases in absorbance at 234 nm are followed with time, enzymatic units being
calculated using an ε234 = 25 103 M−1 cm−1 for the end product,
Table 19.6
Lipoxygenase Assays
Method

Reaction Medium

Detection

Reference

O2 uptake

0.2 M Tris-maleate
pH 6.0 – 9.0 + 0.1–
2.0 mM linoleic acid

O2 electrode

[62]

Hydroper
oxide

See text

Spectrophotometry
234 nm

[63]

hydroperoxylinoleic acid. For spectrophotometric measurements,
it is advisable to use linoleic acid solutions free of linoleic acid
hydroperoxide. For this, the method of Tappel et al. [64] with
some modifications [65] may be used. Stated briefly, 1 drop of
Tween 80 is added to a mixture of 50 µL of linoleic acid and
50 µL of absolute ethanol in 10 mL of 50 mM Tris-HCl buffer,
pH 9.0 (deaerated with nitrogen), and the mixture was vortexed
for 5 s. The preparation is immediately poured into a cold beaker
and maintained on ice.
Pea seeds were ground to fine powder, then 10 g of it was suspended in 50 mL M/15 phosphate buffer pH 5.5 and lipoxygenase was extracted on magnetic stirrer for 3 h at 4°C [66]. The
homogenate was filtered through three layers of cheesecloth and
centrifuged at 1000g for 15 min at 4°C. Supernatant was used for
purification.
The purification of lipoxygenase was initiated by the addition
of solid ammonium sulfate at 80% saturation. The suspension
was left for 30 min and then centrifuged (1000g, 15 min, 4°C).
The precipitated proteins were dissolved in a minimum amount
of M/15 phosphate buffer (pH 5.5) and dialyzed against the
same buffer for 12 h at 4°C (MW cutoff 12,000). The buffer was
changed three times during dialysis. The dialysate was loaded
into ion-exchange chromatography on DEAE-Sephadex A-50
column (2 × 35 cm) previously equilibrated with M/15 phosphate
buffer, pH 5.5. The column was eluted with the same buffer at
the rate of flow 18 mL/h and next with linear gradient of NaCl
concentration from 0 to 0.8 M. Three milliliter fractions were
collected and protein concentration and lysyl oxidase (LOX)
activity were monitored. Peak with LOX activity was pooled,
concentrated, and then dissolved in 3 mL of M/15 phosphate
buffer pH 5.5. The combined fractions were transferred to a column (2 × 35 cm) filled with Sephadex G-50 gel. The column was
eluted with the same buffer and 2 mL fractions were collected.
Absorbance at 280 nm (protein content) and lipoxygenase
activity were measured on each 2 mL fraction.
LOX [67] extract was prepared following modified methods
of Ridolfi et al. [68] and Clemente et al. [69]. About 2.5 g of the
de-oiled lupin powder or soybean powder was homogenized with
50 mL of 50 mM sodium phosphate buffer solution (pH 6.8) containing 0.3 mM DTT, 0.2 mM ethylenediaminetetraacetic acid
(EDTA), 10 mM sodium metabisulfite, 0.1% Triton X-100, and
5 g of insoluble PVPP for 30 min using a magnetic stirrer.
The sample was centrifuged at 10,000g for 30 min. The supernatant was dialyzed to remove low-molecular-weight fractions
and the dialysate was used as a crude extract for enzymatic assay.
The remaining wet solid was recovered as pellet in the bottom of
the centrifugation tube.
Partial purification of the enzymatic extract was performed
by ammonium sulfate precipitation. The supernatant was mixed
with 75% saturated ammonium sulfate for 30 min and set aside
for 1 h to facilitate protein precipitation. The sample was then
centrifuged for 30 min at 10,000g. The pellet was resuspended
in a small volume of 50 mM sodium phosphate (pH 6.8) and
dialyzed with the same buffer. The fractionation of lupin LOX
was initiated by the addition of 75% saturated ammonium sulfate
solution to provide 25% saturation. The suspension was allowed
to stand for 1 h and then centrifuged (10,000g, 30 min) to obtain
the precipitate. The resulting supernatant was brought up to 50%
saturation by adding solid ammonium sulfate, and the precipitate
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was obtained after centrifugation. The subsequent supernatant
was further saturated with solid ammonium sulfate up to 75%
saturation, and the precipitate was obtained by centrifugation.
The precipitated fractions were resuspended in minimal amounts
of sodium phosphate buffer (50 mM, pH 6.8) and dialyzed
against the same buffer. The obtained dialysates were subjected
to enzymatic assay and molecular weight analysis.

19.3 Hydrolases
19.3.1 Alkaline and Acid Phosphatases
Phosphatases (ortho-phosphoric monoester phosphohydrolase)
catalyze the hydrolytic cleavage of phosphoric acid esters and
are designated as either alkaline (EC 3.1.3.1) or acid (EC 3.1.3.2)
phosphatases according to their optimal pH.

19.3.1.1 Alkaline Phosphatase
One of the most important features of ALP activity (o-phosphoric monoester phosphohydrolase [EC 3.1.3.1]) for food chemists arises from the usefulness of the phosphatase tests to check
the temperature reached in milk during pasteurization processes
[70,71]. In addition, since milk is a proven vector for a number
of pathogenic bacteria, the test is of very great significance to
public health as a means of policing the thoroughness of heat
treatments.

19.3.1.1.1 ALP Assay
The method is based (Table 19.7) on the colorimetric measurement of the p-nitrophenol produced in the enzymatic hydrolysis
of p-nitrophenyl phosphate [72].
To avoid fat, which interferes in the phosphatase assay, milk
samples should be centrifuged at 300gmax for 10 min in order
to separate the cream. The cream-free milk is taken off with a
pipette and filtered through a small, moist, blue band filter.
The ALP activity is followed in a reaction medium (1.1 mL)
containing 50 mM glycine buffer, pH 10.5, 0.5 mM MgCl2,
5.5 mM p-nitrophenyl phosphate, and 0.1 mL of filtered milk.
After incubation for 1 h at 37°C, add 5 mL of 0.02 N NaOH and
measure the absorbance at 405 nm against a blank consisting of
a medium to which NaOH is added prior to the sample. Enzyme
Table 19.7
Phosphate Assays
Method
ALP
p-Nitrophenyl
phosphate

ACP
Phenyl
phosphate

Reaction Medium

Detection

Reference

50 nM Na glycine
pH 10.5 + 5.5 mM
p-nitrophenyl
phosphate + 0.5 mM
MgCl2

Spectrometry
405 nm

[72]

50 mM citrate
pH 5.0 + 0.017 mM
disodium phenyl
phosphate

Colorimetry
605 nm

[77]

activities are expressed as moles of phosphate ester hydrolyzed
using ε405 = 18.5 × 103 M−1 cm−1 for p-nitrophenol.
ALP serves both as a model enzyme for studies on the mechanism and kinetics of phosphomonoesterases and as a reporter
in enzyme-linked immunosorbent assays (ELISAs) and other
biochemical methods. The tight binding of the enzyme to its
inorganic phosphate product leads to strong inhibition of catalysis and confounds measurements of ALP activity. Levine and
Raines [73] have developed an ALP substrate in which the fluorescence of rhodamine is triggered on P–O bond cleavage in a
process mediated by a “trimethyl lock.” Although this substrate
requires a nonenzymatic second step to manifest fluorescence,
the authors demonstrated that the enzymatic first step limits the
rate of fluorogenesis.
The substrate enables the catalytic activity of ALP to be measured with high sensitivity and accuracy. Its attributes are ideal
for enzymatic assays of ALP for both basic research and biotechnological applications.
Park and Kim [74] designed a new ALP-sensitive fluorogenic
probe in which a self-immolative spacer group, p-hydroxybenzyl alcohol, is linked to a profluorogenic compound to improve
substrate specificity. Enzymatic hydrolysis converts the fluorogenic substrate to a highly fluorescent reporter, thus allowing for
the fast and quantitative analysis of ALP activity with greatly
increased affinity for the enzyme.

19.3.1.2 Acid Phosphatase
Acid phosphatase (ACP) (o-phosphoric monoester phosphohydrolase [EC 3.1.3.2]) is an enzyme widely distributed in citrus
tissues, although it is much less abundant in the juice than in
other parts of the fruit. It decreases rapidly upon extraction and
with storage of the juice [75]. It has been proposed that ACP
activity may be used as an indicator of the effectiveness of
juice pasteurization [76]. Similarly, residual ACP activity is an
accepted marker for the assessment of core temperature reached
during the pasteurization process of canned hams.

19.3.1.2.1 Extraction and Assay of ACP
Samples taken from the central area of the canned hams are
ground through a 2-mm plate, and enzyme extraction is carried
out by blending with 50 mL of 0.05 M citrate buffer, pH 5.4 [77].
The enzyme assay (Table 19.7) is based on the color which
develops when 2,6-dibromoquinone chlorimide reacts with the
phenol produced in the enzymatic breakdown of phenyl phosphate. For this, preincubate 10 mL of enzyme extract in a water
bath at 37°C for about 15 min and then add 5 mL of 0.05 M disodium phenyl phosphate in 0.15 M citrate buffer, pH 5.0, prepared
immediately before use. After 60 min, add 5 mL of 20% (w/v)
TCA. Shake well and filter. To 5 mL of clear filtrate, add 5.0 mL
of 0.5 M sodium carbonate and 0.1 mL of 2,6-dibromoquinone
chlorimide solution, prepared according to the USDA Guidebook
[78]. Stand in the dark for at least 15 min (not overnight) for color
development and read the absorbance at 610 nm against a blank
consisting of a similar medium in which the sample has been
boiled for 30 min.
Two flow injection systems for detection of ACP activity have
been investigated by Ogonczyk et al. [79]. In both systems, monofluorophosphate (MFP) as a specific and inexpensive substrate
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for ACP and LaF3 membrane-based ion-selective electrode as a
potentiometric detector of fluoride ions released in the course of
the biocatalytic hydrolysis of MFP were applied. The continuous-flow mode was modified to include a stopped-flow segment,
with separate valve control, to increase reaction time and minimize dispersion while increasing system throughput. The bioanalytical utility of these systems was compared for quantifying
of ACP activity in human serum standards.

bacteria involved as starter in fermented milk products [91].
Thus, the action of extracellular and cell wall-bound bacterial
proteinases is responsible for the degradation of milk proteins,
yielding transportable peptides which undergo further degradation by intracellular peptidases.
Finally, in the manufacture of cheese, chymosin from calf rennet,
and chymosin substitutes of animal and plant origin are the milkclotting enzymes because they catalyze the hydrolysis of casein.

19.3.2.1 Proteinase Extraction

19.3.2 Peptidases and Proteinases
Peptidases (peptidyl hydrolases) are a broad family of enzymes
that differ in the peptide bonds that preferably hydrolyze.
Exopeptidases (carboxy- and aminopeptidases) cleave consecutive COOH- or NH2-terminal amino acids from the end of the
polypeptide chain and endopeptidases or, more commonly, proteinases hydrolyze a specific bond without regard for its position
in the polypeptide chain.
There are several uses for peptidase and proteinase activities
in food processing and food quality control. It has been demonstrated, for example, that proteinase activity is responsible
for undesirable changes in seafood products. Flesh degradation
associated with proteolysis occurs in many commercially important species, including mackerel, cod, salmon, krill, prawn, and
shrimp. The mushy texture that appears in the abdominal tail
segments of prawns on cooking after ice storage seems to be
caused by digestive enzymes diffusing into the tail segments
from the disintegrating hepatopancreas. Baranowski et al. [80]
and Nip et al. [81] suggested that collagenase (EC 3.4.24.3) is the
main enzyme responsible for the mushiness phenomenon. Other
crustacean digestive enzymes have been found to exhibit trypsinolytic, α-chymotrypsinolytic, and pepsinolytic activities in
addition to collagenolytic activity [82,83]. Histamine accumulation in mackerel and skipjack tuna has been attributed to muscle
and viscera proteases [84]. In addition, proteolysis caused by
alkaline proteases is thought to be involved in the deterioration
of minced fish products during processing [85]. During the curing process, dry-cured hams develop a characteristic texture and
flavor as a result of biochemical changes, including intense proteolysis. This proteolysis seems to be due to the action of muscle
lysosomal cathepsins, which have the ability to degrade myofibrillar proteins and are active throughout the curing process
[86,87]. The spoilage of milk and dairy products caused by psychrotrophic bacteria is due in part to peptides and amino acids
generated by milk proteolysis, which is known to cause a variety
of tastes. Since hydrophobicity has been found to be essential for
a bitter taste, casein, with relatively high hydrophobicity, yields
a large amount of bitter peptides on proteolysis. Many aspects of
the bitterness of peptides have been discussed [88] and no simple
correlation has been found between enzyme specificity and the
bitterness resulting from their action.
The psychrotrophic spoilage of meat is caused by the bacterial flora, which are cold-tolerant organisms present on meat surfaces. Thus, it has been described that extracellular proteolytic
enzymes produced by Pseudomonas fragi hydrolyze proteinaceous components of the meat and constitute one of the primary
spoilage mechanisms [89,90].
It is known that the level of some essential amino acids and
peptides in milk is too low to support the growth of lactic acid

The solubilization of proteinases from the digestive tract
(stomach and intestine) of grass shrimp may be carried out
by homogenizing the material with deionized water (1:3
w/v) followed by filtration with Celite and overnight dialysis
against 10 mM phosphate buffer, pH 7.0. Further purification is achieved by ammonium sulfate precipitation followed
by sequential chromatography on Sephadex G-75 and TSK
DEAE-600 columns [92]. Proteinases from the hepatopancreas
of freshwater prawn are solubilized by blending with 0.05 M
Tris-HCl buffer, pH 7.4, containing 5.0 mM CaCl 2, centrifugation at 2000gmax for 30 min and filtration of the supernatant
through glass wool [80].
The extraction of musc1e cathepsins is carried out by homogenization of frozen musc1e with 50 mM sodium citrate buffer, pH
5.0, containing 1 mM EDTA, and 0.2% (w/v) Triton X-100 (1:10
w/v). The resulting homogenate is then stirred for 1 h at 4°C and
centrifuged at 30,000gmax for 20 min. The supernatant is filtered
through glass wool [93].

19.3.2.2 Proteinase Assays
19.3.2.2.1 Trypsin and Chymotrypsin Assays
Trypsin and chymotrypsin activities are commonly measured by
determining the TCA-soluble peptides released in the reaction by
using hemoglobin or casein as substrates (Table 19.8).
In the trypsin assay [94], 1.0 mL of the enzyme sample is added
to 5 mL of denaturated hemoglobin solution (1.67% in the reaction mixture). After incubation (10 min), the reaction is stopped by
the addition of 10.0 mL of 5% TCA. After shaking, it is allowed
to stand for 30 min, centrifuged at 4000gmax for 20 min, and the
compounds soluble in TCA is measured by the method of Folin
and Ciocalteau with tyrosine as standard. The blank consists of a
mixture to which TCA solution is added prior to sample solution.
The denaturated hemoglobin solution is prepared as follows: suspend 2 g of bovine hemoglobin with about 50 mL of doubly distilled water, add 36 g of urea and 8 mL of 1 N NaOH, and dilute
to about 80 mL. Allow to stand for 30–60 min at room temperature to denature the hemoglobin, then add 10 mL of 0.05 M NaCl
in 1 M boric acid, and, after shaking, add 4.4 mL of 5 CaCl2 solution. Adjust to pH 7.5 with 1 N HCl and dilute to 100 mL, centrifuge off any erythrocyte stroma at 4000gmax for 15 min.
A similar method can be used to measure chymotrypsin activity [95] in which 1.0% (w/v) casein (0.5 final concentration in
the reaction mixture), containing 0.055% CaCl2 in 0.1 M borate
buffer, pH 8.0, prepared by heating, is used as substrate solution.
The products of enzymatic hydrolysis are estimated by measuring the absorbance at 280 nm of the supernatant after the TCA
addition.
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Trypsin-like (esterase) activity may be measured (Table 19.8)
by using either benzoyl-l-arginine ethyl ester (BAEE) or p-toluenesulfonyl-l-arginine methyl ester (TAME) as substrate [92].
In the BAEE assay, 0.2 mL of enzyme sample is added to 2.8 mL
of 1 mM BAEE in 50 mM Tris-HCl buffer, pH 8.0, containing
20 mM CaCl2 and the changes in absorbance at 253 nm with
time are measured. For the TAME assay, add 0.3 mL of 10 mM
TAME and 0.1 mL of sample to 2.0 mL of 46 mM Tris-HCl buffer, pH 8.1, containing 11.5 mM CaCl2 and read the changes in
absorbance at 247 nm with time.
Chymotrypsin-like (esterase) activity can be estimated (Table
19.8) by using either N-acetyl-l-tyrosine ethyl ester (ATEE) or
N-benzoyl-l-tyrosine ethyl ester (BTEE) as substrate [92]. For
the ATEE assay, 0.2 mL of enzyme solution is added to 2.8 mL
of 1.0 mM ATEE in 50 mM phosphate buffer, pH 7.0, and the
absorbance at 2, containing 7 nm is continuously recorded. In
the BTEE assay, add 1.5 mL of 80 mM Tris-HCl buffer, pH 7.8,
containing 0.1 M CaCl2, 1.4 mL 1.07 mM BTEE in 50% methanol solution, and 0.1 mL of enzyme sample. Read the changes in
absorbance at 256 nm with time.

19.3.2.2.2 Collagenase Assay
The method [96] is based on the measurement of the hydroxyproline content of soluble peptides released by the enzyme from
insoluble collagen (Table 19.8). The reaction medium consists of
5–50 µL of enzyme extract and 1 mL of a mixture containing
7 mg insoluble collagen, 5 µmol CaCl2, and 50 µmol Tris-HCl,
pH 7.4. A medium without enzyme extract is used as control.
After incubation at 30°C, the reaction is stopped by the addition
of 7 mL of cold water, and the collagen is removed by filtration
and the supernatant passed through a 1.2-µm Millipore filter. An
aliquot of 6 mL of the filtrate is freeze-dried, dissolved in 3 mL
of 6 M HCl, and hydrolyzed for 12 h at 108°C. Then the hydroxyproline content of the hydrolyzate is measured by the method of
Neuman and Logan [97].

19.3.2.2.3 Cathepsin Assays
The measurement of musc1e cathepsin B (EC 3.4.22.1), L (EC
3.4.22.15), and H (EC 3.4.22.16) activities is based on the fluorimetric determination of 7-amino-4-methylcoumarin (NHMec)

Table 19.8
Peptidase and Proteinase Assays
Method
Trypsin
Hemoglobin
Chymotrypsin
Casein
Trypsin-Like Activity
BAEE assay
TAME assay
Chymotrypsin-Like Activity
ATEE assay
BTEE assay
Collagenase
Hydroxyproline assay
Cathepsin B
Fluorimetric assay

Cathepsin H
Fluorimetric assay

Cathepsin D
Hemoglobin assay

Reaction Medium

Detection

Reference

1.67% denatured hemoglobin

Colorimetry (see text)

[94]

100 mM Na borate pH 8.0 + 0.5%
casein + 2.5 mM CaCl2

Spectrophotometry
280 nm

[95]

50 mM Tris-HCl pH 8.0 + 1.0 mM
BAEE + 20 mM CaCl2
40 mM Tris-HCl pH 8.1 + 1.25 mM
TAME + 10 mM CaCI2

Spectrophotometry
253nm
Spectrophotometry
247nm

[92]

50 mM Na phosphate pH 7.0 + 1.0 mM
ATEE

Spectrophotometry

[92]

40 mM Tris-HCl pH 7.8 + 0.5 mM
BTEE + 50 mM CaCl2

Spectrophotometry
256nm

[92]

50 mM Tris-HCl pH 7.4 + 0.7
collagen + 5 mM CaCl2

Spectrophotometry
560nm

[96,97]

88 mM KH2PO4 + 12 mM Na2HPO4
(pH 6.0) buffer, + 0.01 mM
Z-Arg-Arg-NHMec + 1 mM
EDTA + 2 mM cysteine

F1uorimetry
(350–360 nm,
excitation; 460 nm,
emission)

[98,99]

50 mMKH2PO4 + 50 mM Na2HPO4
(pH 6.8) buffer + 0.005 mM
Arg-NHMec + 1 mM
EDTA, + 2 mM cysteine

F1uorimetry
(350–360 nm,
excitation; 460 nm,
emission)

[98,99]

170 mM Na citrate pH 3.7 + 0.63
denatured hemoglobin

Spectrophotometry
280 nm

[101]

[92]
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released from adequate fluorescent binding peptides [98] (Table
19.8). For this, cathepsins B, B + L, and H are assayed in a reaction medium containing 10 µM N-CBZ-l-arginyl-l-arginine7-amido-4-methylcoumarin (Z-Arg-Arg-NHMec), 10 µM
N-CBZ-l-phenylalanyl-l-arginine (Z-Phe-Arg-NHMec), a
common substrate of cathepsins band L, and 5 µM l-arginine-7-amido-4-methylcoumarin (Arg-NHMec), as substrates,
respectively [99]. The NHMec released in the reaction is continuously monitored by spectrofluorimetry. The NHMec produced is determined at 350–360 nm (excitation) and 460 nm
(emission). An excitation scan should be performed before
the assay. The instrument is calibrated by using pure NHMec
(0.005–0.15 µM) [100].
Cathepsin D (EC 3.4.23.5) may be determined by spectrophotometric measurement of TCA-soluble peptides using aciddenatured bovine hemoglobin as substrate. To measure musc1e
cathepsin D, the enzyme extract is added to 4 mL of 0.2 M
sodium citrate buffer, pH 3.7, containing 0.75% acid-denatured
bovine hemoglobin as substrate and incubated at 45°C for 1 h.
The control contains 40 µL of 3.0 mM isovalerylpepstatin, an
inhibitor of cathepsin activity. At the end of incubation, 3 mL of
5% TCA is added. TCA-soluble peptides are measured at 280 nm
against the control [101].
A combination of methods from Huang et al. [102] and Jiang
et al. [92] were used in the isolation and purification of cathepsin D from ostrich skeletal muscle [103]. All operations were
performed at 4°C, unless otherwise stated. Frozen ostrich M.
iliofibularis muscle (2 kg) was thawed overnight and the fat and
connective tissue were removed. The resulting muscle was put
through a hand-powered meat mincer (1 mm holes). The mince
(1830 g) was homogenized for 3 × 10 s using a Waring blender
with a 2.5-fold volume of basal buffer (0.15 M NaCl containing
1 mM EDTA and 0.2% n-butanol). The homogenate was stirred
for 1.5 h using an overhead stirrer. The homogenate was adjusted
to pH 4.5 with concentrated glacial acetic acid and stirred for 1 h.
The extract was incubated overnight at room temperature. The
autolyzed extract (AE) was centrifuged for 30 min at 14,000g
at 4°C and the supernatant was lyophilized. Lyophilized powder (1 g) was dissolved in equilibration buffer (50 mM sodium
acetate buffer, pH 3.5, containing 0.2 M NaCl). The sample was
centrifuged at 20,000g, concentrated to 7 mL using ultrafiltration filters (Millipore) and dialyzed against the equilibration buffer prior to loading onto a 10 mL pepstatin A-agarose column at
5 mL/h. The buffer used to equilibrate the resin and sample was
50 mM sodium acetate containing 0.2 M sodium chloride, pH
3.5. The elution buffer was 50 mM Tris-HCl containing 0.2 M
sodium chloride, pH 8.5. The enzyme was eluted from the column at a flow rate of 20 mL/h. Regeneration of the resin was
achieved by washing the resin with 5 volumes of the latter buffer
containing 1 M sodium chloride, followed by 5 volumes distilled
water and 5 volumes of equilibration buffer.
Cuttlefish digestive glands (63 g) were rinsed with cold distilled water, and homogenized for 3 min with 252 mL extraction
buffer (10 mM Tris-HCl buffer (pH 8.0), 5 mM CaCl2, 20 mM
NaCl) at 4°C [104]. The homogenate was centrifuged at 10,000g
for 30 min at 4°C, and the supernatant obtained was collected
and lyophilized.
All the purification steps were conducted at temperatures
not exceeding 4°C. Lyophilized powder (1.83 g) of cuttlefish

digestive gland was dissolved in fivefold of buffer A (25 mM
Tris-HCl buffer (pH 8.0), 5 mM CaCl2) and dialyzed against the
same buffer extensively. The dialysate was applied to a DEAEsepharose column (2.5 cm × 20 cm), which had been previously
equilibrated with the buffer A until no protein was detected in
the eluate. The bonding proteins were eluted with a linear gradient of NaCl in the range 0–0.5 M in the equilibrating buffer.
Fractions of 5 mL were collected at a flow rate of 1 mL/min. All
of the fractions were assayed for protein content and chymotrypsin activity, using SAAPFpNA (n-succinyl-ala-ala-pro-phe
p-nitroanilide) as a substrate.

19.3.3 Pectic Enzymes
Pectic enzymes are widely distributed in higher plants and are
also produced by microorganisms. The natural substrates of
pectic enzymes are the pectic substances that occur as structural polysaccharides in middle lamella and primary cell walls
of plants. Pectic enzymes are responsible for important textural
changes in fruits and vegetables during ripening, storage, and
processing. Besides the involvement of pectic enzymes in these
processes, industrially produced pectic enzymes from microorganisms constitute an important aid in food processing.
Pectic substances are polymers with a α-d-1,4-polygalacturonan
linear backbone, which contains 1,2-linked α-l-rhamnosyl residues in small amounts and branched regions mainly consisting
of the neutral sugars d-galactose, l-arabinose, and d-xylose. In
addition, carboxyl groups may be esterified by methanol or, to a
greater or lesser degree, form calcium salts.
Pectic enzymes are c1assified according to the bonds which
split. Thus, polygalacturonases (PGs) (poly-α-1,4-d-galacturonic
acid glycanohydrolase, EC 3.2.1.15) catalyze the hydrolytic
breakdown of glycosidic bonds next to free carboxyl groups; pectinases, also referred to as pectinesterase (PE) and pectin-methyl
esterases (PMEs) (pectin pectyl hydrolase, EC 3.1.1.11), hydrolyze methyl ester linkages and yield pectins of a low degree of
methylation or pectic acids; pectin lyase (EC 4.2.2.10) and pectate lyase (PEL) (EC 4.2.2.2 and EC 4.2.2.9) catalyze the nonhydrolytic split of glycosidic linkages next to free carboxyl groups
by β elimination. Pectin and PELs differ in their substrates,
being for the former pectins of a high degree of methylation and
due to the latter pectins of a low degree.
PE in citrus fruit is responsible for the cloud loss in juices,
one of the most important problems in citrus technology. The
cloud is composed mainly of pectins, proteins, and lipids, and
contains most of the characteristic flavor and color. Thus, if PE is
not inhibited by heat inactivation or by freezing during processing, the enzymatically demethylated pectins will be coagulated
by the calcium ions in the juice [105–107], this coagulation being
accompanied by the formation of sediment and a clear liquid
unacceptable to the consumer. In relation to this problem, deesterified pectins in juice concentrates form calcium pectate and
lead to gellification, and so no juice can be reconstituted from
these concentrates [108].
Since pectic substances are in part responsible for the texture,
one of the most important factors in determining fruit and vegetable quality is their pectic enzyme content. PE, by catalyzing the
demethylation of pectins, generates free carboxyl groups, which
can then be cross-linked by calcium ions, thereby increasing the
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firmness of the tissue. On the contrary, the hydrolysis of pectates and pectins caused by PG leads to a softening of the tissue.
Finally, the involvement of pectin lyase in tissue softening seems
to be restricted to microbial enzyme, which provokes a deterioration of fruit quality.

19.3.3.1 Extraction of Pectic Enzymes
Several procedures have been described for pectic enzyme
extraction from fruits. Thus, PE and PG can be extracted from
several tropical fruits by homogenization with a cold solution of
12% poly(ethylene glycol) and 0.2% sodium bisulfite in water.
The pellet after centrifugation at 7000gmax for 20 min is washed
twice by resuspension in distilled water and the last residue is
suspended in 0.5 M NaCI [109].
Fayyaz et al. [110] described a method for PE solubilization in
which an extractant of high ionic strength is used: papaya pulp
is homogenized with 2 M NaCl, pH 8.0, and incubated for 5 h
in a cold room. During incubation, the pH of the homogenate is
maintained at 8.0 by adding either 2 M NaOH or 2 M HCl. At the
end of incubation, the enzyme activity is recovered by filtration
through Whatman No. 54 filter paper in a Buchner funnel with
a slight vacuum.
Finally, PE from lemon fruits is solubilized by blending the
chopped fruits with 1 M Tris containing 1 M NaCl (approximately 1:1 w:v). The resultant slurry is allowed to stand for
90 min and filtered through muslin. After the addition of ammonium sulfate (to 25% saturation), the filtrate is centrifuged at
11,600gmax for 20 min. Further, ammonium sulfate (to 80% saturation) is added to the supernatant and the gelatinous pellet of
centrifugation (11,600gmax for 20 min) is dissolved in 0.1 M TrisHCl buffer, pH 7.0, containing 0.1 M NaCl, and left overnight to
allow the pectates to precipitate. After centrifugation (11,600gmax
for 20 min), the pellet is washed with the last buffer. Finally, the
pellet of a further ammonium sulfate precipitation (0%–80%
saturation) of the combined supernatant and washings is redissolved in the buffer [111].

19.3.3.2 Pectic Enzyme Assays
19.3.3.2.1 PG Assays
The most commonly used methods for PG estimation are
based on the colorimetric determination of the reducing groups
released in the enzymatic reaction (Table 19.9). Additionally, a
viscosimetric assay may be used.
A wide number of reaction media for PG activity have been
described [109,112,113]. The most common substrates are polygalacturonic acid (PGA) and sodium polypectate at concentrations
ranging from 0.25% to 1%, with the media generally buffered
at acidic (4.0–5.0) pH values using acetate buffers (citrate buffers interfere with the Somogyi–Nelson assay). The presence
in the reaction mixtures of NaCl (0.15 M) and the addition of
sodium azide (in trace amounts) have been recommended in
order to avoid microorganism growth during incubation. EDTA
(2.0 mM) in the reaction mixtures inhibits contaminating PELs.
Medium controls contain boiled enzyme extract.
In the Somogyi–Nelson assay [114], the reaction is stopped by
adding 0.5 mL of copper reagent to 0.5 mL of reaction mixture.
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After incubation for 10 min in a boiling water bath, the mixture
is cooled to room temperature and 1.0 mL of arsenomolybdate
reagent added. This is allowed to stand for 15–40 min at room
temperature. Then the mixture is centrifuged and the absorbances of the supernatants are read at 500 nm. The absorbance
values are used in reference to a d-galacturonic acid standard
curve.
The copper reagent is prepared by dissolving 12 g of sodium
potassium tartrate and 24 g of anhydrous sodium carbonate
in 250 mL of water. The following reagents are then added in
sequence while stirring: a solution of 4.0 g of cupric sulfate
pentahydrate in 100 mL of water, 16 g of sodium hydrogen carbonate, and a solution of 180 g of anhydrous sodium sulfate in
500 mL of boiled water. The mixture is then brought to 1 L with
water. The arsenomolybdate reagent is prepared by dissolving
25 g of ammonium molybdate in 450 mL of water and adding
21 mL of 96% sulfuric acid and a solution of 3.0 g of disodium
hydrogen arsenate heptahydrate in 25 mL of water; the reagent is
incubated at 37°C for 24 h before use.
For the 2-cyanoacetamide assay [115], mix 1 mL of the
enzyme reaction sample with 1 mL of 1% 2-cyanoacetamide
and 2.0 mL of 0.1 M borate buffer (pH 9.0) in a test tube and
heat the tube in a boiling water bath for 10 min. Cool the tube
immediately by immersing in tap water and measure the absorbance of the reaction mixture at 276 nm within 2 h. Read the
carbohydrate concentration from the calibration curve obtained
for the standard solutions of galacturonic acid by the same
procedure.
The viscosimetric assay [116] is based on the determination of
the decreases in viscosity of a pectic acid solution caused by PG.
In this method, 6 mL of 0.5% pectic acid solution in McIlvaine’s
buffer, pH 5.0, in an Ostwald viscosimeter, is incubated at 37°C
for 3 min. After incubation, 1 mL of enzyme extract is added and
the mixture is incubated at 37°C for 5 min. The rate of viscosity
reduction (A) is calculated as follows:
A=

(Ta − T )
× 100
(Ta − T0 )

(19.3)

where T is the flow time (s) of the reaction mixture, Ta is the
flow time (s) of pectic acid solution added to the heat-inactivated
enzyme, and T0 is the flow time (s) of water added to the heatinactivated enzyme. One unit of enzyme activity is defined as the
activity reducing the viscosity by 50%.

19.3.3.2.2 PE Assays
The methods for PE determination (Table 19.9) are based on
titration of the carboxyl groups formed in the hydrolysis of pectins, the spectrophotometric determination of the changes in
absorbance of a pH indicator added to the reaction mixtures, or
the gas chromatographic determination of the methanol released
during the enzymatic reaction.
In the titrimetric method [110,117,118], a pectin solution (in
the range of 1%–1.5%), often containing NaCl (0.1–0.15 M), at
the desired pH (depending on the enzyme source) and enzyme
extract is automatically titrated with a standard NaOH (0.01–
0.02 M) solution. Enzymatic activity is expressed as moles of
carboxylic groups released per time unit.
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Table 19.9
Pectic Enzyme Assays
Method

Reaction Medium

Detection

Reference

PG
Somogyi–Nelson
assay

2-Cyanoacetamide
assay

Viscosimetric assay
Pectinerase
Titrimetric assay
Colorimetric assay

PEL
4,5-Unsaturated
product assay

50 mM Na acetate pH 5.3 + 0.2%
PGA, + 5 mM
EDTA, + 100 mM NaCl,
+ sodium azide (trace)
Acetate buffer pH 4.0–5.0 + 0.5%–1%
PGA or sodium
polypectate, + 150 mM
NaCl + 2 mM EDTA
McIlvaine’s buffer (pH 5.0), + 0.43%
pectic acid

Colorimetry (see text)

[114]

Spectrophotometry 276 nm

[109,112,113,115]

Viscosimetry

[116]

1.0%–1.5% pectin (at the desired pH),
+ 100–150 mM NaCl
0.15 mM K-phosphate pH
7.5 + 0.33% pectin,
+ 0.0005% bromothymol blue

Titrimetry

[110,117,118]

Colorimetry 620 nm

[119]

50 mM Tris-HCl pH 8.5, + 0.20
PGA, + 0.50 mM CaCl2

Spectrophotometry 232 nm

[114]

For the spectrophotometric method [119], mix 2 mL of 0.5%
(w/v) citrus pectin (prepared in distilled water by heating to 40°C
with continuous stirring) with 0.15 mL of 0.01% (w/v) bromothymol blue in 0.003 M potassium phosphate buffer, pH 7.5, and
0.88 mL of water. The reaction is monitored at 620 nm in a recording spectrophotometer. After determining the absorbance of the
solution, the reaction is started by addition of enzyme extract,
and decrease in absorbance is calculated from the progress curve
of the reaction. A standard curve is plotted, by using different
amounts of galacturonic acid instead of enzyme sample, in order
to determine the equivalence between decreases in absorbance at
620 nm and micromoles of carboxylate groups. The enzymatic
activity is expressed as microequivalents of released carboxylate
groups per time unit. The assay must always be started at the same
pH to ensure reproducible color changes; thus, the reagents must
be prepared in distilled water or weakly buffered solutions. The
enzyme must be extracted by using unbuffered NaCl solutions.
In the gas–liquid chromatography (GLC) method [120], once
the enzymatic reaction is stopped, the pH of the mixtures (3 mL)
is adjusted to pH 7.0, and 330 µL of 25 mM isopropanol is added
as an internal standard for gas chromatography. Samples (2 µL)
are injected into a chromatograph fitted with a flame ionization
detector and a 5% Carbowax 20 M, 80/120 Carbopack B column.
The chromatogram is run at a constant temperature of 80°C. The
chromatograms are analyzed with an integrator and the methanol concentration is calculated by comparing with the isopropanol internal standard. Enzyme activity is expressed as moles of
methanol produced per time unit.

19.3.3.2.3 PEL Assay
In this method [114], enzyme activity is measured by increases
in absorbance at 232 nm of the reaction mixtures produced by

4,5-unsaturated reaction products. For this, in a cuvette, mix
2.5 mL of 0.6 mM CaCl2 and 0.24% (w/v) PGA in 60 mM TrisHCl buffer, pH 8.5, and 0.5 mL of adequately diluted enzyme
sample and read changes in absorbance at 232 nm with time.
To prevent the formation of an insoluble calcium-polygalacturonate complex during preparation of the substrate solution,
first dissolve the PGA in 120 mM Tris-HCl, pH 8.5, buffer, and
then add the same volume of 1.2 mM CaCl2 dissolved in water.
The enzyme activity is expressed as micromoles of 4,5-unsaturated product per time unit for which ε232 = 4600 M−1 cm−1 is
used [121].
A partial purification of PEL has been achieved by negative
adsorption on Q-sepharose and positive adsorption on strong
cation exchanger, SP-sepharose [122]. Hydrophobic interaction
employing phenyl-sepharose as well as gel filtration through
Ultrogel AcA-54 and Sephadex G-75 were most effective. PEL
was eluated as a single peak at 0.57 M (NH4)2SO4 from phenylsepharose column, resulting in 3.9-fold purification with 62%
recovery of the enzyme. The enzyme adsorbed on SP-sepharose
column could be eluated in 0.44 M NaCl with 1.5-fold purification. Ultrogel AcA 54 chromatography resulted in 3.3-fold
purification of the enzyme. Gel filtration of the purified enzyme
through Sephadex G-75 resulted in further twofold purification of
the enzyme. These steps led to the purification of the enzyme by
about 120-fold with about 4% recovery from the initial extract.
PEL activity was not detected in the crude extract when
banana pulp tissue was homogenized in Na–Pi buffer [123]. The
incorporation of cysteine in the homogenizing medium led to
manifestation of the enzyme activity. Supplementation of the
homogenizing medium with Triton X-100 also led to demonstration of PEL activity with high activity at 1% (v/v) concentration.
The maximum activity was obtained when the homogenizing
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medium was supplemented with both cysteine (0.02 M) and
Triton X-100 (1%, v/v). PEL activity was observed in the above
extracts only when assayed by the thiobarbituric acid (TBA)
method. However, a good PEL activity was observed in the
extract dialyzed overnight against 2 mM Na-Pi buffer, pH 7.0, or
dialyzed (NH4)2SO4.
After washing and removing the peel, the roots of Peruvian
carrot were cut into dices [124]. A sample of 200 g was homogenized with 200 mL of NaCl solution at different concentrations
in a regular blender for 2 min. The homogenate pH was adjusted
to different pH by adding 3.0 M NaOH or 2.0 M acetic acid. The
homogenate was stirred continuously at 4°C for different times
(4, 28, and 52 h). The crude extract was centrifuged at 10,000g
for 30 min at 4°C. The supernatant, called enzymatic extract,
was used directly as the enzyme source.
The PE activity was determined by methanol production,
assayed by a modification of the method of Klavons and Bennett
[125], as follows: 150 μL of enzymatic extract was added to
100 μL solution containing 100 mM sodium phosphate buffer
(Na2HPO4 –NaH2PO4, 0.1 M), pH 6.5, and 0.1% of pectin. The
assay mixture was incubated at 25°C for 15 min in microfuge
tubes. The reaction was stopped by heating at 100°C in a water
bath for 3 min and the mixture, cooled to 25°C, was diluted to
2.0 mL with 20 mM Tris-HCl, pH 7.5, and 1 U of alcohol oxidase
was added. After 15 min at 25°C, 1.0 mL of 20 mM 2-4-pentanodione in 2.0 M ammonium phosphate was added and the reaction
mixture placed in a water bath at 60°C for 15 min. The absorbance was measured at 412 nm against a blank made with the
same components but with enzymatic extract previously boiled
for 5 min. A calibration curve, using methanol as a standard, was
prepared ranging from 0 to 435 nmol/mL of methanol, considering that the correlation between color development and methanol concentration were linear up to 435 nmol/mL methanol. One
enzyme activity unit was expressed by 1.0 nmol MeOH × mg
protein−1 × h−1.
The PG activity was assayed according to Gross [126] and
Honda et al. [115] with some modifications. The assay of PG
activity was based on the hydrolytic release of reducing groups
from PGA. Reaction mixtures containing 5 μL of enzyme extract
in 45 μL of 37.5 mM Na-acetate (pH 4.4) and 150 μL of the same
Na-acetate buffer, with 0.2% of PGA, were incubated at 30°C for
2 h. For quantifying the released reducing groups, the reaction
was stopped by adding 1.0 mL of cold 100 mM borate buffer (pH
9.0), followed by 0.2 mL of 1% 2-cyanoacetamide. The samples
were mixed and immersed in a boiling water bath for 10 min.
After equilibration at 25°C, the amount of reducing sugars was
measured at λ = 276 nm against a blank made up with the same
components but with enzyme extract previously boiled for 5 min.
A calibration curve, using galacturonic acid as a standard, was
prepared from 0 to 250 nmol/mL. One unit of enzymatic activity
was expressed by 1.0 nmol of galacturonic acid produced × mg
of protein−1 × h−1.
Extraction of grapefruit PME was performed according to
the method of Wicker [118] using 0.2 M Tris(hydroxymethyl)aminomethane buffer with 1 M NaCl (1:2 w/v). Afterwards, the
extract was partially purified by ammonium sulfate precipitation. The fraction precipitating between 30% and 80% ammonium sulfate saturation was collected and dissolved in 20 mM
Tris-HCl buffer, pH 7.5. This crude extract of grapefruit PME

Handbook of Food Analysis
was further purified by affinity chromatography using the procedure described by Ly Nguyen et al. [127,128] but using a
(N-hydroxysuccinimide)-NHS-sepharose 4 Fast Flow resin.
Purified grapefruit PME fractions were desalted and concentrated
using Centricon Plus-20. The concentrate obtained was dissolved
in 20 mM Tris buffer (pH 7.0), quickly frozen in liquid nitrogen,
and stored at −80°C. PME activity was measured by continuous titration of carboxyl groups released from a pectin solution
using an automatic pH-stat and 0.01 N NaOH. Routine assays
were performed with 3.5 mg/mL −1 apple pectin solution (degree
of esterification of 75%, 30 mL) containing 0.117 M NaCl (pH
7.0) at 22.5°C. The activity unit (U) of PME was defined as the
amount of enzyme required to release 1 μmol of carboxyl group
per minute, under the above-mentioned conditions. Alternatively,
for inactivation kinetics, the activity was expressed in mL 0.01 N
NaOH/min.
Activity of PG, produced by Aspergillus sojae, was defined
and assayed according to the procedure given by Panda et al.
[129], using PGA as substrate at pH 6.6 and 26°C [130].
All extraction and purification steps of PG from mango were
performed at temperature not exceeding 5°C. The acetone-dried
powder (20 g) of mango pulp was homogenized with the extraction buffer (150 mL) in a mixer and incubated overnight at 4°C
[131]. The extraction buffer consisted of 0.1 M citrate buffer
containing high ionic strength salt (1.3 M NaCl), 13 mM EDTA,
1% PVP, 0.1% PMSF (phenylmethanesulfonylfluoride), and 0.1%
cystenium HCl. The resultant slurry was filtered through cheesecloth and clarified by centrifugation at 7000 rpm for 15 min.
The crude enzyme extract, dialyzed and concentrated using
sucrose solution, was applied onto DEAE-cellulose column
(12.5 × 3.2 cm) and eluted first with 20 mM acetate buffer (pH
4.8) and then with the same buffer containing linear gradient of
NaCl (0–1 M). Fractions (4 mL) were collected and the enzyme
active fractions were pooled separately, dialyzed, concentrated,
and applied onto a column of precalibrated Sephadex G-200
(85 × 1.2 cm), equilibrated with 50 mM acetate buffer (pH 4.8)
containing 0.05 M NaCl.
A suitably diluted enzyme solution was added to a reaction
mixture containing 0.1 mM acetate buffer (pH 3.8) and 2.5 mg/
mL PGA and adjusted to pH 4.0 with 1 N NaOH, in a total volume of 1 mL. The reaction was incubated at 37°C for 2 h and later
terminated by adding potassium ferricyanide reagent (2 mL), followed by heating at 100°C for 20 min [132]. The reducing sugar
released was measured (as GalA) spectrophotometrically at
420 nm. One unit of enzyme activity was defined as number of
micromole reducing sugar equivalent to GalA released per hour
under standard assay conditions (1 unit = 0.275 nkat).
All extraction and purification steps of PG from mango were
also performed in this method at temperature not exceeding
5°C [133]. A 30% homogenate was prepared with frozen tissue of mango in extraction buffer and incubated for 20 min at
4°C. Extraction buffer consisted of 50 mM sodium phosphate
buffer (pH 7.0), 20 mM EDTA (pH 8.0), 20 mM cysteine, 0.5%
Triton X-100, and 0.1% β-mercapto ethanol. During homogenization 33 mg PVPP (insoluble) was added per gram of tissue. Homogenate was centrifuged at 12,000 rpm for 25 min at
4°C. Supernatant was collected after passing through the muslin
cloth. Clear supernatant was subjected to 30%–90% ammonium
sulfate saturation. The suspension was centrifuged for 30 min
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at 12,000 rpm (17,212g). The pellet was suspended in 20 mM
sodium phosphate buffer (pH 7.0) and dialyzed against the same
buffer for overnight. Dialyzed ammonium sulfate fraction was
loaded on DEAE cellulose column pre-equilibrated with 20 mM
sodium phosphate buffer (pH 7.0). The column was washed with 3
column volume of the above buffer and the adsorbed protein was
eluted using step gradient of NaCl (0.1–1 M). The unadsorbed
fractions from DEAE cellulose column was concentrated by
dialysis against solid sucrose and loaded onto the carboxymethyl
(CM) cellulose column equilibrated with 20 mM acetate buffer
(pH 6.0). The adsorbed enzyme on DEAE cellulose and CM cellulose column was eluted with step gradient of NaCl (0.1–1 M)
in 20 mM sodium phosphate buffer (pH 7.0). Active fractions
obtained after the ion-exchange chromatography were pooled
separately and concentrated by dialysis against solid sucrose.
The concentrated fractions were further purified on gel filtration
chromatography using Sephadex G-200 pre-
equilibrated and
eluted with 100 mM sodium acetate buffer (pH 6.0).
The enzyme assay was done as described by Gross [126] with
slight modification. Reaction system (0.4 mL total volume) containing 37.5 mM sodium acetate (pH 3.5–6.0) or sodium phosphate (pH 6.5–7.5) buffer, 0.2% PGA, and 50–100 μL of enzyme
was incubated at 37°C for 90 min. Reactions were terminated
with 1.0 mL of cold 100 mM borate buffer (pH 9.0), then 0.4 mL
of 1% 2-cyanoacetamide was added, and the samples were mixed
and immersed in boiling water bath for 10 min. After equilibration to room temperature, the absorbance at 276 nm was measured. PG activity was expressed in terms of microkatal units.
One katal of PG catalyzed the formation of 1 mol of galacturonic
acid per second under the conditions of the enzyme assay.
PG was extracted from the fruits Zizphus muritiana, Uapaca
kirkiana, Tamarindus indica, and Berchemia discolor. The fruits
were kept frozen below 4°C [134].
The peels were first removed and the pulp separated from skin
and seeds by pressing the seed and pulp mixture over cheesecloth. Pulp was then frozen.
The frozen pulp (200 g) was homogenized in a blender with
ice (200 g) until all the ice had melted. The pH of the homogenate was adjusted to 3 with 0.1 M HCl and the mixture centrifuged at 8000g at 4°C for 20 min. The pellet was suspended
in cold distilled water (180 mL), pH adjusted to 3, and the mixture centrifuged at 12,000 rpm at 4°C for 5 min. Washing of
the pellet by suspension in water at pH 3 was repeated until no
reducing sugars were detected in the washings by the DNSA
(3,5-dinitrosalicylic acid).
After all the reducing sugars had been extracted from the pellet, cold extraction buffer (90 mL, 1.7 M NaCl, 50 mM sodium
citrate and 15 mM EDTA, pH 5.5) was added in order to release
PG. The pulp was homogenized in a mortar and pestle in the
presence of acid-washed sand. The mixture was incubated at 4°C
for 60 min with occasional stirring [135].
The solubilized enzyme was separated from the insoluble pulp
by centrifugation at 1200 rpm at 4°C for 20 min. The supernatant, which was regarded as the crude enzyme extract, was tested
for reducing sugars using the DNSA method, and also for proteins using the modified Lowry method. The solution of crude
enzyme was dialyzed against distilled water for 16 h with three
changes of distilled water in order to remove excess NaCl and
stored frozen at −20°C until required.

The PG activity was determined by measuring the amount
of reducing substances liberated from citrus pectin. The reaction mixture consisted of substrate buffer (0.125 g citrus pectin dissolved in 25 mL of 0.2 M acetate buffer, pH 4.2) and
enzyme solution (0.5 mL). This reaction mixture was incubated at 37°C for 30 min. Heating the mixture for 5 min in a
boiling water bath then stopped the reaction. The amount of
galacturonic acid was determined by measuring the reducing
groups, using the DNSA method [136]. After cooling, absorbance was read at 570 nm. One unit of enzyme activity was
defined as the activity that releases 1 mmol of reducing groups
in 1 min at 37°C [137].
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20.1 Introduction
Lipids are a broad group of compounds that are generally soluble in organic solvents but only sparingly soluble in water. The
majority of them are derivatives of fatty acids. In fact, the glycerol esters of fatty acids account for about 98% of the lipids in
foods and over 90% of the fat in the body (Belitz et al., 2009;
Ensminger et al., 1995; McClements and Decker, 2008). Fatty
acids are, therefore, the major constituents of lipids.
Fatty acids are the aliphatic monocarboxylic acids that can be
liberated by hydrolysis from naturally occurring fats and oils.
They are mostly straight-chain compounds with an even number
of carbon atoms. This chain may have double bonds, which have
commonly Z (cis) configuration, and, in the case of several double bonds, they are usually separated by one methylene group.
Nevertheless, the presence of branched, trans, and conjugated
fatty acids may be found to some extent in most foods. In addition, substituted acids are rare but natural hydroxyl, epoxy, and
oxo acids have been described.
Fatty acids are classified according to their chain length, the
existence and the number of double bonds, and the presence of
branches, cycles, or other groups. There is not a generally accepted
division of fatty acids according to chain length, although shortchain fatty acids are usually considered to have from 4 to 10 carbon atoms; medium-chain fatty acids, 12 or 14 carbon atoms; and
long-chain fatty acids, 16 or more carbon atoms.

20.2 Occurrence
Tables on fatty acid composition of foods have been compiled
by different authors, including Zamora and Hidalgo (2004). In
general, the following outline of fatty acid composition can be
generated:
• Depot fats of higher land animals mainly consist of
palmitic, oleic, and stearic acids and are high in saturated fatty acids. The total content of acids with 18
carbon atoms is about 70%. Nevertheless, the kind of
feed consumed by the animals, especially those that are

•

•

•
•

monogastric, may greatly influence the composition of
depot fats.
Ruminant milk fats are characterized by a much greater
variety of component fatty acids. Many fatty acids have
been identified in different studies, and about 15 of
the fatty acids occur in quantities of 1% or more of the
total fatty acids. Short-saturated fatty acids with 4–10
carbon atoms are present in relatively large amounts.
The major fatty acids are palmitic, oleic, and stearic.
Nevertheless, the presence of a high number of even
and odd saturated, monounsaturated, polyenoic, trans,
monobranched, and multibranched acids have been
described in cow’s milk fat (Jensen, 1995).
Marine oils also contain a wide variety of fatty acids.
They are low in saturated fatty acids (mainly myristic
and palmitic acids) and high in unsaturated fatty acids,
especially those unsaturated acids with long chains
containing 20 or 22 carbon atoms or more and up to six
double bonds.
Fruit coat fats contain mainly palmitic, oleic, and
sometimes linoleic acids.
Seed fats can be divided into three groups on the basis
of fatty acid composition. The first group comprises
oils containing mainly fatty acids with 16 or 18 carbon atoms and includes most of the seed oils. The second group comprises seed oils containing erucic acid.
These include rapeseed and mustard seed oils. The
third group is that of vegetable fats, comprising coconut oil and palm kernel oil, which are highly saturated,
containing large amounts of medium- and short-chain
fatty acids, and cocoa butter, which contains only palmitic, stearic, and oleic acids in approximately equal
proportions.

20.3 Lipid Extraction
The first step in the process of fatty acid analysis is extracting the lipids from the food matrix. Many solvents or solvent

Free ebooks ==> www.ebook777.com
415

Fatty Acids
combinations can be used to extract lipids from food products,
but care must be taken to ensure that lipolytic and other enzymes
are deactivated and that the recovery is complete. In addition,
precaution must also be taken to avoid, or at least minimize, auto
or enzymatic oxidation of polyunsaturated fatty acids.
The extraction procedure will depend on the nature of the food
matrix as well as the lipid components. Neutral lipids (triacylglycerols) can be extracted by nonpolar solvents such as petroleum
ether, hexane, or supercritical carbon dioxide. For the extraction
of polar lipids (phospholipids and glycolipids), polar solvents
must be used for quantitative determination, sometimes preceded by a chemical hydrolysis to break bonds formed between
lipids and proteins.
The two main structural features of lipids that influence their
solubility in organic solvents are the hydrophobic hydrocarbon
chains of the fatty acid or other aliphatic moieties and any polar
functional groups, such as phosphate or sugar residues, which
are markedly hydrophilic. Any lipids that lack polar groups,
for example, triacylglycerols or cholesterol esters, are very soluble in hydrocarbons such as hexane, toluene, or cyclohexane
and also in moderately polar solvents such as diethyl ether or
chloroform. In contrast, they are rather insoluble in a polar solvent such as methanol. The solubility of such lipids in alcohols
increases with the chain length of the hydrocarbon moiety of
the alcohol, so that they tend to be more soluble in ethanol and
completely soluble in 1-butanol. Similarly, lipids with fatty acyl
residues of shorter chain length tend to be more soluble in more
polar solvents; thus, tripalmitin is virtually insoluble in methanol but tributyrin is easily dissolved. Unless solubilized by the
presence of other lipids, polar lipids, such as phospholipids and
glycosphingolipids, are only slightly soluble in hydrocarbons,
but they dissolve readily in more polar solvents such as methanol, ethanol, or chloroform (Dijkstra et al., 2007; Hinrichsen
and Steinhart, 2006).
To assure quantitative lipid extraction with marginal lipid
changes, the ideal solvent or solvent mixture must be fairly
polar, but not so polar as to react chemically with the lipids
or not to dissolve triacylglycerols and other nonpolar simple
lipids. The use of two miscible solvents, one nonpolar (hydrocarbon or halocarbon) and one polar (alcohol), is frequently
preferred. However, other solvents may be preferred for specific applications. Thus, for example, 1-butanol saturated with
water has been recommended for the extraction of cereals or
wheat flour, in which the lipids may be in close association
with starch, some in the form of inclusion complexes (Morrison
et al., 1980).
Free fatty acids can be isolated from a lipid extract by adsorption chromatography by means of one of the methods described
in Section 20.4. However, when short-chain fatty acids, especially
butyric acid, are present as free fatty acids in foods such as dairy
products, the different operations of lipid extraction and lipid
class separation may cause a major loss of these acids because
of their volatility and water solubility. In that case, it is preferable to immediately isolate the free fatty acid fraction from the
lipid extract in such conditions that no loss of short-chain fatty
acids occurs. Many procedures have been described, including
the use of solid-phase microextraction and, more recently, the
use of nanoparticles (Collomb and Spahni, 1995; Tomaino et al.,
2001; Wei et al., 2013).

The extraction of lipids is generally followed by the separation of the organic phase from unextractable material by decantation or centrifugation and filtration. The organic layer is then
washed to remove nonlipid contaminants, and, finally, the solvent is removed from the extract by distillation or evaporation
under nitrogen. Practical protocols for lipid extraction have been
collected previously by Zamora and Hidalgo (2004).

20.4 Separation of Lipid Classes
Depending on the type of analysis to be carried out, a previous
separation of the sample into the component lipid classes may
be required. This step also removes matrix interferences and
concentrates the analyte. The separation can be simple, yielding
nonpolar, and polar fractions, or complex, resulting in separation
and isolation of triacylglycerols, free fatty acids, sterols, steryl
esters, glycolipids, acidic phospholipids, neutral phospholipids,
and so on. This can be carried out by using different chromatographic techniques.

20.4.1 Column Chromatography
Column Chromatography (CC) has for many years been the traditional procedure to obtain purified lipid fractions in high amounts
(several hundred of milligrams or more) and, therefore, it was
extensively reviewed (Aitzetmüller, 1975). However, the development of powerful analytical techniques that can be applied to
minute amounts of compounds has substituted this technique by
faster techniques that require less consumption of solvents.

20.4.2 Thin-Layer Chromatography
Thin-layer chromatography (TLC) and high-performance thinlayer chromatography (HPTLC) are used extensively for lipid
analysis because they are fast and relatively inexpensive methods of separating complex mixtures. In addition, it is a valuable
tool for the separation and tentative identification of neutral and
complex lipid classes (Fuchs et al., 2011a). It is particularly useful for smaller, apolar compounds, and offers some advantages
over high-performance liquid chromatography (HPLC), in particular the speed of the process and the detection of saturated
lipids.
Silica gel is the most popular stationary phase for the analysis of lipids and it can be modified by impregnation with other
substances to provide optimum results regarding the separation
of a certain lipid class, such as the impregnation with AgNO3
to separate fatty acids based on the degree of unsaturation
(Momchilova and Nikolova-Damyanova, 2012). Particle size is
usually 10–50 μm in TLC and 5 μm in HPTLC. The employed
mobile phase is usually quite apolar with the addition of solvents
of higher polarity to separate polar lipids. A selection of mobile
phases to isolate different lipid classes has been collected by
Zamora and Hidalgo (2004). Detection can be achieved by the
use of dyes or by spraying the plate with a corrosive reagent and
charring the plate. In addition, the use of two-dimensional TLC
and the coupling of TLC to mass spectrometry (MS) are also
very useful to achieve better separations and to identify the separated lipids, respectively (Fuchs et al., 2011a).

www.ebook777.com

Free ebooks ==> www.ebook777.com
416

Handbook of Food Analysis

20.4.3 Solid-Phase Extraction Chromatography

20.5.1 Saponification Value

Solid-phase extraction (SPE) is also used for lipid analysis
because it is a simple and rapid technique that, using the principles of traditional liquid–solid CC and HPLC, has a number of
advantages over other sample preparation methods (Bielawska
et al., 2010). Thus, due to smaller sizes and volumes, SPE columns generally require less eluting solvents and disposal costs,
resulting in direct cost savings. In addition, sample capacities
and solvent elution volumes may be appropriate for direct injection onto a gas or liquid chromatograph without further sample
preparation, reducing contamination and sample losses incurred
during transfer steps. Furthermore, when sample concentration
is required, the small solvent volumes are evaporated easily and
rapidly, and the traditional problems associated with emulsion
formation common in liquid–liquid extractions, are eliminated
with SPE. Phases and solvent systems employed for separation
of lipid classes were collected by Zamora and Hidalgo (2004).
Most of them use either silica or aminopropyl columns and also
different proportions of diethyl ether, hexane, chloroform, and
methanol. These systems provide separation of glycerides, free
fatty acids, and phospholipids, as well as lipid oxidation products. Argentation SPE chromatography has also been used to
separate lipid materials on the basis of the number, type, and
position of the unsaturated centers (Momchilova and NikolovaDamyanova, 2012).

Saponification value is the amount of alkali necessary to saponify a definite quantity of the lipid sample (AOCS, 2009a). It is
expressed as the number of milligrams of potassium hydroxide
(KOH) required to saponify 1 g of the sample. The saponification value gives information on the average chain length of the
fat-constituent fatty acids. It increases when the chain length
decreases and conversely. For example, the saponification value
of sunflower oil rich in C18 fatty acids is about 190, while that of
coconut oil rich in lauric acid (C12) is about 260.

20.4.4 High-Performance Liquid Chromatography
HPLC is also a very powerful tool for the separation of lipid
classes. High-quality separations are achievable and it is also
applicable on a preparative scale. In addition, the use of evaporative light-scattering detection allows detection of any analyte
less volatile than the mobile phase (Restuccia et al., 2012), and
coupling with MS is well established. Many different types of
column-packing materials, solvent elution systems, and detectors
have been used for lipid class separations by HPLC, depending
on the problem to be solved.
Normal-phase HPLC provides neutral lipid class separations
of the type originally established for silicic acid absorption columns. Like TLC, normal-phase HPLC separations may also
be modified by inclusion of various modifiers in the adsorbent
phase, such as silver ions to separate triacylglycerols based on the
degree of unsaturation (Momchilova and Nikolova-Damyanova,
2012). Although reverse-phase HPLC has also been used for lipid
class separation, the most accepted use for these columns is the
resolution of molecular species of neutral glycerolipids and polar
lipids (Lin and Chen, 2012).

20.5 Chemical Methods in Fatty Acid Analysis
General information on the constituent fatty acids of fats can be
obtained from different chemical analyses giving specific “values.” These methods have been standardized and they are thoroughly described in Official Methods. Many of these chemical
determinations are still used. However, the information brought
about by these determinations is general and does not indicate
the specific fatty acids present in the fat and their proportion.

20.5.2 Acid Value
The acid value is the number of milligrams of KOH necessary to
neutralize the free acids in 1 g of sample (AOCS, 2009b). With
samples that contain virtually no free acids other than fatty acids,
the acid value gives information of the free fatty acids present in
the sample.

20.5.3 Iodine Value
The iodine value is a measure of the unsaturation of fats and
oils. It can be determined either chemically or spectrophotometrically, or calculated from fatty acid composition data (AOCS,
2009c,d,e). Iodine value gives information on the average degree
of unsaturation of the constituent fatty acids. It increases with
unsaturation. For example, the iodine value of sunflower oil rich
in linoleic acid (18:2 n-6) is about 125 while that of coconut oil
rich in saturated fatty acids is only about 8.

20.5.4 Polyunsaturated Acids
Polyunsaturated acids may be calculated by the ultraviolet (UV)
absorption in a purified solvent (AOCS, 2009f). If acids are conjugated, the absorption is measured directly. If acids are nonconjugated, they may be partially conjugated by heating in a
KOH–glycol solution and then the absorption of the conjugated
constituents is measured in a UV spectrophotometer. The percentages of conjugated diene, triene, tetraene, and pentaene and
of linoleic, linolenic, arachidonic, and pentaenoic acids are calculated from these measurements.

20.5.5 Hydroxyl Value
The hydroxyl value is defined as the number of milligrams
of KOH equivalent to the hydroxyl content of 1 g of sample
(AOCS, 2009g). The hydroxyl value gives information on the
presence or absence of hydroxylated fatty acids in fats. For
example, castor, which is rich in ricinoleic acid, has a hydroxyl
value of about 150.

20.5.6 Oxirane Oxygen Value
Oxirane oxygen value determines the presence of epoxy groups
by direct titration of the sample with hydrogen bromide in acetic acid (AOCS, 2009h). This value provides information on the
presence of epoxidized fatty materials and epoxy compounds in
general.
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20.5.7 Peroxide Value
Peroxide value determines all substances, in terms of milliequivalents of peroxide per 1000 g of sample that oxidize potassium
iodide (KI) under the conditions of the test (AOCS, 2009i). The
substances are generally assumed to be peroxides or other similar products of fat oxidation. Therefore, this value gives information on the presence of oxidized fatty acids.

20.5.8 p-Anisidine Value
This method determines the amount of aldehydes (principally
2-alkenals and 2,4-dialkenals) in animal and vegetable fats and
oils, by reaction of these compounds with p-anisidine (AOCS,
2009j). Although it does not measure fatty acids, the presence
of aldehydes may also provide information on the presence of
oxidized fatty acids.

20.5.9 2-Thiobarbituric Acid Value
The TBA value is defined as the increase of absorbance measured at 530 nm due to the reaction of the equivalent of 1 mg
of sample per 1 mL volume with 2-TBA (AOCS, 2009k).
Secondary oxidation products of oils and fats react with 2-TBA
forming condensation products; the absorbance of which is
measured at 530 nm, the wavelength of one of their absorption
maxima. Alternatively, the condensation products may also
be determined spectrofluorimetrically (Zamora et al., 1997).
Although indirectly, this value may also provide information on
the presence of oxidized fatty acids.

20.6 Fatty Acid Analysis by Gas
Chromatography
Gas chromatography (GC) (or gas–liquid chromatography) (GC
or GLC) still remains as the most valuable and efficient method
of resolution and quantitation of fatty acids. This technique is
well established in terms of highly standardized sample-preparation procedures, affordability, and availability of library searching for compound identification when using MS detection (Wei
and Zeng, 2011). A selection of methods recently applied in the
GC determination of fatty acids is presented in Table 20.1.

20.6.1 Derivatization
Analysis of fatty acids in the free form is practically reserved to
the free fatty acid fraction of a lipid extract when volatile shortchain fatty acids are present. This procedure avoids, or considerably limits, losses of short-chain fatty acids that are relatively
volatile, especially as methyl esters, and partially water soluble.
With the exception of these cases, fatty acids are usually derivatized. The derivatization step increases the volatility of fatty
acids, enhances their detection sensitivity, improves the chromatographic resolution, and reduces peak tailing for long-chain
fatty acids (Wei and Zeng, 2011).
For most fatty acid mixtures, use of ester derivatives, especially of methyl esters, is recommended for several reasons. The
ester derivatives are more volatile than the correspondent free

fatty acids and thereby more suited for their GC analysis in the
gaseous form. They are much less polar and do not tend to absorb
on the support or to dimerize, avoiding peak tailing, peak asymmetry, and peak shouldering. For the same reasons, other functional groups, such as hydroxyl groups, should be derivatized to
facilitate their analysis.

20.6.1.1 Formation of Methyl Esters
Methyl ester derivatives (fatty acid methyl esters [FAMEs])
are by far the most widely used derivatives in GC. Esters can
be made from acids or directly from glycerol esters. A catalyst
is generally required. This may be acidic, alkaline, or enzymic,
although alkaline catalysts cannot be used for the esterification
of free acids.
Gycerol esters are transesterified very rapidly in anhydrous
methanol in the presence of a basic catalyst. The method is not
appropriate for free acids or for amides. At low levels of free
acids, the reaction is produced with the glycerol esters. If the level
of free acids is high enough, it may interfere with the reaction by
destruction of the catalyst. It is important to carry out transesterification under conditions in which hydrolysis will not occur. A
typical protocol was collected by Zamora and Hidalgo (2004).
Acids can be esterified and glycerol esters transesterified by
reaction with a large excess of methanol and a suitable acidic
catalyst (hydrochloric acid or sulfuric acid). If the lipid is not soluble in methanol, a cosolvent such as toluene, dichloromethane,
or tetrahydrofuran, may be added (Zamora and Hidalgo, 2004).
Boron trifluoride has been recommended as the esterification
reagent in different Official Methods (AOCS, 2009l). If fatty
acids are esterified in acylglycerols, the procedure consists of a
saponification step using a 0.5 N solution of sodium the hydroxide in methanol followed by an esterification step with a solution of 12.5% (w/v) of boron trifluoride in methanol. The methyl
esters are extracted with heptane added in the reaction medium.
When the fatty acids are in the free form, the saponification step
is omitted and the fatty acids are directly esterified by the methanolic solution of boron trifluoride.
Free acids can also be esterified with diazomethane. The
reagent is prepared by the action of a base (KOH) on a nitrosamide (N-methyl-N-nitroso-p-toluenesulfonamide) and dissolved in diethyl ether, according to Schlenk and Gellerman
(1960). However, great care must be taken in the preparation and utilization of this reagent because of its toxicity and
carcinogenicity.

20.6.1.2 Formation of Other Esters and Ether
Derivatives
Sometimes, the formation of esters or ether derivatives of fatty
acids other than FAMEs may be required. Many of the methods
described above can be adapted for the preparation of alternative
alkyl esters simply by substituting the methanol by the appropriate alcohol. Thus, for example, either 1 M sodium butoxide or
2% sulfuric acid in butanol may be used for the preparation of
butyl esters.
Specific ester derivatives are prepared for structural analysis of fatty acids by GC–MS. Among them, those containing a
nitrogen atom seem to be the most useful since the ester/amide
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Table 20.1
Selection of Methods Recently Applied in the GC Determination of Fatty Acids
Lipid Source

Extraction/Separation

Derivative/Procedure

Capillary Column/
Carrier Gas

Detection and
Quantitation

Reference

Phosphatidylcholine
from egg yolk and
soy

MeOH/CC on Kieselgel 60

Ethyl esters/
Ethanol + boron
trifluoride etherate

70% cyanopropyl
polysilphenylenesiloxane (30 m)/H2

FID

Kiełbowicz et al. (2012)

Edible oils

Magnetic SPE

Methyl esters/methanol–
sulfuric acid (99:1)

HP-FFAP (30 m)/N2

FID

Wei et al. (2013)

Biodiesel/diesel
blends

SPE

Methyl esters/no
derivatization needed

DB-225MS (30 m)/
He

MS

Ruan et al. (2013)

Olive oil

—

Methyl esters/KOH in
methanol

CP-Sil 88 (100 m)/N2

FID

Aghemo et al. (2012)

Irradiated ground
beef and liquid egg

Chloroform–methanol (2:1)

Methyl esters/NaOH/
methanol + BF3/
methanol

CP-Sil 88 (100 m)/N2

FID

Li et al. (2012a)

Microencapsulated
fish-oil supplements

Toluene + acetyl chloride in
methanol (extraction +
derivatization step)

Methyl esters

Famewax (30 m)/H2

FID

Vongsvivut et al. (2012)

Phospholipids from
oat varieties

Chloroform–methanol (1:1)/
TLC

Methyl esters/sodium
methoxide in methanol

BPX70 (10 m)/H2

FID

Montealegre et al.
(2012)

Fried potato crisps

Soxhlet with diethyl ether

Methyl esters/KOH in
methanol

SP-2560 (100 m)/He

MS

Manzano et al. (2012)

Blends of olive oil
and sunflower oil

—

Methyl esters/KOH in
methanol

HP-88 (60 m)/He

FID

Monfreda et al. (2012)

Senegalese sole
juveniles

Dichloromethane–methanol
(2:1)

Methyl esters/BF3 in
methanol

CP-Sil 88 (50 m)/He

FID

Fernandes et al. (2012)

Milk

Centrifugation

Methyl esters/sodium
methanolate

CP-Sil 88 (50 m)/He

MS

Devle et al. (2012)

Flaxseed

Folch, ISO, and AOCS
methods

Methyl esters/BF3 in
methanol

DB-FFAP/H (15 m)/
H2

FID/MS

Taha et al. (2012)

Champignon, fish
oils, fish, and butter

Hexane-2-propanol (3:2)/SI
microchromatography of
FAME

Methyl esters/KOH in
methanol + BF3 in
methanol

Two Rtx-2330 (30 m)/
He

MS

Vetter et al. (2012)

CLA-rich soy oil

—

Methyl esters/sodium
methoxide in methanol

SP-2560 (100 m)

FID

Yettella et al. (2012)

Hibiscus species

n-Heptane

Methyl esters/sodium
methoxide in methanol

DB-23 (15 m)/He

FID

Wang et al. (2012)

Microalgae

Thermally assisted
hydrolysis and methylation
with trimethylsulfonium
hydroxide

Methyl esters

Ultra ALLOY-CW
(30 m)

FID

Ishida et al. (2012)

Mortierella alpine
single-cell oil

Supercritical fluid extraction
versus organic solvent
extraction

Methyl esters/BF3 in
methanol

OV-1 (30 m)/N2

FID/MS

Nisha et al. (2012)

moiety rather than the alkyl chain carries the charge when the
molecule is ionized, and the mass spectra obtained are simple
to interpret in terms of the positions of any functional groups
in the chain. Of these, pyrrolidides, 4,4-dimethyloxazoline
(DMOX), and picolinyl ester derivatives have been widely used
(Christie, 1998).
Silylation of unesterified fatty acids has also been employed
for GC analysis (Halket and Zaikin, 2003).

20.6.2 Instrumentation
20.6.2.1 Columns
Fatty acids are most commonly measured, after their conversion
into FAMEs, by utilizing the most polar and long capillary columns available. The length of the column is an important parameter for resolution capability. Increases in column length improve
the resolution capability, but also increase retention times, and
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a compromise should be found to minimize the duration of the
analysis with acceptable separation. This compromise is also
related to the stationary phase employed and the complexity of
the sample.
Some of the most common columns employed currently
use a cyanopropyl siloxane phase (Ratnayake et al., 2006).
However, low polar phases can also be employed for most routine analyses, although no separation of cis–trans isomers is
obtained. In addition, some of the most recent applications
also use capillary columns coated with highly polar ionic
liquids (Ragonese et al., 2012). This phase offers a selective interaction between the double bonds of FAMEs and its
unique chemical structure. When studying fatty acids in dairy
products, the results obtained using highly polar ionic liquids
as the phase were better than those obtained with the use of
cyanopropyl silosane-based columns (Delmonte et al., 2012a).
Furthermore, it is also possible to combine two columns of
different polarity to improve separations by using GC × GC
(see below).
The analysis of free fatty acids should be carried out by using
special phases such as acid-modified polyethylene glycol (Chin
et al., 2011).

20.6.2.2 Carrier Gases
Column efficiency is inversely related to the carrier gas density.
Therefore, hydrogen and helium are more efficient than nitrogen
or argon. In addition, hydrogen usually provides shorter analysis time for a given degree of resolution, and it is cheaper than
helium. On the contrary, helium is safer than hydrogen and also
provides good resolution.

20.6.2.3 Ovens
Temperature programming is usually employed in most fatty
acid analyses. Thus, analysis is started at low temperature to
obtain a good separation of short- and medium-chain-lengthfatty acids and then the temperature is increased at an appropriate fixed rate up to a suitable final temperature, which can be
maintained or not. The optimal temperature program is such
that the members of a homologous series (e.g., saturated fatty
acids) elute at approximately equal time intervals (Zamora and
Hidalgo, 2004).

20.6.2.5 Injectors
Sample injection is a critical step with respect to achieving high
accuracy and precision in GC. The technique most often used in
fatty acid analysis is the classical split injection mode. The split
ratio can be varied, commonly from 1:10 to 1:100. The major
drawback of this injector in fatty acid analysis is discrimination between high- and low-boiling compounds in the sample.
For most common fatty acid mixtures in which the range of
components is very narrow, this injector is perfectly convenient
(Zamora and Hidalgo, 2004). However, some authors have suggested that precision of analysis may be improved by correcting
sample discrimination with the use of three internal standards
that cover a wide range of boiling points (e.g., the acids 11:0,
17:0, and 21:0). The other option for these samples is the “oncolumn” injection procedure. The splitless technique can also
be used with dilute solutions or in cases where a limited amount
of compounds is available. Programmed temperature vaporized (PTV) injector is an alternative to the on-column injection
technique.

20.6.2.6 Two-Dimensional GC
To identify fatty acid derivatives with significant complexity
comprising a range of isomeric species, the introduction of twodimensional GC (GC × GC) may be convenient. This technique
allows obtaining higher resolution between peaks than in conventional GC (Von Mühlen and Marriott, 2011). GC × GC is
based on the application of two GC columns coated with different stationary phases, connected in series through a special
interface. Thus, compounds coeluting from the first column
can be fractionated in the second column. In addition, it is also
possible to include a chemical reaction between the two dimensions, which might also improve separation and identification
(Delmonte et al., 2012b).

20.6.3 Qualitative Analysis
The first problem encountered in GC analysis is the identification of peaks in the chromatogram. This can be achieved more or
less accurately but rapidly by using retention parameters or more
accurately by specific methods such as MS.

20.6.2.4 Detectors

20.6.3.1 Peak Identification Using Retention
Parameters

The flame-ionization detector (FID) is the most convenient
for routine analysis of most fatty acid mixtures. This detector displays a large number of qualities: high sensitivity, great
stability even in temperature-programmed analyses, low dead
volume avoiding peak broadening, short response time, and linear response over a wide range of concentrations of the solutes
in the carrier gas. For complex mixtures, which might include
unknown components, the use of mass spectrometric detectors is usually more convenient. These detectors are nowadays
present in most laboratories and they allow the identification of
the fatty acid by MS in addition to its retention index. In addition, the unexpected compounds can be tentatively identified by
library searching.

The easiest way to identify fatty acids is by comparing their
retention times with those of commercially available individual
purified standards. These should cover the range from 4 to 24
carbon atoms and include both saturated and unsaturated compounds. Comparison with chromatograms of well-characterized
samples also can aid greatly in locating the less stable polyunsaturated fatty acids, for example. Cod liver and canola oils have
been recommended for such purposes (Zamora and Hidalgo,
2004). In the analysis of fatty acid samples from dairy products,
a reference mixture can be obtained from a bovine butter oil.
For peaks that remain unidentified via the above procedures,
retention data in the literature should be consulted. These data
are presented in a number of ways, although equivalent chain
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length (ECL) values are commonly employed. The ECL values are based on a near-linear relationship existing between the
logarithms of the adjusted retention times (log t’R) of a homologous series of compounds (e.g., saturated straight-chain FAMEs,
although it is also valid for other esters and homologous series)
and their carbon chain lengths. The retention times of other members of the homologous series can be deduced from this linear
relationship and their identification can be tentatively deduced
from their measured retention times. Such ECL values are valid
for a particular stationary phase when measured isothermally
and under the same conditions.
ECL values are very useful for tentative identification of
unknown components. However, it does not offer any certainty and
overall, it cannot be utilized in temperature programming of mixtures comprising a wide range of fatty acids differing both in chain
length and unsaturation. The use of standard mixtures remains the
simpler and more rapid method in these cases. However, a safe
and definitive identification can only be obtained from other, more
sophisticated methods such as those described below.

20.6.3.2 Additional Methods for Peak Identification
20.6.3.2.1 Mass Spectrometry (GC–MS)
The combination of the retention parameters determined by GC
with the structural information provided by MS constitutes one
of the most definitive methods for the identification of fatty acids,
although Molyneux and Schieberle (2007) recommend the determination of mass spectra and retention indices on at least two
different GC columns (or the injection of a pure reference compound in addition to the determination of the retention index and
MS on one column) to avoid false identifications.
MS allows not only the determination of the position and
geometry of double bonds, but also the determination of cycles,
branched chains, and other substituents. In this case, a further
derivatization of the fatty acid may be needed such as its conversion into amides and esters of nitrogen-containing alcohols
(Zamora and Hidalgo, 2004). Some of these derivatives were
described in Section 20.6.1.2.

20.6.3.2.2 Infrared Spectroscopy (GC–IR)
The combination of GC with IR detection provides a valuable
tool for structural information including double-bond geometry for individual components of complex fatty acid mixtures
(Ragunathan et al., 1999). Nevertheless, this is not a routine
technique in fatty acid analysis, although it has been applied, for
example, to the confirmation of the double-bond configuration of
conjugated linoleic acid (CLA) isomers (Mossoba, 2001).

20.6.3.2.3 Offline Techniques Coupled to GC
In addition to the above online-coupled techniques, other methods
have long been used to determine the structure of fatty acids introducing a previous step to GC separation. These methods may be
chemical or spectroscopic, and may or may not use the information provided by GC. They will be discussed in detail at the end of
the chapter in Section 20.9. They usually consist of isolating pure
individual fatty acid derivatives by chromatographic techniques,
more often after the previous isolation of fatty acid families, followed by the study of the individual compounds by spectroscopic
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techniques. Methods to isolate fatty acid fractions include fractionated crystallization, fractionated distillation, formation of urea
adducts, and the chromatographic procedures described in Section
20.4. Although GC, in a semipreparative scale, was formerly
used to collect fatty acid fractions to be studied by spectroscopic
techniques, this fractionation method is now little used and has
advantageously been replaced by reversed-phase HPLC. In addition, online LC–GC systems have also been employed for specific
applications (Purcaro et al., 2012; Tranchida et al., 2007).

20.6.4 Quantitative Analysis
Two aspects should be given special attention for obtaining
quantitative data. First, the quantitative recovery of the free
fatty acid fraction from the product when this one will be analyzed in the free form or the quantitative conversion of fatty
acids to esters and the quantitative recovery of the esters for
GC analysis. Second, the accurate analysis of the free fatty
acids or the fatty acid esters by GC. Both aspects have been
described previously; the first one in Sections 20.3 and 20.6.1,
and the second one in Section 20.6.2. As described previously,
for most common fatty acid mixtures, split or splitless injectors
are convenient. However, when the fatty acid mixture comprises
short-chain fatty acids, nonlinear losses of shortest fatty acids
may occur with split injectors and the use of on-column injector
for such samples may provide better results.
To check the reliability of the GC equipment to provide quantitative analyses of complex fatty acid mixtures containing a wide
range of saturated and unsaturated fatty esters, standard quantitative mixtures should be repetitively analyzed and response factors for the different fatty acids should be determined.
In most analyses of fatty acids, the results are expressed as a
percentage of each component in the mixture. However, in some
instances, the absolute amount of each component or the total
fatty acid sample, needs to be measured. This is best accomplished by adding a precise quantity of a fatty acid not present
in the m
 ixture—generally an odd-chain fatty acid (15:0, 17:0,
or 19:0)—as an internal standard. If boiling point-dependent
sample discrimination cannot be eliminated by optimization
of the equipment and injection technique, the use of more than
one internal standard can improve the accuracy and precision of
results. If a more complete and precise standardization is desired,
the internal standard (e.g., as triacylglycerol) should be added to
the sample from which the lipids are sequentially extracted, converted into fatty esters, and determined by GC.

20.7 Fatty Acid Analysis by HPLC
HPLC is a routine method for lipid isolation in many laboratories.
However, its application to fatty acid analysis is less common.
Nevertheless, these compounds can be analyzed as underivatized components because of the low volatility and high polarity
of fatty acids (Wei and Zeng, 2011). In addition, this technique
allows the analysis of heat-labile compounds and fatty acids can
be purified in sufficient amounts to further analyses. However,
these compounds do not usually have suitable chromophores and
their detection should be carried out either by MS or by preparation of appropriate derivatives. A selection of methods recently
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Table 20.2
Selection of Methods Recently Applied in the HPLC Determination of Fatty Acids
Lipid Source

Extraction/
Separation

Derivative/Procedure

Column/Mobile phase

Detection and
Quantitation

Reference

High linoleic and
high oleic
sunflower oils

Aluminum oxide
after
derivatization

FAME/transesterification
with 2 M KOH in methanol

Silica HPLC column/nheptane:diethyl ether
(82:18)

Evaporative light
scattering detector/
UV detector

Morales et al. (2012)

Notopterygium
forbesii Boiss

Ethanol

Ester with 1-(9H-carbazol9-yl)propan-2-ylmethanesulfonate/90°C,
30 min

Hypersil BDS C8
column/acetonitrilewater mixtures

Fluorescence at
293/360 nm

Zhang et al. (2012)

Mushrooms

Soxhlet with
petroleum ether

Ester with
2-(12-oxobenzo[b]-acridin5[12H]-yl)-ethyl-4toluenesulfonate

Hypersil BDS C8
column/acetonitrileammonium formate
buffer

Fluorescence at
272/505 nm/
identification by
HPLC–FLD–MS/
MS with APCI and
ESI ion sources

Jing et al. (2012)

Aiptasia pulchella

Chloroform/
methanol (2:1)

No derivatization

Luna 3 μm C18(2)
100 Å/wateracetonitrile mixtures

UPLC–MS/MS with
ESI ion source

Thomas et al. (2012)

Nutritional CLA
supplements

No extraction

Fatty acid hexyl esters/
esterification with
n-hexanol and sulfuric acid

Silver-impregnated
ChromSpher 5 lipids
column/0.1%
acetonitrile in hexane

UV detector at
232 nm

Cossignani et al. (2013)

CLA-rich soy oil

Silica gel column
after
derivatization

FAME/transesterification
with 2 M KOH in methanol

Two silver-impregnated
ChromSpher 5 lipids
column/0.1%
acetonitrile in hexane

PDA detector
operating at 233 nm

Shah et al. ( 2012)

Swertia sp.

Ultrasonic-assisted
extraction for
70 min at 67°C/
filtering through a
0.2-µm
membrane

Esterification with
2-(5-benzoacridine)
ethyl-ptoluenesulfonate/94°C for
35 min

Hypersyl BDS C8
column/acetonitrileammonium formate
mixtures

Fluorescence at
272/505 nm/
identification by
LC/MSD trap-SL
(ion trap) with
ACPI ion source

Li et al. (2012b)

applied in the HPLC determination of fatty acids is presented in
Table 20.2.

20.7.1 Derivatization
In contrast to GC where fatty acid profiling is based predominantly on a single derivative (FAMEs), in HPLC, a large number
of different derivatives have been described. The methyl ester
derivatives are the simplest and they have also proved to be of
great value in the HPLC analysis of fatty acids (Vrkoslav and
Cvačka, 2012). However, other alkyl ester and amide derivatives
have been proposed, in particular those containing UV chromophores and fluorophores to increase the sensitivity of detection,
when this is not carried out by MS. To increase the detection by
MS, the formation of trimethylaminoethyl esters has been proposed (Pettinella et al., 2007).

20.7.1.1 Precolumn Fatty Acid Derivatives for UV
Detection
It is advantageous to esterify the fatty acid group with an alcohol
or amine that provides a strong absorbance because fatty acids
give weak peak adsorption above 200 nm and the intensity of
the signal below 220 nm is biased by the degree of unsaturation.
This allows good detectability and a response that is directly

proportional to the molar amount of the fatty acid. In addition,
some selectivity can also be achieved because impurities may
not react to incorporate the chromophore. Among the different
derivatives employed, phenacyl (or substituted phenacyl) and
naphthacyl esters have been widely employed (Miwa et al., 1991).

20.7.1.2 Precolumn Fatty Acid Derivatives for
Fluorescence Detection
Enhanced selectivities and limits of detection may be obtained by
using fluorescence detectors in the place of absorbance detectors.
Because fatty acids are nonfluorescent molecules, they have to
be derivatized, most commonly by esterification with a fluorescent alcohol. Among the different derivatives employed, anthrylmethyl esters have been used (Ando et al., 2007). However, the
large alcohol moiety tends to cause reduced resolution. As an
alternative, reagents with a benzofurazan (2,1,3-benzoxadiazole)
structure have been suggested (Santa et al., 2008).

20.7.1.3 Fatty Acid Derivatives Adapted for Further
Analysis
Fatty acids may also be derivatized with special reagents that
either provide information of the presence of some functional
groups in the molecule or may help in further analysis. This
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derivatization can be performed precolumn as well as postcolumn. Thus, for example, the presence of carbonyl groups in fatty
acids may be detected by forming the corresponding 2,4-dinitrophenylhydazones, analogously to the detection of fatty aldehydes
(Berdyshev, 2011).

20.7.2 Instrumentation
20.7.2.1 Stationary Phases
The most widely used stationary phases for HPLC analysis of
fatty acids are octadecylsilyl (C18) groups covalently bonded to
silica particles, although C8 phases have also found to be useful. For special applications, other stationary phases have been
found to be more convenient. Thus, silica gel columns have been
used for the analysis or isolation of fatty acids with polar functional groups such as those produced during oxidative processes
(Morales et al., 2012). Chiral stationary phases have been proved
to be very useful for the resolution of mixtures of fatty acids
containing enantiomeric functional groups, hydroperoxy, and
hydroxyl groups especially (Oliw et al., 2011). Finally, silverion (SI) chromatography is frequently employed, for example,
to simplify complex mixtures of fatty acids as a previous step
to further analysis and quantification by GC (Momchilova and
Nikolova-Damyanova, 2012).

20.7.2.2 Mobile Phases
Reversed-phase separations are usually carried out with binary
mixtures of water and either acetonitrile or methanol (RuizRodriguez et al., 2010). For SI HPLC, chlorinated solvents
together with acetonitrile, which complexes strongly with silver
ions displacing unsaturated lipids, are suitable for many applications (Momchilova and Nikolova-Damyanova, 2012).

20.7.2.3 Detectors
Many different detectors have been described for the HPLC
of lipids. For many years, UV and fluorescence detectors have
been widely employed with fatty acid derivatives. Refractive
index detection has the limitations of its low sensitivity and
its incompatibility with gradient elution. However, evaporative light-scattering detectors are often utilized and have the
advantage of being universal in application without requiring
lipid derivatization, permitting the use of complex gradients
of any solvent which can be volatilized. Nevertheless, they
have the limitation of a limited linearity and being destructive,
although preparative separations can be achieved by including
a stream splitter just before the detector. The charge aerosol
detector (CAD) is a new detector introduced as an answer to
the quest for better sensitivity that has also been applied to
fatty acid analysis (Vehovec and Obreza, 2010). However, mass
spectrometric detectors have gained great popularity currently
because they allow the quantification of fatty acids directly
with sensitivity similar to GC/MS with a derivatization step
(Wei and Zeng, 2011). In fact, HPLC/MS2 shows the benefits
of being simple, requiring mild sample-processing conditions,
and having satisfactory recovery, short running time, and high
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selectivity and sensitivity. This can become to this technique as
a viable alternative to GC for the analysis of fatty acids in the
future (Wei and Zeng, 2011).

20.7.3 Analysis
20.7.3.1 Reversed-Phase HPLC
Accurate fatty acid composition of most common fatty acids
can be obtained by reversed-phase HPLC. These separations
are usually carried out by using isocratic or gradient elution
with acetonitrile, methanol, and water. If free fatty acids are
analyzed, a small amount of an acid can be added to ensure
sharp peaks. The order of elution is governed by the length of
the fatty acid carbon chain and the number of double bonds in
it. The retention time increases with increasing chain length
and decreasing the number of double bonds. These opposing tendencies lead to the occurrence of several pairs of fatty
acids that are difficult to separate and the separation of which
may be considered a criterion of the resolution efficiency of
an analytical procedure. Examples of such critical pairs are
linolenic (18:3) and myristic (14:0), palmitoleic (16:1) and arachidonic (20:4), and palmitic (16:0) and oleic (18:1) fatty acids,
although difficulties with the separation of some other fatty
acid pairs may also be expected (Marini, 2000). The trans isomers are generally eluted after the corresponding cis isomers.
Positioning of the double bond in the proximity of the carboxy group of an acid usually leads to a decrease in retention,
compared with an isomer of a fatty acid with the double bond
shifted in the direction of the methyl end of the carbon chain
(Marini, 2000).

20.7.3.2 Silver-Ion HPLC
SI chromatography has been proposed as a useful technique for
separating geometrical isomers of fatty acids, or simplifying
complex mixtures of them prior to further analysis by GC–MS.
This technique employs special columns, such as ChromSpher
Lipids™ (CSL) column, and it has been shown to be very useful in the analysis of CLA isomers, for example (Christie et al.,
2007). The separations are usually carried out using mixtures of
hexane and acetonitrile, with small amounts of either 2-propanol
or acetic acid, as the mobile phase (Momchilova and NikolovaDamyanova, 2012).

20.7.3.3 Normal Phase and Other Types of HPLC
Reverse-phase and SI HPLC remains by far the most used forms
of HPLC, particularly for isolation of fatty acid fractions requiring other specific analysis. However, other forms of HPLC have
also been employed for specific applications. Thus, for example,
normal-phase HPLC has been employed for the determination
and quantitation of oxygenated fatty acids (Morales et al., 2010;
Oliw et al., 2006). High-performance size-exclusion chromatography (HP-SEC) has been employed to monitor lipid oxidation
progress in model FAMEs (Márquez-Ruiz et al., 2007). Chiral
HPLC has been shown to be very useful for the separation of
quiral fatty acid derivatives (Hoffmann et al., 2012).
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20.8 Fatty Acid Analysis Using Other Separative
Techniques

20.9 Fatty Acid Characterization

Although GC and, to a lower extent, HPLC are by far the most
widely employed separative techniques for fatty acid analysis,
other techniques have also been employed.

20.9.1.1 Chain Length Determination

20.8.1 Capillary Electrophoresis
Different modes of capillary electrophoresis (CE) have been
used for fatty acid determination, including capillary zone electrophoresis (CZE), capillary electrochromatography (CEC), and
micellar electrokinetic chromatography (MEKC) (Otieno and
Mwongela, 2008).
CZE can be used to separate both saturated and unsaturated
underivatized fatty acids based on their differences in charge to
mass and using indirect UV detection (Haddadian et al., 1999).
This methodology has been employed, for example, for the determination of the total trans fatty acid (Barra et al., 2012) or ω-3
fatty acids (Porto et al., 2011).
CEC has also been applied to the analysis of unsaturated
FAMEs using packed columns and coordination ion spray MS as
the detection technique (Rentel et al., 1999). The online detection
by nuclear magnetic resonance (NMR) allows the assignment of
carbon–carbon double-bond configuration (Rapp et al., 2003).
MEKC has also been applied to the analysis of fatty acids. The
separation using this technique is predominantly based on hydrophobic interactions with a micellar phase. It has been used, for
example, for the separation of isomeric epoxy fatty acids (Wan
et al., 1999) and for the separation of Nile Blue-labeled fatty
acids (Breadmore et al., 2007).

20.8.2 Supercritical Fluid Chromatography
Supercritical fluid chromatography (SFC) is situated between
GC and HPLC although it lacks the resolving power of any of
them. SFC has the advantage over GC of working at milder
temperatures, facilitating the analysis of both thermally labile
and nonvolatile compounds. In comparison with HPLC, SFC
allows a wide range of detectors to be used, including the universal FID, and an easier interfacing to MS because of the
smaller volumetric flow rates of the mobile phase going to the
ion source. SFC using a silica column and FID detection has
been employed, for example, for the determination of total biodiesel fatty acid esters (Diehl and Dianzo, 2007).
Two-dimensional methods have been developed to improve
the developing power of the technique. Thus, for example,
FAMEs were separated by comprehensive two-dimensional
SFC with conventional packed columns and FID detection
using a silica gel column on the first dimension and a reversed
phase column on the second one (Hirata and Sogabe, 2004).
Combination of SFC and HPLC has been employed for the separation of phenacyl esters of the fatty acids originating from a fish
oil extract (François and Sandra, 2009). This study used SI SFC
and reversed-phase HPLC in the first and second dimensions,
respectively. The combination ensured a high orthogonality and
peak capacity.

20.9.1 Chemical Procedures
Chain length may be easily determined by MS or 13C NMR
spectroscopy. When using GC–MS, unsaturated fatty acids
are converted into saturated fatty acids by hydrogenation
and the formed saturated fatty acids can be easily identified.
Hydrogenation is usually carried out in a test tube in the presence of hydrogen and a platinum oxide as the catalyst (Hidalgo
et al., 1992).

20.9.1.2 Location of Double Bonds
When using chemical procedures, the position of the double
bonds is usually determined after cleavage of the fatty acid by
oxidation and identification of the products formed. The two oxidation procedures generally used are those with ozone or permanganate-periodate oxidative agents. Ozonolysis, which is the
most-employed procedure, yields acids and aldehydes (Sun et al.,
2012). Ozone can also be generated in situ from air by using lowtemperature plasma. Using this plasma, samples are ionized and
the fragments formed by their reaction with ozone determined by
MS (Zhang et al., 2011). Furthermore, in-line coupling of ozonolysis with liquid chromatography and MS has been described
as an unambiguous method to determine the position of double
bonds in unsaturated FAMEs without comparison to standards
(Sun et al., 2013).

20.9.1.3 Location of Other Functional Groups
Although spectroscopic methods are usually much more useful
for these purposes, chemical methods can be an aid to spectrometric identification. Thus, epoxy groups are directly cleaved
with periodic acid and the position of the oxygenated ring is
deduced from the identity of the products formed (Holmeide
and Skattebol, 2003). The ring of cyclopropene fatty acids can
be disrupted by permanganate–periodate oxidation and the
β-diketo compound produced can be identified by MS. The
ring of cyclopropane fatty acid reacts with boron trifluoride
methanol reagent to produce methoxy derivatives that are likely
to be characterized by MS. In branched fatty acids, the site of
branching can be identified by GC by means of a keto compound formed by acidic permanganate oxidation (Zamora and
Hidalgo, 2004).

20.9.2 Spectroscopic and Spectrometric Techniques
In the study of the structure of fatty acids, spectroscopic and
spectrometric methods play a very important role. There are
a wide range of spectroscopic techniques employed (UV, IR,
NMR, and electron spin resonance [ESR]) as well as MS. In
addition, several of these spectroscopies can be subdivided.
Thus, IR spectroscopy can be subdivided into mid- and nearinfrared (MIR and NIR, respectively) and Raman spectroscopy.
In addition, NMR spectroscopy encompasses high resolution
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(further split into 1H and 13C as the important nuclei in fatty acid
analysis) and time domain or low resolution. A detailed description of all these techniques are beyond the scope of this chapter.
Only common applications to fatty acid characterization will be
discussed in this section.

20.9.2.1 UV Spectroscopy
Absorption by the UV light is related to the nature, number,
and the position of the double bond(s) contained in the fatty
acid molecule. The individual double bond absorbs at 206 nm,
with a relatively low specific extinction coefficient and with not
much practical interest. Conjugate dienes, trienes, and tetraenes
absorb at about 232, 270, and 320 nm, respectively. Proportions
of fatty acids with conjugated double bonds in natural fats are
very low, except for some exceptions (tall oil, tung oil, etc.). On
the contrary, isomerizations that result from oxidation, action
of alkaline agents, heat, and so on, produce conjugated double
bonds in significant amounts. Study of UV spectrum can provide information on the quality of an oil, its state of preservation,
and changes brought about in it by processing, although it is not
specifically a measurement of refining. Thus, the degree of oxidation of olive oil is related to its absorption at 232 and 270 nm
(AOCS, 2009m).

20.9.2.2 IR Spectroscopy
MIR spectroscopy has had a historical importance in the elucidation of the molecular structure of fatty acids because of
the possibility of assignation of specific absorption bands in
the spectra to particular functional groups. A typical spectrum
of a fatty acid shows a broad band at 3500–2500 cm−1 corresponding to the OH of the carboxylic group. This band, which
is absent in the spectra of the esters, may also be overlapped
with bands corresponding to OH-stretching bands of hydroperoxides and alcohols (at 3600–3200 cm−1), if these groups are
present in the fatty acid chain. The 3025–2850 cm−1 region is
dominated by strong bands due to the CH-stretching absorptions of the methylene and terminal methyl groups of the fatty
acid chains. At the upper end of this region, the CH-stretching
absorption of cis double bonds is observed; the corresponding
absorption of trans double bonds is at slightly higher frequency
but is extremely weak. Just beyond the lower end of this region,
secondary lipid oxidation products such as aldehydes absorb,
albeit weakly. Between 1740 and 1710 cm−1, the very strong
C=O stretching absorption of the fatty acid or ester is observed
(the ester appears at about 1740 cm−1 and the acid at about
1710 cm−1). Other carbonyl absorption bands (aldehydes and
ketones) are also observed in the 1730–1650 cm−1 region. The
next region (1500–900 cm−1) is termed the fingerprint region
because any pure compound has such a distinctive pattern of
absorptions in this region that it can be used to unequivocally
identify the substance. At the end of the fingerprint region is a
band characteristic of isolated trans double bonds (966 cm−1),
assigned to the C–H out-of-plane deformation, with the corresponding absorption of conjugated trans/trans and cis/trans
dienes appearing at slightly higher frequencies. The C–H
out-of-plane deformation band of cis double bonds appears
as a shoulder on the low-frequency side of an intense band at
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722 cm−1, assigned to the CH2 rocking vibration (van de Voort
et al., 2001).
In addition to its importance in fatty acid characterization,
MIR spectroscopy has been commonly used in the fats and oils
industry, particularly in the analysis of partially hydrogenated
oils, for the determination of isolated trans isomers (Mossoba
et al., 2007). The trans analysis is based on the linear relationship between the intensity of the 966 cm−1 band and the concentration of isolated trans isomers. Attenuated total reflection
Fourier-transformed infrared spectroscopy (ATR-FT-IR) provides reproducible measurements for samples containing more
than 5% trans (Delmonte and Rader, 2007). The measurement of
lower trans fat levels is usually carried out by procedures based
on GC (AOCS, 2009n; Ecker et al., 2012).
FT-Raman spectroscopy is complementary to MIR spectroscopy because relative band intensities in both spectra differ markedly. Of particular significance in relation to the measurement of
unsaturation is the 1700–1600 cm−1 region, in which strong C=C
stretching absorptions are observed, whereas the corresponding
bands in IR spectra are weak. Raman spectroscopy has been
employed, for example, for determining lipid oxidation and fatty
acid composition, among others (Barriuso et al., 2013; Herrero,
2008; Yang and Yibin, 2011).
Unlike the IR and Raman spectra described above, the NIR
spectra of fatty acids provide little interpretable structural information. Thus, NIR spectra usually exhibit broad bands that are
composed of overtones and combinations of the fundamental
vibrational modes that are associated with the bands in MIR and
Raman spectra. However, NIR spectroscopy has been shown to
be a powerful tool for the analysis of edible fats and oils, including their fatty acid profile (Azizian et al., 2012).

20.9.2.3 NMR Spectroscopy
High-resolution NMR spectroscopy has become a universal
method in fatty acid analysis (Spyros and Dais, 2013). It allows
structure elucidation and qualitative and quantitative analysis of defined molecules and even complex mixtures. Not all
nuclei are accessible to the NMR experiment. But those that
are important in fatty acid analysis (1H and 13C) are recordable
as a matter of routine with modern instruments equipped with
a multinuclear probe.
High-resolution 1H NMR spectroscopy has had limited use in
fatty acid analysis owing to the small range of chemical shifts
covered by protons, which resulted in the small number of signals
in the proton spectrum. The splitting patterns of proton signals,
however, can provide unique structural properties of lipid molecules under investigation (Hidalgo and Zamora, 2003). 13C NMR
spectra of fatty acids provide a large number of signals spread
over a wide range of chemical shifts, which made the spectrum
appear complicated but much more informative. Techniques of
correlating signals between 1H and 13C NMR spectra provide
two-dimensional correlation spectra, which permit confirmation
of signals. In addition, the combination of these with other more
sophisticated techniques allows the determination of structural
features in great detail (Novoa-Carballal et al., 2011).
An NMR spectrum provides two types of information: the
chemical shift of each signal (and its coupling constants) and
the relative intensities. The former is of qualitative value and
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permits identification of important structural features; the latter, with approved safeguards in the case of 13C NMR, provides
quantitative information of analytical value. The chemical shift
of an atom depends on its total environment to a distance of
six or more atomic centers. For example, the C1 signal is different for saturated and Δ9 unsaturated chains. This may make
a spectrum very complex but also very informative when all
the chemical shifts have been assigned. To obtain quantitative
data, attention has to be given to the protocol for obtaining the
spectrum. In particular, the problem of relaxation has to be
overcome.
In using 13C NMR data, the first step is to assign as many of
the chemical shifts as possible, and to assist in this, many NMR
data corresponding to individual molecular species have been
tabulated. It is wise to start with the signals of greatest intensity but to ignore those in the methylene envelope that result
from mid-chain carbon atoms in the region 29.4–29.9 ppm and
are not greatly influenced by nearby functional groups. Instead,
examine the shifts associated with the following carbon atoms:
ω1 (14.1 ppm), ω2 (22.8), ω3 (32.1), C1 (172–174), C2 (34.2),
C3 (25.1), olefinic (127–132), and allylic (27.3 and 25.6). Once
most common signals have been identified, other signals may be
assigned by using 1H NMR data (and the corresponding 1H–13C
correlation data) or any other advanced spectroscopic procedure.
By using NMR data in conjunction with MS data, fatty acid
structures and even much more complex molecules may be fully
elucidated.
Unlike the high-resolution NMR, spectra described above, the
low-resolution NMR spectra of fatty acids do not provide structural information. These small table-top time-domain analyzers
were designed for the solid-to-liquid ratio analysis of fat compositions. Nowadays, the range of applications of TD-NMR in the
field of quality control/quality assurance includes many different
applications (Hills, 2006; van Duynhoven et al., 2010).
By using the principles of NMR, it is also possible to produce
images. This technique, named magnetic resonance imaging
(MRI), is primarily used in medical settings to produce highquality images of the inside of the human body. In addition, it has
also applied to fatty acid analysis, mostly related to its presence
in structures that should be studied without modification (Clerjon
et al., 2012; Hoad et al., 2011).

20.9.2.4 ESR Spectroscopy
ESR (also known as electron paramagnetic resonance spectroscopy, EPR) has few applications in fatty acid characterization. It
relies on the paramagnetic properties of the unpaired electrons
in radicals, which absorb electromagnetic radiation when the
energy levels of the spin system match the energy of irradiation,
and it is useful to detect radicals, particularly the events in fatty
acid oxidation prior to the formation of fatty acid hydroperoxides and later degradation of them (Roman et al., 2012; Xu et al.,
2012; Zhou et al., 2011).

(or injection) MS technologies. They are accurate, reproducible,
highly sensitive, and less time consuming than other methods
(Han et al., 2012; Li et al., 2011). Electrospray ionization (ESI)
and matrix-assisted laser desorption ionization (MALDI) are the
most widely used ion sources in direct infusion.
In addition, GC, and to a lower extent HPLC, linked to MS,
are widely used for detection and structural analysis of fatty
acids. By using these techniques, it is possible to locate structural features such as branch points, rings, position and type of
heteroatoms, and double bonds. The topic has been reviewed
extensively (Fuchs et al., 2011b; Han et al., 2012; Li et al., 2011;
Quehenberger et al., 2011; Wei and Zeng, 2011) and a detailed
description is out of the scope of this chapter. Only a general
description of most employed derivatives and the information
expected will be done.

20.9.2.5.1 Methyl Esters
As described above, methyl esters are by far the most widely
used derivatives for the analysis of fatty acids. Location of
methyl branch points or the position and type of oxygen atom in
the chain is usually possible by GC–MS, especially when standards are available for comparison. However, they are not suitable for locating double bonds, at least in monoenoic and dienoic
fatty acids.

20.9.2.5.2 Pyrrolidides
Various types of amide derivatives of fatty acids give distinctive electron impact mass spectra from which many functional
groups, including double bonds, can be located. It appears that
the reason for this is that the charge on the molecular ion is sited
on the nitrogen-containing functional group predominantly,
rather than being localized at the double bond. Pyrrolidides
of monoethylenic and methylene-interrupted polyunsaturated
fatty acids have characteristic spectra that can usually be interpreted in terms of the positions of the double bonds (Kawashima
and Ohnishi, 2012). In addition, branched, and methoxylated
compounds have also been identified using these derivatives
(Vyssotski et al., 2012).

20.9.2.5.3 DMOX Derivatives
Pyrrolidides and DMOX derivatives of a given fatty acid have the
same molecular weight, although with different structures, and
give very similar mass spectra. These last derivatives, reviewed
by Spitzer (1997), usually give the diagnostic ions for localization of double bonds and other functional groups more clearly
than pyrrolidides, except for functional groups located near
the terminal end of the molecule (Dobson and Christie, 2002).
Nevertheless, an alternative procedure has been suggested for the
preparation of DMOX derivatives under mild conditions that can
be more suitable for structure analysis of polyunsaturated fatty
acids and for acids with double bonds close to terminal positions
(Svetashev, 2011). On the contrary, pyrrolidides are prepared
directly from methyl esters under relatively mild conditions, and
they are more stable than DMOX derivatives on storage.

20.9.2.5 Mass Spectrometry

20.9.2.5.4 Picolinyl Esters

MS can be applied with or without any previous separation technology. The methods that do not require any previous separation
are widely employed in lipidomics. They are called direct-infusion

Picolinyl esters are also prepared under mild conditions, but they
require a column temperature of approximately 50°C higher
than methyl or DMOX derivatives to be separated. Analogously
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to DMOX derivatives, a saturated chain is indicated in the mass
spectra by regular gaps of 14 amu between ions due to cleavage
of adjacent methylene groups. Methyl branches are located by
gaps of 28 amu. Picolinyl esters are better than DMOX derivatives to locate these substituents (Dobson and Christie, 2002).
The most common application of all these derivatives is the
location of double bonds in unsaturated fatty acids. If a double
bond is positioned between carbons n and n + 1, then a gap of
12 amu between ions corresponding to fragments containing n – 1
and n carbons is usually observed for DMOX derivatives. A gap
of 26 amu between ions corresponding to fragments containing
n–1 and n + 1 carbons is more reliable for picolinyl derivatives.
Acetylenic bonds can also be located by gaps of 10 and 24 amu
for DMOX derivatives and picolinyl esters, respectively. In addition, the positions of various types of rings can be located by
GC–MS of nitrogen-containing derivatives. Also, a characteristic fragmentation pattern is often observed in the mass spectra of
fatty acids with a variety of oxygen functions and those containing heteroatoms.

20.10 Concluding Remarks
Fatty acid analysis is a common routine in most laboratories, not
specifically in those dedicated to food analysis. For most common fatty acids, GC continues, and will likely continue in the near
future, being the preferred technique because of its very high resolution together with its high sensitivity and very good reproducibility in quantitative analyses. In addition, different derivatives
can be prepared for determining fatty acid structures by GC–MS.
Nevertheless, GC–MS has limitations. Among them, the analysis of thermally labile compounds and the difficulty of separating regioisomers should be pointed out. In addition, many natural
mixtures are very complex, and it should be noted that complementary techniques, such as reversed-phase and SI HPLC, are
extremely useful for fractionating samples into simpler mixtures
prior to GC–MS analysis to allow a full characterization of all
fatty acids. In other cases, like the analysis of thermally labile fatty
acids, the fatty acid fractionation for further analysis, or the studies
in lipidomics, HPLC appears as the most useful technique.
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21.1 Introduction
21.1.1 Triacylglycerols
Triacylglycerols (TAGs) are complex molecules present in
all oils and fats. They mainly serve as energy stores, but they
are also employed as carriers of fatty acids (FAs) within aqueous solutions such as blood. TAGs are made up of three FAs,
attached to a glycerol backbone by an ester linkage. The wide
variety of FAs that may attach to the glycerol backbone generates the large diversity of TAGs that can be found. The fat stores
of both plant and animal organisms are formed by mixtures of
TAGs, the FAs containing from 4 to 36 carbon atoms, with up to
six double bonds. Each of these FAs are combined in triplets to
form TAGs that share very similar physicochemical properties,
thus making their separation and analysis difficult.
The length of the hydrocarbon chains of the FAs and the location of the double bonds within the TAG molecule is ordered
and determines the spatial configuration, and therefore, the
physical properties of the molecule. TAGs that contain a higher
proportion of unsaturated fats and fewer carbon atoms are more
polarized. Regardless of the saturated fatty acids (SFAs), most
of the monounsaturated fatty acids (MUFAs) have the double
bond situated between carbons C9 and C10 (Δ9). With respect
to the polyunsaturated fatty acids (PUFAs), the double bond
is often located between carbons C12 and C15. These double
bonds are not naturally conjugated, but rather a methyl group
normally remains between them. Although most frequently the
FA double bonds are found in the cis configuration, some natural processes and industrial procedures may transform these
bonds into trans. Since the polar regions of glycerol and each
FA are involved in the ester linkage, the TAG molecule does not
retain any free polar groups, and therefore is essentially apolar. Thus, TAGs are insoluble in water and soluble in organic
solvents.
The arrangement of the FAs within and between glycerides
has some important effects on the physical properties of fats.
The glyceride structure of vegetable oils is quite specific and
conforms to the 1,3 random–2 random theory. This means that
the saturated and long-chain MUFAs are distributed randomly
between positions 1 and 3, and the unsaturated FAs are randomly distributed in position 2. In most organisms, SFAs tend
to occupy the sn-1 position, although oleic acid (18:1, n-9) may
also be found in significant proportions at this position. PUFAs
and some long-chain SFAs are mainly found in the central position. However, there are exceptions to this general rule. In lard,
palmitic acid (16:0) is placed in the central position, with oleic
and linoleic (18:2, n-6) acids situated at the sn-3 position, and in
fish oils, the central place is usually occupied by very long-chain
PUFAs [1].

21.1.1.1 Nomenclature
To identify TAGs unambiguously, the nature and position of each
FA must be specified. In this respect, the nomenclature for TAGs
proposed by Hirschmann has now been universally adopted [2].
The prefix “sn-” is added to the names of all glycerols. Each FA
in the glycerol molecule is identified, listing the sn-1, sn-2, and
sn-3 positions in order. Adding the prefix “rac” indicates that the
middle FA in the abbreviation is attached at the sn-2 position,
while the remaining two acids are equally distributed between
the sn-l and sn-3 positions, yielding a racemic mixture of two
enantiomers. A “β” prefix indicates that the middle FA esterifies
the β- or sn-2 position.

21.1.2 Presence of TAGs in Food
Just as the chromatography of FAs represented a great stride forward in the study of animal and vegetable TAGs in the 1960s,
today, the study of intact TAGs and their behavior is unquestionably one of the most important issues being addressed in the field
of fats in general. Although it is customary to characterize fats
and oils by their FA composition, it must be remembered that oils
and fats are mixtures of multiple TAGs. Accordingly, the analysis of the TAG composition of the fats in margarines, chocolate,
and so on represents major advances for those industries.
When attempting to understand the solidification process in
refined fats and oils, one is essentially dealing with a pure TAG system. The melting and solidification of FAs is determined by chain
length, degree of saturation, and isomerism. The liquid character of
the seed oils is the result of high levels of unsaturation and the fact
that all of the double bonds are in the cis form. Animal fats are more
saturated and are therefore more solid at room temperature. The
difference between vegetable and animal fats is illustrated by the
example of cocoa butter and lard. Cocoa butter consists of mainly
saturated–unsaturated–saturated (SUS) glycerides, whereas lard
contains mainly saturated–saturated–unsaturated (SSU) glycerides.
As a result, these fats have greatly differing physical properties. If
the glyceride structure of cocoa butter is altered by interesterification, the desirable physical properties are lost. A high solid fat
content at room temperature, a steep melting profile, and smooth
and rapid melting in the mouth are some of the desirable physical
properties of cocoa butter. However, fats and oils usually contain
a variety of glycerides with differing FA arrangements and thus,
different melting points. In the process of fat melting, some of the
higher-melting glycerides can be considered solutes that are dissolved in the lower-melting ones, which constitute the solvent. This
explains why high-melting glycerides with melting points as high
as 65°C can be present in a fat that is completely liquid at 35°C [3].
On the basis of their melting properties, TAGs may be c1assified into four groups. Group 1 is made up of TAGs that are liquid from −13.3°C to 1.1°C and consists primarily of UUU and
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USS containing TAGs. These TAGs are important nutritionally and will remain liquid at low temperatures. Group 2 TAGs
melt between 5.6°C and 22.8°C and are important because these
TAGs will remain liquid at room or ambient temperatures. This
group consists mainly of triolein, and palmitoyl and stearoyl dioleoyl-glycerols. The TAGs in groups 3 and 4 melt at 10.6–41.7°C
and 56.l65°C, respectively, and consist entirely of disaturated
and trisaturated glycerides. These glycerides are important in
margarine fats because they influence the texture and structure
at room temperature.
Common vegetable oils, including soybean, cottonseed, palm,
cocoa butter, kokum butter, and coconut oils, show higher melting points after interesterification, whereas animal fats, including oleo stock, tallow, and butter, remain essentially unaltered or
only slightly changed [4]. This can be accounted for in part by
the intrapositional distribution of the FAs within the TAGs. In
vegetable oils, palmitic and stearic acids are distributed primarily
in the outer sn-l and sn-3 positions, thereby generating a symmetric SUS structure [5,6]. On the other hand, animal fats show
different distribution patterns, with saturated acids (palmitic and
stearic acids) being found at all three sn positions, generating both
SUS and SSU isomers. These ratios remain virtually unchanged
by interesterification. It appears that symmetrical TAGs, which
predominate in natural oils, melt at a lower temperature than their
asymmetrical counterparts formed during interesterification [7].
According to Walstra and Jenness [8], milk fat contains
approximately 64 different FAs, with chain lengths of between
C4 and C26. Basically, SFAs account for 62% of the total FAs in
milk fat, whereas MUFAs account for 34%, and PUFAs for the
remaining 4% [9]. The individual TAG composition of milk fat
presents a huge complexity, since considering just the FAs that
make up more than 1% of the total, more than 1300 TAGs could
be present [8]. As a result, there are very few studies that have
described the molecular composition of milk fat. In milk fat,
trisaturated molecules represent about 45% of the total TAGs,
monounsaturated about 30%, diunsaturated about 13%, and polyunsaturated about 14% [6,10]. In 1988, Weber et al. [11] identified
122 TAGs in milk fat, revealing that the main ones were those
that contained butyric, palmitic, and oleic acids. Subsequently,
Barrón et al. [10] identified 116 TAGs and found that, in addition,
there were important amounts of myristoyl-containing TAGs.
The number of TAGs identified by Gresti et al. [12] was 404, of
which only 22 were present in amounts greater than 1% and coincided with those found previously. In goat, ewe, and cow milk,
Ruiz-Sala et al. [6] identified 181 TAGs and, in 1998, Nájera et al.
[13] described the molecular TAG composition of cheese fat.
Several studies have been conducted in order to determine
the positional distribution of FAs within the TAG molecule.
Basically, butyric and caproic acids are located at the sn-3 position, whereas stearic acid and often palmitic acid occupy the sn-1
position. PUFAs are distributed among the three positions, but
mainly at the sn-3 position, for example, oleic acid [12,14–16].

21.1.3 TAGs and Health
In most eukaryotic cells, TAGs are found in vacuoles within the
cytosol, serving as a source of energy. Adipocytes are the cells
that are specialized in storing these vacuoles, which are basically

composed of TAGs. However, the main interest in TAGs from a
health and nutritional point of view concerns the function of TAGs
as carriers of FAs in plasma. FAs are transported as lipoproteins,
which are formed by an apolar core made up of TAGs and cholesteryl esters, and a polar cover containing polar molecules such as
free cholesterol, phospholipids, and apolipoproteins [17–19].
Despite the fact that all lipoproteins transport TAGs in plasma,
two such molecules are responsible for the majority of FA transport. These are the so-called TAG-rich lipoproteins (TRL),
which include the chylomicrons, which are synthesized in the
intestine with endogenous TAGs, and very-low-density lipoproteins (VLDL) synthesized in the liver with exogenous TAGs [20].
Both chylomicrons and VLDL have become known as atherogenic [21], but whereas chylomicrons increase the plasma TAG
concentration, the number of VLDL particles after a fat load is
higher [22]. The atherogenicity of TRL is due to the remnants
formed in the plasma after the catalytic action of lipoprotein
lipase (LPL). The activity of LPL enables the TRL particles to
enter the subendothelial space of the vascular wall by changing
their size and composition [21].
Adipose tissue stores TAGs and releases free FAs into the
plasma between meals, and in situations of starvation. Therefore,
there is an influx of FAs from plasma TRL and an efflux of free
FAs from adipose tissue to plasma, where they bind to albumin. These processes are catalyzed by LPL in the plasma and
hormone-sensitive lipase (HSL) within adipocytes [23]. HSL
responds to the hormone balance between insulin and catecholamines, which transmit information regarding the physiological
conditions of the organism [24]. Adrenalin and insulin act antagonistically to stimulate or inhibit, respectively, certain processes
that provide HSL with access to the fatty vacuole [25]. These
processes related to the metabolism of TAGs are central when
considering diseases such as obesity or diabetes mellitus.

21.1.4 Methods for the Analysis of TAGs
The development of methods to analyze TAGs in natural oils and
fats commenced with the demonstration that fats were combinations of glycerol and mixtures of FAs, when Michel Chevreul
crystallized fats and identified the products of saponification
[26]. The origins of chromatography date from the beginning
of the twentieth century and are ascribed to both Tswett and
Day [27–31]. Tswett thought that vegetal pigments could progress at different speeds along a column full of adsorbent particles. Owing to the different colors of pigments, this technique
received the name of chromatography. These precedents were
quickly forgotten with the origin of planar chromatography in
the 1940s. The same occurred in the 1960s, with the advent of
gas chromatography (GC). Finally, in the 1970s, high-pressure
liquid chromatography was born, which is now called high-performance liquid chromatography (HPLC) [32].
The first chromatographic method employed in the analysis of
TAGs was liquid–liquid chromatography, which involved separation through countercurrent distribution described by Dutton
and Cannon [33], and paper chromatography described by Priori
[34]. In 1961, Huebner [35] demonstrated that gas–liquid chromatography (GLC) could be used to separate TAGs on the basis
of their molecular weight. The following year, De Vries [36] and
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Barrett et al. [37] developed silver-ion chromatography (Ag+ TLC) for the separation of TAGs, according to their degree of
saturation.
The introduction of chemically bound phases and HPLC
renewed interest in the use of liquid chromatography for the separation of TAGs. The first paper dealing with the HPLC of TAGs
was published in 1975 by Pei et al. [38], who separated simple
TAGs of medium chain length on a reversed-phase column. Other
researchers then began to use HPLC to analyze long-chain TAGs,
on silicic acid columns, reversed-phase columns, or both. In 1977,
the first natural TAGs were fractionated by HPLC on reversedphase columns by Plattner et al. [39] and Wada et al. [40] independently. The latter authors were the first to establish a parameter,
termed the partition number (PN) to characterize the TAG molecules (PN = CN–2 ND, where CN is the total number of carbons
and ND is the number of double bonds in the FAs constituting
the TAG molecule). They found that TAGs on reversed-phase columns eluted in increasing order of PN. Today, this technique is
the method of choice for separating complex mixtures of TAGs,
as it provides a good resolution of TAG mixtures into their molecular species based on properties such as molecular weight, degree
of saturation, polarity, and the molecular configuration of TAGs.
Alternatively, enzymatic methods have been developed to
determine the total TAGs and identify the FAs located at the
three stereospecific positions of the TAG molecule. Mattson and
Beek [41] and Savary and Desnuelle [42] developed an enzymatic method to identify FAs esterified at the sn-2 position,
based on the specific property of pancreatic lipase to hydrolyze
the FAs located at the outer positions. The analysis of the resulting 2-monoacyl-glycerols allowed the determination of what
FAs were attached to the central position of the TAG mixture
and in what proportion. In 1965, Brockerhoff [43] proposed an
enzymatic method for the stereospecific analysis of TAGs. The
method was based on the property of snake venom phospholipase to hydrolyze specifically the FA ester linkage at the sn-2
position of phospholipid-like molecules synthesized from diacylglycerols derived from partial chemical deacylation of TAGs.
Later on, HPLC-based methods have supplanted the method of
Brockerhoff for the identification of FAs at the sn-1 and sn-3
positions, based on the separation of diacylglycerol enantiomers
[44] or the use of urethane derivatives of diacylglycerols [45].

21.2 Isolation and Analysis of TAGs
After the extraction of lipids, and prior to the analysis of their
molecular constitution, it is usually necessary to isolate the TAGs.
For this purpose, thin-layer chromatography (TLC), solid-phase
extraction (SPE), and preparative HPLC are the preferred methods. Once isolated, the total TAG content may be quantified by
direct or indirect methods. However, on occasions, this quantification of the total amount of TAGs is the only information that is
of interest, irrespective of the molecular species or FAs present.

21.2.1 Thin-Layer Chromatography
Using TLC, it is relatively easy to resolve cholesterol esters,
TAGs, free FAs, cholesterol, and diacylglycerols from a tissue
in a single step. This is usually achieved using mobile phases
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consisting of a mixture of hexane and diethyl ether with a little
formic acid (or acetic acid) to ensure that the free acids migrate
successfully (usually ratios between 70:30:1 and 80:20:1 are
used). In turn, the amount of diethyl ether included controls the
separation of the saturated and polyunsaturated TAGs from each
other and from more polar components. The complex lipids such
as phospholipids and glycosphingolipids remain at the origin. In
the analysis of plasma lipids for clinical purposes, such separations often provide sufficient information for diagnostic purposes, and there are many other circumstances where this type
of separation is sufficient [46].
For analytical purposes, all the components can be detected
by spraying the plate with an ethanolic phosphomolybdic acid
reagent (commercially available as a 20% [w/v] solution].
Following charring in an oven, individual components appear as
dark spots on a light yellow–green background. This method is
less hazardous than concentrated sulfuric acid that is often used
for universal detection. For nondestructive detection, a primulin
(0.01%–0.02% [w/v] solution in acetone–water [60:40 or 80:20,
v/v]) is almost as useful as the commonly used Rhodamine 6G
(in 95% ethanol). Lipids can be observed under ultraviolet (UV)
light, and give very clear spots even when the primulin reagent
is sprayed lightly. As the presence of traces of primulin does not
interfere with further analyses, the components may be extracted
from the silica with nonpolar solvent mixtures and subsequently
analyzed by other means [47].
However, other techniques are becoming available for the TLC
separation of lipids and the subsequent isolation and/or analysis
of the different classes. Asmis et al. [48] proposed a method for
the concurrent quantification of cellular cholesterol, cholesteryl
esters, and TAGs in small biological samples by TLC coupled
with detection by laser densitometry. These authors reported
that the assay was at least l0-fold more sensitive than common
TLC-based techniques, and at least four-fold more sensitive than
common enzymatic methods. Ruiz and Ochoa [49] presented an
interesting simple method for the subnanomolar quantification
of neutral lipids and phospholipids by means of conventional
TLC. A camera-equipped image analyzer was used to quantify
the integrated optical densities of the individual spots obtained.
The results obtained when this method was applied to human
plasma, rat hepatocytes, and VLDL compared favorably with
those of enzymatic methods. More recently, Kishimoto et al. [50]
have enhanced the traditional simple method for separation and
quantification of neutral lipid classes. They performed a doubledetection method that initially used a hexane/diethyl ether/acetic acid (70:30:1, v/v/v) separation, after which the plates were
sprayed with Rhodamine 6G. The plates were then scanned and
the laser-excited fluorescent spots detected were quantified by
integration of the variable pixel intensities. Using this method,
they quantified the amounts of TAG in mouse liver and their
results correlated well with traditional enzymatic methods.

21.2.2 TLC on Chromarods Coupled with Flame
Ionization Detection
TLC coupled with flame ionization detection (FID), or the socalled Iatroscan, is a small-scale modification of TLC that was
developed during the late 1960s and the early 1970s, and that
provides new possibilities for analyzing TAGs. This technique
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introduced the use of a reusable TLC medium combined with a
sensitive method for detection in the microgram range [51,52]. In
TLC-FID, the sample is spotted on a quartz rod coated with silica gel, developed chromatographically, and finally subjected to
detection by FID as the rod is passed through a hydrogen flame.
The particle size varies in the different types of silica rods used,
but Chromarods S-Ill, which have particle size 5 µm and a more
uniform coating, are commonly used [53].
The chromatographic resolution of different classes of lipids
is similar on Chromarods to that of classical TLC. The solvent
system compositions also generally correspond to those used in
classical TLC, but the actual ratios of the individual components
should always be optimized. The detection system is based on
the same physical principle as used in GC.
The response factor (the ratio of analyte to the internal standard) of some lipids depends on various factors such as the
amount of sample present, sample volatility, amount of material
analyzed, FA composition, and rate of passage of the Chromarod
through the flame [54–59]. For that reason, it is important for the
analytes to be present in the calibration solution in the same proportion as in the biological sample. For TAGs, the variability in
the slope is too great to rely on a single TAG standard for accurate
quantification of a particular lipid class [59]. The differences in
the relative percentages among TAGs may vary from 12% to 48%,
making responses incomparable. Indeed, among others, Kramer
et al. [56] and Mares et al. [60] observed larger coefficients of
variation for biological samples than for comparable amounts of
model synthetic mixtures, which they attributed to the presence
of unsaturated and unstable lipids in the biological samples.
Since the sensitivity of Iatroscan FID varies, depending on
the substances to be analyzed, it is necessary to obtain a suitable calibration curve, determined on the basis of the peak area
measurements and the levels of the components [61]. A number of researchers have determined FID correction factors for
different classes of lipids using a single molecular species and
have applied those factors to the analysis of biological samples
[62–67]. To ensure an accurate response, the rod manufacturer’s
recommendations must always be followed: reactivation of each
rod should be constant, the degree of solvent vapor saturation in
the development tank should be constant, the solvent volume in
the development tank should also be constant, and in many cases
it is necessary to humidify the Chromarod.
Commercially produced apparatus such as the Iatroscan
TH-l0 (Iatron Laboratories, Tokyo, Japan) have proved to be useful for the separation of phospholipids, cholesterol, TAGs, and
FAs [67,68]. However, this system may not always be so effective when separating TAGs [56]. However, Hudson et al. [69]
published a study in which they extended the scope of Iatroscan
TLC-FID on Chromarods. Using their method, lipid-class bands
separated on silica-coated quartz Chromarods are resorbed using
a pyrolysis unit interface, and introduced directly into a gas chromatograph-mass spectrometer for molecular species analysis.
TAGs and phospholipids are converted to FA methyl esters by
thermochemolysis with tetramethylammonium hydroxide.

21.2.3 Solid-Phase Extraction
In the late 1970s, small commercial columns prepacked with a
variety of solid stationary phases were introduced in the market.

These SPE cartridges offered several advantages over other
sample preparation methods, including traditional column chromatography. Owing to the smaller sizes and volumes, SPE columns generally require the use of less solvent for elution, making
them more appropriate for direct injection onto a gas or liquid
chromatograph without further sample preparation. In this manner, both contamination and losses incurred during the transfer
steps are reduced. The current availability of a wide variety of
commercial absorption types has increased SPE flexibility and
selectivity, allowing them to be applied to almost any separation
problem. As a result of these advantages, SPE has become an
increasingly popular tool for fractionation of lipid classes [70,71].
In general, the principles of traditional liquid–solid column
chromatography and HPLC apply to SPE. The relatively large
particle sizes and pore sizes of SPE resins result in low back pressures so that elution can be achieved simply via application of a
vacuum or a small positive pressure with a hand-held syringe.
SPE cartridges are generally packed with 100–1000 mg, with
cartridge sizes ranging from 1 to 7 mL. Several samples can be
handled simultaneously by inserting the columns into a pressure
or vacuum manifold.

21.2.3.1 Operating Conditions
Silica-based stationary phases, simple or bonded, are commonly
used for lipid analysis, although amino-propyl-bonded phase columns are the most widely used SPE columns for lipid-class separation [72]. In these columns, hydrogen bonding to the primary
amine results in a stronger interaction with analytes with polar
functional groups than with nonpolar analytes. A basic method
for rapidly separating individual neutral and polar lipid classes
using bonded aminopropyl SPE cartridges was developed by
Kaluzny et al. [72]. Using their separation scheme, neutral lipids
are eluted and subsequently separated with solvents of increasing
polarity. Recovery of the lipid-class standards was between 96%
and 101% with <2% contamination between fractions. Mixtures
of 1% diethyl ether and 10% methylene chloride in hexane are
used to elute TAGs with this type of column. Silica adsorbs varying amounts of water due to the highly active surface silanols.
Therefore, the moisture content of the SPE column may affect
separation in any given method and the column may require drying before use. Alternatively, the moisture content of the solvents
must be controlled [73].
Despite the advantages of SPE over traditional sample preparation methods (increased speed and simplicity, reduced solvent
usage and disposal costs, and improved selectivity as discussed
previously), it is often difficult to monitor separations on SPE
columns. With TLC, analytes can be visualized to confirm the
separation of components or for their identification. In fact, TLC
is often used to confirm SPE separation or to identify components in a given SPE fraction, especially during the initial development stages.
A typical SPE extraction involves four basic steps: (a) conditioning, (b) sample loading, (c) rinsing, and (d) elution. The
conditioning of the sorbent particles serves to remove any impurities in the cartridge, and aids in wetting the surface silanols
or bonded functional groups to “secure perfect and maximum
mutual contact of the liquid and solid phases” [74]. Cartridge
impurities can be removed by rinsing with a solvent that is as
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strong or stronger than the elution solvent. This is followed by
rinsing with a conditioning solvent that is as close to the sample solvent as possible. When loading the sample, the analyte
should be dissolved in a solvent that is “weak” for the sorbent
being used. Some samples, such as serum or plasma, may be
added directly to the cartridge. For example, Aufenanger and
Kattermann [75] placed bile samples directly onto a bonded
aminopropyl SPE column and subsequently eluted the cholesterol and phospholipid fractions. Generally, however, lipid-class
fractionation is accomplished after first extracting the total lipids
from the homogenized sample matrix into chloroform or a similar solvent using the method of Folch et al. [76], or that of Bligh
and Dyer [77]. The lipid extract is then placed directly on the
SPE column. Rinsing removes undesirable components from
the sample and washes the remaining sample into the sorbent.
The rinsing solvent should not elute the analytes of interest and is
often the same as the loading solvent. Analyte elution is the final
step in any SPE method.

21.2.3.2 Applications of SPE to TAG Isolation
Liquid–solid column chromatography using silica as the stationary phase has been a widely used technique to separate different lipid classes [78]. By varying the solvent polarity around the
solid phase, lipids can be selectively isolated with a high degree
of purity and efficient recovery. These techniques have been routinely employed to separate blood plasma lipid classes before
analysis, and are reported to be very useful for the separation of
lipids from lipoproteins, including VLDLs, which contain large
amounts of TAGs [79,80]. The amount of plasma TAGs recovered when separated by SPE has been reported to be greater than
that recovered by TLC [81].
Neutral lipids, including cholesterol esters, TAGs, free FAs, and
cholesterol, have been eluted from silica columns with chloroform/acetic acid (100:1). Recoveries of the neutral lipids in the first
fraction were greater than 95%, and no contamination of neutral
lipids was observed in the phospholipid fractions [82]. Hamilton
and Comai also modified the aforementioned method to achieve
complete separation of neutral lipids into the cholesterol ester,
TAGs, free FAs, and cholesterol fractions [79,83]. Combinations
of hexane/methyl tert-butyl ether (MTBE) were used to elute
sequentially cholesterol ester and TAG. The recovery of these lipid
classes was close to 100% as measured with radiolabeled species.
After column acidification, FAs were eluted followed by cholesterol. Polar lipids were eluted from the column using combinations
of MTBE, methanol, and ammonium acetate. This method has
been successfully applied to the fractionation of human serum, rat
serum and liver, and cultured smooth muscle cells.
Previously, Sallustio and Thompson [84] separated TAGs from
other neutral lipids using ether/hexane/acetic acid to elute TAGs,
but they did not report the efficiency of recovery or separation.
Additionally, Neff et al. [85] separated TAGs from other nonpolar components in crude soybean oil using hexane and ether/
hexane mixtures as the elution solvents. The polar components
were eluted with methanol and the purity of the TAG fraction
was confirmed both by TLC and HPLC.
Despite the success in separating lipids on silica columns,
aminopropyl-bonded phases have been more widely employed.
Kaluzny et al. [72] compared their SPE procedure to a standard
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preparative TLC separation for the fractionation of bovine adipose tissue extracts. The average recovery for all lipid classes
was close to 100% when SPE was used, compared to 80% for the
TLC procedure. The procedure of Kaluzny et al. [72] has been
applied extensively to the fractionation of lipids from a variety of
biological tissues, environmental samples, and foods. Most of the
modifications that have been made in this method involve simplifications to yield fewer fractions or partial separation. Mallet et al
[86] utilized heptane rather than hexane as an elution solvent for
fractionating lipids from human skin extracts, and Bodenneca
et al. [87] employed a modification of the method to clear neutral lipids prior to isolating sphingolipids from human melanoma
tumor tissue. Recently, Rizov and Doulis [88] separated lipids
from plant membranes (maize and rice). Other stationary phases,
such as diols, have also been used with considerable success [89].

21.2.4 Enzymatic Methods
The analysis of TAGs has been simplified by the introduction
of automated enzymatic methods, procedures that are quick,
easy, and direct. Nevertheless, the usefulness of these methods
is limited to measuring serum and lipoprotein TAG levels only,
since these are comparatively difficult to determine from lipid
extracts, and organic solvents interfere with enzymatic reactions
[90–104].
Enzymatic methods are based on the determination of the
glycerol portion of the TAG molecules after hydrolysis to remove
the FAs. The procedure follows three stages: TAG emulsion,
complete hydrolysis by a lipase and a stearase, and indirect spectrophotometric measurement of the glycerol at 340 or 500 nm
[105]. There are two alternative pathways for TAG determination, depending on whether a dehydrogenase or oxidase/peroxidase system is used.
A simple enzymatic quantitative analysis for measuring TAGs
from tissues was developed by Danno et al. [104], from a method
originally developed for measuring TAGs in plasma. Before
using an enzymatic kit directly, the lipids were dissolved in tertbutyl alcohol, and then a Triton X-l00/methyl alcohol mixture
was added (1:1, v/v). This method permitted the determination of
TAG levels between 10 and 90 nmol, by measuring absorbances
at 505 nm.
The analysis of TAGs in serum lipoprotein fractions is useful
when assessing the risks for coronary artery disease. Typically,
this analysis has to be routine, rapid, and easy to perform. For
this reason, several enzymatic methods have been recently developed for the analysis of TAGs in VLDL, low-density lipoproteins
(LDL), intermediate-density lipoproteins (IDL), and high-density lipoproteins (HDL). In 1995, Winkier et al. [106] developed
a method for the direct quantification of LDL TAGs without
ultracentrifugation, through the separation of LDL by agarosegel electrophoresis. After electrophoresis, glycerol was liberated
from TAGs by the action of cholesterol esterase. The relative
amounts of lipoproteins were finally determined by densitometric scanning at 570 nm. When tested with purified VLDL, the
electrophoresis assay was demonstrated to be linear between
0.08 and 6.5 g/L pre-β lipoprotein TAGs. Okada et al. [107] patented a method for selectively quantifying TAGs contained in
VLDL and/or IDL. The method was based on treating the sample
with enzymes that catalyzed a series of reactions, leading to the
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formation of hydrogen peroxide, or a reduced form of a coenzyme from TAG, in the presence of a selective reaction-accelerating agent. Others have published methods combining enzymes
and electrochemical detection of the reaction products [108,109].

21.2.5 High-Performance Liquid Chromatography
The introduction of mass or evaporative light-scattering detectors (ELSDs) proved to be a major advance in the detection of
lipid classes following HPLC separation. Since the ELSD is only
sensitive to the mass of the vaporized analyte, it is not limited
by the absorption characteristics of the individual components
and/or the nature of the eluents. For this reason, it is compatible
with gradient elution, and volatile solvents do not influence baseline drift as they are removed by evaporation before detection
of the analyte. The only requirement is that the compounds to
be detected must be less volatile than the solvent. However, the
response of the ELSD varies with each lipid and is dependent
on factors such as particle size, mobile-phase composition, drift
tube evaporation temperature, and carrier gas flow rate [110].
Recently, new methods have been published for the separation
of lipid classes by HPLC, employing ELSDs for detection. These
methods have resolved neutral or total lipids, including TAGs,
from a wide variety of samples in normal and reversed phases.
Among normal phases, those enriched with hydroxyl groups, the
so-called diol columns, have achieved the best results [111,112].
In these columns, lipid classes are separated according to their
polarity, the most polar ones being retained inside the column.
TAGs are only briefly retained. In addition, the use of these polar
bonded phases instead of silica gel in normal-phase HPLC has led
to a significant increase in column performance and a decrease
in column re-equilibration time [110]. However, alumina has also
been employed as a stationary phase for the quantification of
nonpolar lipid classes in zoo plankton [113]. In this method, the
separation was achieved with elution mixtures composed of tetrahydrofuran (THF), hexane, and isopropanol. Derivation of the
lipids can result in higher levels of sensitivity than those of the
ELSD but the procedure is subject to problems such as the use of
“dry” reagents, and varying levels of derivation from preparation
to preparation and from lipid to lipid [114]. Deschamps et al. [115]
recently reported that, when analyzing lipids, the response of an
ELSD is enhanced by adding triethylamine and an equimolar
amount of formic acid to the mobile phase. These methods have
also been applied to natural samples highly enriched in TAG,
such as corn fiber oil and rice bran oil [116].
In 1996, Murphy et al. [117] reported an isocratic separation
of lipid classes using a silica column (5 µm). In this procedure
two solvents were used, 1.2% 2-propanol in n-hexane containing 0.1% acetic acid (90%) and n-hexane (10%), at a flow rate of
0.6 mL/min. Using this method they compared the linearity of
the calibration curves of UV, ELSD, and fluorescence detectors.
For each type of detector a wide range of concentrations were
found in which the response was linear.
In a similar procedure, Homan and Anderson [118] substituted
2-propanol with acetone in a portion of the solvent gradient program, yielding consistent resolution of diacylglycerol and cholesterol without sacrificing baseline resolution of the remaining
major lipid classes. Moreover, previously detected variations in
the retention time of TAG were eliminated. The introduction of

acetone also enabled the flow rate to be reduced by 20% without
increasing the total run time. This method was used to analyze
the composition of lipids in extracts from rat liver, heart, kidney, and brain. Silversand and Haux [112] reported the resolution
of TAGs among other neutral lipid classes by HPLC-ELSD on
diol columns and applied the method to lipid extracts from the
liver and eggs of Atlantic salmon (Salmo salar). However, these
authors did not separate cholesteryl esters from TAGs, which
eluted in <4 min.
Seppanen-Laakso et al. [111] optimized an HPLC method
with ELSD for the simultaneous quantitation of cholesteryl
esters, TAGs, free cholesterol, and phosphatidylcholine in human
plasma. The separation of cholesteryl esters from TAGs, the most
variable plasma lipid class, was improved by speeding up the gradient steps and by increasing the re-equilibration time between
runs. The intra- and interday precision values of the method
ranged from 1.9% to 4.5% and 2.3% to 7.2%, respectively, and
recoveries varied from 97.0% to 110.3%.
UV absorption (typically, at 203–214 nm) has been attempted
but is not suitable owing to the absorption of chloroform below
254 nm. In addition, UV absorption is largely dependent on the
number of double bonds present in the lipid. Thus, distearate
phosphatidyl (no double bonds) has an extinction coefficient of
200 (M−1 cm−1), whereas that of dilinoleate phosphatidylcholine
(four double bonds) is 12,900 [119].

21.3 Analysis of TAG Molecular Species
21.3.1 Thin-Layer Chromatography
Although other chromatographic methods, such as gas–liquid
chromatography or HPLC, provide a more precise molecular
analysis of the TAG species, methods based on TLC still enable
TAG fractions or even molecular species to be separated, and
may help to resolve complex mixtures of TAGs.

21.3.1.1 Normal-Phase TLC
Adsorption chromatography, based on silicic acid plates, is probably the technique of choice to separate lipid classes. However, it
has also been employed to separate TAGs whose differences in
molecular weight or polarity is large.
Some authors have been able to separate TAGs on the basis
of their molecular weight, with results similar to those obtained
by column chromatography [120–124]. When petroleum ether–
diethyl ether has been used, long-chain TAGs are eluted first with
a second fraction containing short-chain TAGs. This elution system also permits the separation of TAGs containing long-chain
FAs and acetic or isovaleric acids according to their chain length
[125]. Furthermore, phytanic acid-containing TAGs have also
been separated using this technique [126–128]. TAGs containing
unsaturated FAs are less easily eluted from silicic acid than those
containing SFAs, and they can be separated by normal-phase TLC.
However, the differences in polarity must be enormous [129,130].

21.3.1.2 Argentation TLC
The TLC methods most commonly employed to resolve the
TAG molecular species, or fractions of this lipid class, involve
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argentation TLC (Ag+ -TLC) [131,132] and reversed-phase TLC
(RP-TLC) [133]. Argentation chromatography was developed in
1962, largely as the result of work by Morris [134]. The basis of
this technique lies in the ability of silver ions to interact with the
π-electrons of double (or triple) bonds, enabling the separation of
substances with differing degrees of saturation. When applied to
columns, the method is inefficient, tedious, and time consuming,
and thus it is rarely used. In contrast, Ag+ -TLC has been widely
used in the separation of TAGs because of its simplicity, efficiency, and speed, and it is still used to separate natural mixtures
of TAGs [135]. Although Ag+ -HPLC is progressively substituting
Ag+ -TLC [136], the latter may still be used to separate TAG fractions which are to be recovered from the silica, and subsequently
injected into the HPLC system individually [137]. In this way,
Ag+ -TLC serves as a useful aid in the identification of mixtures
that generate complex chromatograms when analyzed directly
by reversed-phase HPLC.
In Ag+ -TLC, silver nitrate is applied to a silica gel plate, generally of 200 mm × 200 mm, to which, in most cases, calcium
sulfate is added as a binding agent. The concentration of silver
nitrate that is used depends on the complexity of the TAG mixture. Normally, the most appropriate is 5% silver nitrate in water
(by weight) [138] but concentrations of up to 25%–30% may be
used [139,140]. After the glyceride solution is applied, the plate
is usually developed using ether–benzene or chloroform–methanol mixtures. However, solvents such as ethanol, methanol, acetone, and acetic acid can also been used [141–143]. Ternary and
sequential solvent systems provide a more accurate analysis of
TAG mixtures [144].
Under these elution conditions, saturated TAGs migrate
together, virtually with the front. These are followed by the various groups of TAGs in order of decreasing degrees of saturation
[145,146]. Separation with silver nitrate is so effective that TAGs
with the same degree of total unsaturation but different acid
radicals (e.g., dioleoyl-stearoyl-glycerol and linoleoyl-distearoylglycerol) can be separated. In fact, the elution order is as follows:
front 000 > 001 > 002 > 111 > 012 > 112 > 022 > 003 > 122 >
013 > 222 > 113 > 023 > 123 > 223 > 033 > 133 > 233 > 333 origin, where the numbers indicate the number of double bonds of
each FA in the TAG molecule. On the other hand, trans double
bonds, and particularly conjugated double bonds, can substantially alter the order given above. As it is more difficult to resolve
the TAGs that are more unsaturated, separation of TAGs containing FAs with more than two double bonds usually requires
the plates to be developed more than once [146,147]. Argentation
TLC can also lead to the separation of some TAG isomers, for
example, geometrical isomers of FAs (cis/trans), positional isomers of FAs (double bonds in different positions), and positional
isomers of TAGs (sn-1, sn-2, and sn-3).
Once separated, the same methods that are used to identify
lipid classes separated by TLC can be used to identify the TAGs,
commonly UV light (350 nm) after spraying with fluorescein
or Rhodamine 6G [148–150]. For quantification, the TAG fractions can be extracted from the silica by adding a solution of 1%
by weight of NaCl in a methanol–water solution (90:10, v/v). In
this way, the complex of silver ions with double bonds is broken,
and subsequently the band can be scraped off [151–154] and the
TAGs can then be extracted with diethyl ether–methanol (90:10,
v/v). Each band is usually composed of over 80% of the primary
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TAG, whose composition can be identified by its location on the
chromatogram and by analyzing its FA content using conventional methods of conversion into methyl esters by GC. Direct
quantification of TAGs by GC or HPLC can be performed by
comparing peak areas with those of standards [155], or by photodensitometry directly on the plates [156,157].
Although Ag+ -TLC has yielded important information regarding the TAG composition of many fats and oils [158–165], this
method is usually used to complement more accurate techniques,
such as GC or HPLC. The TAG composition of peanut oil was
determined by first separating the nine TAG fractions by Ag+ TLC, and then individually analyzing each fraction by GC to
determine their FA content [166]. The TAGs in fish oil were separated into four fractions before analyzing them individually in a
reversed-phase HPLC system. The composition of the molecular
species of each fraction was then determined to aid the identification of fish oil TAGs [137]. Argentation TLC has been shown
to be a practical tool for the determination of trisaturated TAGs
in margarines and in the fats used in their preparation [167,168].
In addition, its capacity to resolve TAG positional isomers can
facilitate the identification and quantification of sn-2 TAGs in
interesterified fats [169,170].
Chromarods have also been impregnated with silver ions to
separate TAG molecular species. Separations have been performed on mixtures of TAGs to which an internal standard
was added. Type S Chromarods have been used and developed
with mixtures of 1,2-dichloroethane–chloroform–formic acid
(98:8:0.1). This mixture enables pure TAGs to be separated
according to their degree of unsaturation. However, separation
using this technique is always much more effective for phospholipids than for TAGs [171]. Among TAGs, Rf values decline with
decreasing unsaturation and chain length, and this decrease in
Rf value per methylene carbon was about twice that per double
bond [56]. Parrish et al. [172] separated saturated and polyunsaturated TAGs in an attempt to ascertain whether TLC-FID
could provide a rapid screening method to evaluate the potential toxicity of marine samples on the basis of the presence of
polyunsaturated lipid classes. However, while this method succeeded in separating saturated and polyunsaturated TAGs, it
failed to separate the different molecular TAG species [173–176].
The method proposed by Jee and Ritchie [145] involved either a
chloroform–benzene–diethyl ether (70:30:1.5) or a triple-development benzene solvent system. While this technique separated
l-palmitoyl-2-oleoyl-3-stearoyglycerol from its 1-palmitoyl2-stearoyl-3-oleoylglycerol isomer, tristearin could not be separated from trans-monounsaturated TAGs.

21.3.1.3 Reversed-Phase TLC
Kaufmann et al. [177] were the first to apply RP-TLC to TAG
analysis, given that it is one of the simplest and easiest modifications of partition chromatography to perform. This chromatographic technique has been successfully used to resolve TAG
mixtures according to their PN. With this technique, the best
resolution has been achieved using stationary phases consisting
of long-chain hydrocarbons or liquid paraffin [178,179].
Nevertheless, RP-TLC has some drawbacks that must be considered. First, the use of chromogenic reagents for the detection
of TAGs is quite difficult. Quantification is usually performed
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by indirect GC or spectrophotometric methods, and is laborious and time consuming. Currently, densitometry is the preferred method for quantifying compounds separated by TLC.
However, since charring is most often used for the direct densitometric determination of TAGs, long-chain hydrocarbons and
liquid paraffin are unsuitable for use as the stationary phase.
To perform densitometric quantification of TAGs separated by
RP-TLC, plates must first be cooled and stored until they can be
silanized in a desiccator over phosphorus pentoxide. Silanization
of the layer is achieved by placing the plates in a closed chamber
over dimethyl-chlorosilane (DMCS) vapor for a variable period
of time. The plates are washed by elution with methanol and
dried at 110°C for 1 h, and then stored in closed glass boxes
without any special precautions. Resolution is highly dependent
on the shape of the chromatographic chamber, the saturation of
the atmosphere with mobile-phase vapors, and the volume of the
mobile phase.
Masterson et al. [179] compared mobile phases and detection reagents for the separation of TAGs by silica gel, Ag+, and
reversed-phase TLC. To ascertain which systems were optimal
for TAG analysis, various layer types, mobile phases, and detection methods were tested under identical conditions, using a variety of TAG standards. As well as standard layers, Masterson et al.
compared three different types of layers using chromatographic
standards, hen’s egg yolk, lard, and snail extracts on plain (unimpregnated) silica gel TLC plates; silica gel layers impregnated
with silver nitrate by the manufacturer or in the laboratory; and
silica gel layers with chemically bonded Cl8 groups. These studies
showed that the best separations of TAG standards were achieved
using isopropyl alcohol–chloroform with plates impregnated
with silver nitrate, and mixtures of isopropyl alcohol–chloroform
(l.5:98.5) with plain silica gel TLC and acetonitrile–methyl ethyl
ketone–chloroform (50:35:15) [145,180–184].

21.3.2 Solid-Phase Extraction
Although this technique is mainly used for the separation of lipids, and in some cases for the isolation of TAGs, molecular TAG
species can also be separated on benzenesulfonic acid SPE columns when converted into the silver-ion form [185]. Elution with
dichloromethane/methyl acetate mixtures gave pure trisaturated
monoene species and a mixed fraction of saturated dimonoenes
and disaturated dienes. Acetonitrile eluted the remaining highly
unsaturated species. Fractionation of other species was not possible using this method. In this procedure, the amounts of the various TAG fractions that were identified in cocoa butter, palm oil,
and sheep adipose tissue were in agreement with those reported
previously. Moreover, this method was successfully used by
Thompson and Christie [186] to fractionate TAGs from bovine
plasma.

21.3.3 Gas Chromatography
The introduction of GC 50 years ago opened a new age in studies
of the molecular composition of individual lipid classes. Initially,
it was assumed that TAGs would not be suitable for analysis by
GC because of their low volatility and because the boiling points
of TAGs coincide with the temperature of their thermal decomposition. Indeed, the fact that these components only exist as

aerosols during the chromatographic procedure is still a cause of
technical difficulties in routine practices.
The first chromatograms devoid of symptoms of TAG decomposition were published by Kuksis and McCarthy [187], who
had improved the separation technique by directly injecting the
samples onto the column. The optimal conditions for analysis,
choice of the sorbent and stationary phase, optimal loading of
the sorbent with the stationary phase, and other factors that are
important for quantitative analysis of TAGs were later published
by Kuksis [188]. In his study of automated quantitative analysis
of blood plasma lipids, Kuksis [189] recommended that TAGs
be determined only in the concentration range where the value
of the mass (weight) correction factor (f w) is independent of the
amount analyzed. This postulate was also supported by Gold
and Mathew [190] and was generally accepted up to 1978 when
Mares et al. [191] first proposed the use of the nonlinear part of
the calibration dependence for routine clinical analyses.

21.3.3.1 Stationary Phases
Up to the end of the 1960s, TAG analysis was carried out on
glass or stainless-steel columns packed with dimethyl polysilane
(OV-1, OV-101, JXR, S-30) or phenyl methyl polysiloxane (OV17, SE-52) [192,193]. The support particles are impregnated with
small amounts of the liquid phase, so as to reduce retention times
while maintaining the resolution. The internal diameters used
usually varied between 2.5 and 3.5 mm [194,195]. In the analysis
of TAGs, the column length plays a very important role: indeed,
an excellent review on this subject was published by Litchfield
et al. [196]. Columns from 150 to 180 cm long were used to separate TAGs differing in one carbon atom [197], but in most cases
a column length of 20–70 cm was sufficient. A disadvantage of
longer columns lies in poor recovery of the separated compounds
[198,199]. Furthermore, columns longer than 2.0 m are impractical for separating TAGs above C48. Since the 1970s, capillary
GC using apolar columns has become a routine tool for characterizing the TAG profile of fats [200]. TAG separation on apolar
silicone phases is based mainly on molecular mass differences
(CN determinations), whereas unsaturation barely contributes to
peak retention [201].
The effect of the physical properties of the sorbent on the
recovery of the test compounds remains unclear and is not easily measurable [201]. The quantitative behavior of the column is
characterized by the mass response factor f w, which is calculated
as a ratio of the mass and the percentage area of the test component obtained through the internal normalization method [198].
The recovery increases and the peak resolution decreases with the
carrier-gas flow rate, and this relationship is characteristic for various column packings. As shown by Mares et al. [201], a greater
effect on the mass correction factor and the peak resolution is
exerted by loading of the sorbent with the stationary phase rather
than by the structure of the sorbent itself. In general, more loading
with the stationary phase reduces the recovery but improves the
efficiency of separation. Loading with the stationary phase for the
analysis of intact lipids usually varies between 1% and 3%.
The choice of the stationary phase depends primarily on its
thermal stability, as neutral lipids are eluted from the column at
relatively high temperatures. Another criterion is the purpose of
the analysis. Separation of components according to the number
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of carbon atoms (CN) irrespective of unsaturation is carried out
with nonpolar stationary phases. Separations according to both
CN and the degree of unsaturation and/or position of the double
bond in the molecule requires stationary phases with an optimal
polarity to separate the maximum number of components.
The density of the column packing is another important factor
that has a significant influence on column efficiency. It can be
expressed in terms of the packing mass per unit volume of the
column. Because of flexibility of the particle shape, the packing density is affected by the filling technique. Columns with a
high packing density yield good separations but low recoveries,
especially for higher TAGs, which is not improved even after
long thermal stabilization of the column [197,202]. On the other
hand, columns with low packing density yield good recoveries of
TAGs, but the efficiency is very often poor [198].

21.3.3.2 Capillary Columns
Until 1972, it was generally assumed that compounds with such
low volatility were not suitable for analysis using capillary columns. The first paper on capillary GC of TAGs was published
by Novotny et al. [203], and the first practical application of
capillary columns to analyze TAGs was published 4 years later
by Schomburg et al. [204]. In 1979, Grob and Grob published
an important study concerning the injection technique suitable
for TAG analysis on capillary columns [199]. In the same year,
Monseigny et al. [205] published a study of the quantitative
behavior of TAGs on capillary columns, which was analogous
to the study of Litchfield et al. [196] with packed columns published in 1965. Nowadays, fused-silica columns with chemically
bonded stationary phases are still the best capillary GC columns
to analyze intact lipids.
The column length usually varies between 5 and 25 m
[199,206–208]. Longer columns provide better separation but
lower recovery of high-molecular-weight compounds and highly
unsaturated lipids, as described for packed columns. The internal
diameter usually varies from 0.2 to 0.32 mm, depending on the
efficiency desired.
A number of researchers began to study the quantitative
TAG analysis in 1979–1980 using fused-silica capillaries with
a chemically bonded nonpolar stationary phase (replacing the
former method of capillary GC on apolar columns; OV-l, SE-52,
SE-54). On such columns, the CN sequence is retained when a
“polarizable” methyl phenyl silicone stationary phase is used,
but unsaturation now contributes to the separation within each
CN fraction [209–212]. Thus, the order of elution becomes tripalmitin (PPP), palmitoyl-oleyl-palmitoyl-glycerol (POP), and palmitoyl-linolenoyl-palmitoyl-glycerol (PLP), all of which contain
saturated acids, and separation by triplets takes place according
to the degree of unsaturation of the middle acid [213].
Chemically bonded polarizable stationary phases also enhance
the column lifetime and reduce baseline drift at elevated temperatures [214,215]. These stationary phases were used up to
360°C, but this limit has been extended with current improvements in the thermal stability and separation efficiency of newly
developed stationary phases. An optimal layer thickness of the
stationary phases for lipid analysis lies between 0.1 and 0.2 mm.
The developments in the synthesis of stationary phases and
capillary column technology have opened new perspectives in
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the analysis of high-molecular-weight compounds and thermolabile organic compounds by high-temperature high-resolution
GC. This branch of high-resolution GC deals with analyses performed up to 390°C (with some applications going up to 420°C
and even a few applications to a maximum of 450°C) [216].
Recently, Macher and Holmqvist [217] tested a new laboratorymade polymer called SOP-75, a substituted methoxy-terminated,
75% diphenyl 25% dimethylpolysiloxane coated on a fused-silica
capillary column. When compared with commercially available capillary columns, the SOP-75 columns offered a similar
selectivity and inertness at temperatures of up to 400– 410°C,
but showed better separation efficiency of TAGs and thermal
stability.

21.3.3.3 Carrier Gas
Litchfield et al. [198] compared the effect of the type of carrier
gas on the recovery of tripalmitin and tristearin using two different instruments and two different packed columns. Despite the
information provided [201] it is difficult to discern whether the
difference in recovery for the two TAGs with helium and nitrogen was due to the different column packings, different instrumental parameters, or a combined effect of the carrier gas with
other parameters. However, helium permits a better resolution of
neutral lipids, in agreement with theoretical considerations, and
should be used, especially when analyzing complex natural mixtures [191,198,202]. Nevertheless, nitrogen is still the carrier gas
most often used because of its lower cost. Hydrogen is best suited
for longer column lengths [218–220], such as capillary columns,
while shorter columns can also function effectively with helium
as the carrier gas [221]. The use of hydrogen as a carrier gas
may also cause other problems. Thus, capillary columns run with
hydrogen as the carrier gas have been seen to lead to a reduction
of double bonds in cholesteryl esters [222]. Although this effect
has only been demonstrated with cholesteryl esters, it could also
occur with glycerolipids. Apparently, some of the condensation
catalyst remaining in the liquid phase during manufacture or
added during application of the liquid phase to the flexible quartz
surface promotes the reduction of double bonds by the hydrogen
carrier gas.
The carrier-gas flow rate affects both column efficiency and
quantitative recovery, especially for TAGs with higher carbon
numbers and degrees of unsaturation [201]. Optimally, both factors should be as low as possible, so a compromise should always
be sought. The use of high carrier-gas flow rates can lead to the
extinguishing of the FID flame after the sample injection and
difficulties with immediate reignition.

21.3.3.4 Temperature Programming
When employing isothermal chromatographic conditions to
analyze a mixture of TAGs with different vapor tensions or long
retention times at high temperature, the quantity of the stationary phase and the column efficiency (length) should be selected
to favor good separation of the most volatile components. In the
case of TAGs, the main problem is always to reduce the analysis
time. In nonisothermal conditions, this is achieved by increasing
the oven temperature, but for isothermal chromatography, longer
columns are needed. Retention times for high-molecular-mass
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TAGs are very long and some such TAGs may not elute. When
programmed-temperature chromatography is used, the retention
times for a series of compounds with the same CN generally
increases linearly with the number of carbon atoms rather than
exponentially, as in the case of isothermal chromatography.
Chromatography is usually performed by temperature programming from 180°C to 350°C at a rate of 2–5°C/min. For good
resolution, the program should commence at a temperature that
is 25–50°C lower than the ebullition point of the most volatile
TAG. The optimum temperature program and the nature and
flow rates of the carrier gas vary with the length of the column
and the molecular weight range of the solutes. However, precautions must be taken when using hydrogen as the carrier gas due
to the risk of explosion in a confined area [218,223].
Temperature programming makes it possible to elute TAGs of
up to 60 carbon atoms in reasonably short times. However, the
use of short columns is affected by a number of different factors:
injection technique, carrier-gas flow rate, column type, and, above
all, the type of substance being analyzed. Thus, problems are
always encountered when analyzing neutral fats from nervous tissue and fish fats for instance, where the thermal decomposition of
the TAGs during vaporization becomes an important factor when
assessing the TAG composition of these polyunsaturated fats.

21.3.3.5 Identification and Quantification
On nonpolar columns, unsaturated TAGs are eluted prior to saturated ones, principally following the order of their boiling points.
Alternatively, on polar or polarizable columns, the interaction
with the π-electrons of the double bonds leads to a retardation
of unsaturated substances [224]. This retardation is dependent
on the number of double bonds and the type of FAs present.
Identification of separated TAGs cannot be carried out using pure
substances, as they are not commercially available. This problem can only be partially resolved by using the retention indices
because of the possibility of overlapping between some isomers.
In the case of isothermal programming, the identity of unknown
TAGs can be deduced from the relationship between the logarithm
of the retention time and the total number of carbon atoms in a
homologous series of TAGs. However, since gradient temperature
programming is generally used, identification of TAGs must be
deduced from the relative elution temperature, which is virtually
independent of the initial temperature and the ramp of the temperature program [225]. Despite the fact that chemical methods
such as hydrogenation [226,227] or ozonization [228] can help to
identify individual TAGs, complete identification is only possible
using mass spectrometry (MS) detection [60,229]. Indeed, hightemperature gas chromatography/mass spectrometry (HT-GC/
MS) has been employed to study the behavior of mixtures of TAG
molecular species on a polarizable stationary phase (immobilized
65% phenyl methyl silicone). The use of negative-ion chemical
ionization (NICI) at an ion-source block temperature of 300°C
overcomes problems in interpreting electron ionization (EI) mass
spectra produced during the HT-GC/MS [228].
Mares et al. [60] identified and quantified over 50 molecular
species of TAGs from pooled human plasma. The TAGs were
resolved by silver-ion TLC into seven fractions, which were then
analyzed separately by polarizable GC and desorption chemical
ionization mass spectrometry (DCI-MS, commonly employed in

MS analysis of TAGs) in the presence of an internal standard.
The ion-source temperature was 200°C, the heating rate 1°C/s,
and the reaction gas ammonia. According to these researchers,
the two methods used were equally good at estimating the major
and minor constituents of saturated TAGs but not for estimating polyenoic species, that is, species containing more than three
double bonds (which are degraded at high temperatures). For
this reason, these authors recommended TAG analysis by GC
in association with DCI-MS. More recently, Laakso [229] has
reviewed several ionization techniques that can be applied to the
structural characterization of TAGs.
The high temperatures necessary to perform capillary GC of
intact TAGs constitute a hazard for the recovery of the peaks
resolved and for their quantification. Thus, it is impossible to
obtain quantitative recoveries of long-chain polyunsaturated
TAGs from nonpolar columns, and especially polar or polarizable
capillary columns. When estimating TAGs with an acyl carbon
number above 54, correction factors for on-column losses must be
employed, depending on the length of the capillary column. There
may also be a limit to the molecular weight or the boiling point
beyond which recovery of the solute is not possible even from
a short capillary GC column. Long-chain polyunsaturated fish
oil TAGs are only partly recovered from the polarizable phenyl
methyl silicone columns [198]. The main problem in quantification, a low thermal stability of highly unsaturated species, will
always result in nonlinear calibration dependences, and thus it is
unlikely that GC analysis will become the method of choice in
routine industrial analyses for polyunsaturated TAGs [224].
The mechanism by which peak loss occurs is not known, but
it is clear that it is associated with the high temperatures of separation. Grob and Grob [199] could not demonstrate a catalytic
contribution to the degradation of triolein from presilanized capillary columns. In contrast to packed columns, losses on capillary
columns were not due to trapping of the solute by the thin liquid
phase. Lower temperatures usually permit higher recoveries of
solutes, provided that they are eluted in a reasonable time period.
Time and temperature must be considered in conjunction when
considering the destruction of polyunsaturated long-chain species, which is more serious on longer columns. Dehydration, peroxidation, and polymerization, isomerization, and heat cracking
are some of the mechanisms believed to be at work during hightemperature destruction of both diacylglycerols and TAGs on GC
columns. Perona et al. [271] compared GC on a polarizable liquid phase with reversed-phase HPLC when determining the TAG
molecular species in rat liver. Similar results were found regarding the most relevant chromatographic peaks; however, important differences were encountered in the content of minor TAGs.
Indeed, RP-HPLC permitted the separation of TAGs containing
long-chain PUFAs, which were not detected by GLC, while the
latter technique reported a higher number of myristoyl species.
Nevertheless, more recently, Buchgraber et al. [230] compared
these two techniques for the analysis of TAGs in cocoa butter for
the purposes of authentication. These authors reported that the
quantities of individual TAGs obtained by both techniques were
in close agreement, and the precision of the methods were also of
comparable magnitude, so that either method can be applied to
assess the purity of cocoa butter. However, capillary GC has the
advantage of higher sample throughput due to a shorter run time
and because the consumption of chemicals is negligible.
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Stereospecific analysis of TAGs has also been achieved by
GC. Angers and Arul [231] developed a method for region-specific analysis of TAGs consisting of partial deacylation of TAGs
with ethylmagnesium bromide followed by derivatization of
monoglycerides with n-butyryl chloride, and direct analysis of
dibutyrate derivatives of monoacylglycerols by GC. This method
was applied to beef tallow and grape seed and cottonseed oils.

21.3.3.6 GC Analysis of Natural Mixtures of TAGs
The earliest attempts to apply GC to the analysis of neutral lipids were the analyses of TAGs in butter fat, coconut, peanut,
safflower, cottonseed, and corn oil [232–234]. The demand for
detailed information on the positional distribution of FAs in the
TAG molecule led to the development of a stereospecific classification system, which differentiated among commercial fats and
oils of different origin [235].

21.3.3.6.1 Animal Fats
The composition of TAGs in the milk fat of different animal species was studied in detail by Kuksis’ group [233,236,237] and by
Smith et al. [238], particularly with respect to the carbon number and the degree of unsaturation. The composition of milk is
species specific, in some cases with a bimodal distribution, as
described by Kuksis and Breckenridge [233] for the TAG distribution of cow’s colostrum. The major human milk TAGs range in
carbon number from C22 to C56 [12,166,238–242].
A more complex analysis of the TAG composition of milk fat
was later performed by Myher et al. [242]. In this analysis, preparative argentation TLC was followed by polar capillary column separation in combination with MS detection. The analyses
were performed on a custom-made capillary column (RSL-300)
with cold on-column injection and temperature programming.
The complexity of the sample often requires the use of coupled
chromatographic techniques for such a detailed analysis.
Butterfat represents one of the most complex mixtures of
natural TAGs [192]. The TAGs are again resolved according
to molecular weight, and a difference of a single methylene
unit is sufficient to obtain baseline resolution. However, additional resolution is achieved within the range of carbon numbers C34–C40. This is due to a progressively longer retention
of TAGs containing C10, C8, C6, C4, and C2 acids within a
carbon number [203]. The identity of the acylglycerol species
in the more complex mixtures has been confirmed by GC-MS
[192,204], as simple retention times are not adequate for peak
identification.
Bezard and Bugaut [243] studied the TAG composition of
rat adipose tissue on a nonpolar column after a preliminary
separation by argentation TLC. TAGs with carbon numbers of
42–56 and double-bond numbers of 0–5 were separated into 86
individual molecular species. Garcia Regueiro et al. [244] analyzed the TAG composition of subcutaneous fat of cured ham
by capillary GC, finding dipalmitoyl-oleoyl-glycerol, palmitoyloleoyl-stearoyl-glycerol, palmitoyl-dioleoyl-glycerol, palmitoyloleoyl-linoleoyl-glycerol, and triolein as the major TAGs. GC
with a diphenyldimethyl-polysiloxane stationary phase has been
also employed for more unusual purposes, such as the study of
TAGs in adipose tissue of a skin sample from the 5300-year-old
Iceman mummy [245].
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21.3.3.6.2 Vegetable Oils
Neutral lipids of plant origin are very important raw materials
in a number of industrial processes. Geeraert et al. [246] used a
nonpolar capillary column and different temperature programs
for carbon number separation (also bearing in mind the degree
of saturation) to analyze butter, cocoa butter, chocolate fat, and
plant oils of distinct origins. Later, Geeraert and Sandra used
highly selective and thermally stable methyl phenyl silicone liquid phases to perform a detailed separation of TAGs of the same
fats and oils [213,215]. Similar columns have been subsequently
used by other authors to analyze the TAG content of edible fats
and oils [247,248]. Moreover, Traitler and Prévot have presented
an analysis of butter and cocoa TAGs on a nonpolar capillary
GC column, both before and after hydrogenation [199].
Using a 15-m glass capillary coated with a nonpolar liquid phase and a temperature program in the range 310–330°C,
Geeraert et al. [249] obtained a partial resolution of saturated
and unsaturated TAGs from coffee oil. Up to four fractions could
be recognized, appearing in the order UUU, UUS, USS, and
SSS (where S is a saturated and U an unsaturated C18 FA residue), The slightly earlier elution of the unsaturated components
was responsible for the peak broadening and the overlap with
odd-carbon-number species usually seen in natural TAG mixtures. Hydrogenation of the double bonds resulted in sharp and
symmetrical peaks. Comparable resolution of natural TAGs has
been obtained for other seed oils [246] and a tallow sample from
human forehead skin [245].
Soybean TAGs have been separated on a polar capillary column and defined using MS [249]. Furthermore, TAGs in palm
kernel oil [247,248] were separated into 14 groups, ranging
from C28 to C54, on a stainless steel column using a linear
temperature program between 220°C and 320°C at 3°C/min,
and nitrogen as carrier gas. Recently, Fernandez-Moya et al.
[250] presented the TAG composition of oils from a new highsaturated sunflower line after an analysis by GC. These authors
reported the separation of TAG isomers presenting the same
carbon number and double bonds and that only differed in the
position of the double bounds. GC has also been used for the
detection of the adulteration of olive oil with other vegetable
oils, such as corn, cottonseed, palm, peanut, soybean, and sunflower. For that purpose, Andrikopoulos et al. [251] employed a
WCOT fused-silica capillary column and either cold on-column
or split injection. The weak adulteration of olive oil with these
seed oils (<5%) could be verified by the detection of the increasing levels of trilinolein or tripalmitin in olive oil (except when
peanut oil was used). In addition, it was shown that TAG species
that can coelute with trilinolein in RP-HPLC are baseline separated by the GC technique.

21.3.3.6.3 Other Biological Samples
Ruiz-Gutierrez et al. [252] carried out a number of studies to
determine the molecular TAG species composition of several
animal tissues. In 1992, they reported the analysis of TAGs of rat
cecal mucosa, where 21 chromatographic peaks were separated.
The same method was then successfully applied to determine
the TAG of VLDL from human serum [253] and adipose tissue
[254]. Other authors have obtained equivalent results when analyzing VLDL [255] and liver [256,257] by GC.
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21.3.4 High-Performance Liquid Chromatography
The introduction of chemically bonded phases and HPLC has
renewed interest in liquid chromatography for the separation
of TAGs. The first paper to deal with the separation of TAGs
by HPLC was published in 1975 by Pei et al. [38] where simple
medium-chain-length TAGs were separated on a reversed-phase
column. Other researchers then began to use HPLC to analyze long-chain TAGs on silicic acid columns, reversed-phase
columns, or both. In 1977, Plattner et al. [39] and Wada et al.
[40] independently separated the first natural TAGs by HPLC
using reversed-phase columns. Today, reversed-phase high-performance liquid chromatography (RP-HPLC) is the method of
choice for separating complex mixtures of TAGs.
Despite notable success in analyzing TAGs using RP-HPLC,
perfecting this technique was not easy due to the difficulties
encountered in the processes of separation, detection, and identification. One of the main difficulties when analyzing TAGs by
HPLC is the formation of so-called “critical pairs,” that is, molecules that behave similarly in reversed-phase chromatography
in spite of the differences in chain length, the number of double
bonds, and their geometrical configuration. Although this problem has not yet been fully resolved for the analysis of natural fats,
it has been possible for a long time to separate TAG standards
considered as critical pairs. EI-Hamdy and Perkins [258] were
able to separate two geometrical isomers: triolein (54:3 ccc) from
trielaidin (54:3 ttt), which differ only in the configuration of the
double bond.
The second difficulty that has to be overcome is to establish
a chromatographic system capable of simultaneously resolving
TAGs with large differences in the length of their carbon chains.
The separation of short-chain, medium-chain, and long-chain
TAGs in the same chromatogram involves using elution gradients and sometimes yields different responses in the different
parts of the chromatogram.
The third difficulty is the detection of the molecules at the
column outlet. Refractive index and ultraviolet detectors were
employed at the outset, but the analysis of complex mixtures of
TAGs required new, more specific detectors. The emergence of
the ELSD and the application of MS to HPLC have been decisive
in the analysis of TAGs.
The last major problem that had to be resolved was the identification of chromatographic peaks. As very few pure standards
are commercially available, and as many critical pairs remain
unresolved, this has been one of the most difficult problems to
overcome. Again, HPLC-MS looks to be a useful tool for this
purpose, although several authors have developed other systems
for TAG identification.

21.3.4.1 Mobile Phases
The selection of the mobile phase is one of the most important
factors in TAG liquid chromatographic analysis. Plattner et al.
[39] briefly examined the effects of solvent composition on TAG
separations. Later, Pauls [259] compared seven binary solvent
mixtures for the analysis of olive oil TAGs. Pauls achieved the
best critical pair separation with the use of acetonitrile as the
weak solvent. While n-propionitrile has also been proposed as
the main solvent, its use confers some disadvantages such as

a high cost and toxicity. Nowadays, it is mainly reserved for
HPLC-MS applications [260]. Hirano and Takahashi [261] have
established three factors for the mobile-phase solvents in order
to obtain optimum column efficiency. While they should be of
low molecular weight and viscosity, TAGs should also be readily soluble in the solvent. These factors must be well balanced to
enhance column efficiency.
The function of the organic modifier is to improve the solubility of the compounds in the mobile phase so as to provide changes
in their polarity and thus increase peak selectivity. An increment
in the polarity of the mobile phase is directly related to an increment in both retention time and the resolution of TAGs, including
critical pairs. The most commonly employed binary solvent mixture for TAG analysis is acetone in a cetonitrile. Acetone provides
better separation while acetonitrile is maintained as the weak
solvent. However, acetone is incompatible with UV detectors
as it absorbs at the same wavelengths as TAGs. For this reason,
other binary systems have been developed. Among the organic
modifiers that have been tried, Pauls [259] showed that chloroform and THF had the greatest solvent strength for the elution
of the critical pair palmitoyl-dioleoyl-glycerol (POO)-triolein
(000) (52:2–54:3, NP = 48), while the best resolution for the pair
linoleoyl-dioleoyl-glycerol
(LOO)-linoleoyl-palmitoyloleoylglycerol (LPO) (54:4–52:3, NP = 46) was achieved with dichloromethane. The degree of resolution depends on the solvent
composition and is observed to be a function of the extent to
which a solvent can shift the retention per double bond compared
to the extent to which it shifts retention per carbon unit.
The analysis of TAGs by RP-HPLC and isocratic elution has
been performed for a long time due to the widespread utilization of refractive-index (RI) detectors [262,263]. This system has
provided good results for simple oils, but the analysis of complex
mixtures of fats, that is, animal fats, requires gradient elution systems. Gradient systems involve variations in the proportion of the
organic modifier in the solvent mixture to improve the solubility
of all the molecules whatever their structure. The goal is to better
resolve poorly retained TAGs (saturated molecular species with
short-chain FAs) while eluting the TAGs that were most strongly
retained (saturated molecular species with long-chain FAs) within
a reasonable time period. Thus, solvent gradients start with the
solvent of lower polarity and end with that of the higher polarity.
Acetone, n-propanol, MTBE, or dichloromethane show good
results when used in gradient conditions with acetonitrile. The
gradient systems can be linear or nonlinear, depending on the
content of the organic modifier (proportionally or not). Nonlinear
gradients, and gradients including steps of linear gradient and
isocratic conditions, have shown better separation of critical
pairs [13,264]. In addition to binary gradients, some analysts
prefer more complex gradients, including ternary gradients composed of acetonitrile and other solvents, such as methylenechloride, acetone, ethanol, or hexane [265–269].

21.3.4.2 Sample Solvents
The solvent used for the sample is of particular importance when
the sample is made up of a complex mixture of TAGs with a wide
polarity range. It is enormously difficult to find an appropriate
solvent in which all TAGs are correctly and equally dissolved.
Moreover, the solvents elected must allow an appropriate contact
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to be established between the solute and the stationary phase for
good chromatographic processing. Tsirnidou and Macrae [270]
studied the influence of the injection solvent on the RP-HPLC
of TAGs and found that chloroform produced inferior resolution under all conditions, an effect that was accentuated with the
injection of large volumes. Acetone is recommended, but it is not
suitable for high-molecular-weight saturated TAGs. It has also
been suggested that the mobile-phase solvent is the ideal solvent,
but others have employed hexane, obtaining better results. The
amount of TAGs to be injected onto the column varies according
to the detector sensitivity, from 1 to 5 mg.

21.3.4.3 Stationary Phases
Reversed-phase columns have been demonstrated to be ideal
for separating homologous series of compounds, such as TAGs.
Previous studies have shown that octadecylsilane (ODS) stationary phases (most of them spherical particles supported on a silica
packing) are the most selective for TAGs, without finding remarkable variations among the columns of different manufacturers
[1]. Columns with a particle size of 3 µm have the lowest height
equivalent to a theoretical plate. However, until recently, their
use was restricted because of the high pumping pressure needed.
Today, two 3-µm columns are usually connected in series, which
substantially improves TAG analysis [271,272]. Although the
standard analytical columns employed for TAG analysis are
250–300 mm in length and 4–5 mm in internal diameter, preparative columns, with particle sizes of 10–14 µm are usually
wider (6–9.4 mm) and those of 3 µm are shorter (100 mm) and
thinner (4.6 mm).
Most RP-HPLC analysis has been carried out without a column thermostat system. However, various researchers have
shown that increasing the column temperature affects retention
time and selectivity, yielding poorer separation. Although lower
temperatures produce better separation, elution times are greatly
increased. Moreover, highly saturated TAGs may precipitate out
of the mobile phase. For these reasons, the choice of column temperature must represent a compromise to ensure good solubility of
saturated TAGs concomitant with high selectivity of critical pairs.
Hirano and Takahashi [261] have discussed the theoretical
aspects to improve the resolution of TAG molecular species via
RP-HPLC when working at low temperatures. They analyzed
fish oils with a low melting point, establishing a critical temperature of −15°C, below which resolution is no longer improved.
These results were in agreement with earlier studies that had
only lowered the temperature to 15°C.
The efficiency of docosylsilane (DCS) columns in separating
TAGs by reversed-phase HPLC analysis was examined by Shirai
et al. [273]. These authors concluded that the DCS column was
more effective for separating TAG molecular species in HPLC
analysis, on the basis that better separation of plant oils such as
soybean oil, and of more complex TAG molecular species such
as fish oil and milk fat was achieved with DCS when compared
to ODS.

21.3.4.4 Detectors
Almost all possible detectors have been used to analyze TAGs
by RP-HPLC. Christie has written extensive reviews on possible
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HPLC detectors for quantitative TAG analysis [114,260,274].
When most separations were performed on isocratic elution
systems, RI detection was employed extensively [262,263].
However, as more complex mixtures of TAGs needed to be analyzed, gradients had to be applied, making RI detection impossible. Moreover, the sensitivity of RI detection is low and the
responses differ for saturated and highly unsaturated TAGs.
The UV detector is compatible with gradient elution and has
been used for HPLC analyses of TAGs. Absorption ranges from
200 to 230 nm (ester bond) to detect TAGs. However, many
adequate solvents also absorb at these wavelengths, causing an
important baseline drift with gradient elution systems. In addition, different TAGs have nonuniform molar extinction coefficients and, consequently, calculation of their response factors
with standards is needed for quantitative analysis [266,275,276].
Other researchers used FIDs and obtained good sensitivity and
baseline stability with elution gradients. Nurmela and Satama
[266] tested FID for TAG detection and they found a variable
response for different TAGs, although this variation was smaller
than with UV detectors. Moreover, the detector produced a nonlinear response for injections <5 µg. This may be a shortcoming
because only a small portion of the solvent eluted from the column can be introduced into the FID. Unfortunately, this detector
is no longer commercially available. Another detection system
involves chemically reacting the compounds emerging from the
column, as described by Kondoh and Takano [277]. TAGs are
hydrolyzed with potassium hydroxide and the glycerol released
is oxidized and converted into a derivative that can be detected
by spectrophotometry at 461 nm.
The introduction of mass or ELSDs was a major development
in the detection of lipid classes following HPLC separation.
Since an ELSD is sensitive only to the mass of the vaporized
analyte, it is not limited by the absorption characteristics of the
individual components and/or the nature of the eluents. For this
reason, it is compatible with gradient elution, and volatile solvents do not produce baseline drift as they are removed before
detection of the analyte by evaporation. The only requirement is
that the compounds to be detected must be less volatile than the
solvent [278–280].
Robinson and Macrae [183] compared ELSDs with UV and RI
detectors when analyzing butter TAGs. ELSDs provided better
chromatograms and, unlike UV detection, allowed acetone to be
used. Stolyhwo et al. [119] used coupled reversed-phase columns
to demonstrate the potential of laser light-scattering detection for
the quantification of TAGs in complex mixtures. However, when
Carelli and Cert [281] compared ELSDs and IR detectors in the
analysis of TAGs in vegetable oils, they obtained inaccurate
results for low concentrations of TAGs with ELSDs. For this reason, ELSDs require extensive calibration with response factors
when accurate TAG quantification is required [114,260,274,282].
New versions of the ELSD have improved the linear detector response due to a more uniform droplet size. Thus, in some
cases, HPLC-ELSD may be adequate for TAG quantification
without the need of response factors.
The advent of the ELSD permitted the separation of new critical pairs and introduced studies with the equivalent carbon number (ECN). Subsequently, the influence of nebulizer gas pressure,
temperature, mobile-phase composition, and flow rate on the
response of the detector was investigated. HPLC separation thus
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became possible with a wider range of derivatives and solvent
systems than were previously available when using the RI and
short-wave UV detectors. Regardless of the exponential response
of the detector (which depends on the solute concentration), nowadays, the ELSD is the most frequently employed detector for the
determination of TAG molecular species.

21.3.4.5 Identification of Molecular Species
In spite of their usefulness, all the detectors described above
have the limitation of chromatographic peak identification. Thus,
MS has become necessary to identify TAG species fully. It also
provides practical information about TAG structure.
Analysis of TAGs by MS was first carried out by directly introducing the sample into a heated ionization chamber [283–292].
Subsequently, mass spectrometers were coupled with gas chromatographs and finally to HPLC systems by means of different
interfaces that are commercially available. Several methods to
apply MS to TAGs have been proposed but some drawbacks have
been found with all of these. Electron impact ionization methods generally result in spectra containing low-molecular-weight
fragments, with no quasimolecular ions present. Electrospray
ionization (ESI) provides only quasimolecular ions, with no
fragmentation. Unfortunately, the absence of fragmentation can
produce ambiguity in the structural assignment for TAGs with
identical molecular weights. Information on both, the molecular
weights and the fatty acyl residues of TAGs, have been obtained
by combining RP-HPLC and atmospheric pressure chemical
ionization (CI) MS [293–299]. Desorption chemical ionization
(DCI) and positive-ion CI have also been successfully used to
characterize TAG structure.
Molecular ions (MH+) are indicative of the molecular weight
of the TAG molecules, while the ions (MH-RCOOH+), resulting
from the loss of an acyl group provide information about their
molecular structure. Via the identification of 1,2- and 2,3-diacylglycerols, it is possible to determine unequivocally the structure of the parent molecule. In this way, differentiation between
FAs at the sn-2 position from those at the sn-l(3) positions can be
achieved, but the two enantiomers cannot be distinguished.
When MS is not available, several authors have suggested the
employment of equations to predict the composition of mixtures
of TAGs. Wada et al. [40] were the first to establish a parameter
termed the PN to characterize TAG molecules. The PN is determined by PN = CN − 2 ND, where CN is the total number of
carbons and ND is the number of double bonds in the FAs constituting the TAG molecule. They found that on reversed-phase
columns, TAGs eluted in growing order of PN, permitting the
prediction of the elution order. With the development of highresolution columns, PN only defines a zone in the chromatogram
in which several critical pairs may be distinguished. Thus, more
complex formulas were needed.
El-Hamdy and Perkins [258] proposed the concept of theoretical carbon number (TCN) to identify TAGs. TCN can be experimentally determined from the capacity factor (k′) or relative
retention time of each chromatographic peak
k′ =

V1 − V0
t − t0
= 1
V0
t0

where V1 is the retention volume of the peak, V0 is the dead volume of the column, t1 is the retention time of the peak, and t0 is
the dead time of the columns as a function of the PN. Podlaha
and Töregard [298] developed another procedure to identify
TAGs based on PN, and the ECL (equivalent chain length).
Goiffon et al. [262] described a method based on the selectivity or reduced retention time (α) of TAGs. A linear relationship
exists between the number of double bonds of TAGs and log α.
Using this method, Perrin and Naudet [299] established the elution order of 120 TAGs from the log of their α.
Some authors have used the ECN for the tentative identification of TAGs. The ECN of each TAG in the sample is the ECN of
the hypothetical saturated TAG that has the same retention time.
When CNs are plotted against ECN, straight parallel lines are
found for different unsaturated TAGs. Thus, a theoretical prediction can be made, which has become a useful tool for TAG
identification. Herslöf et al. [300] estimated the theoretical ECN
for unsaturated TAGs on the basis of their relative retention
times, form an experimental linear relationship between relative retention times and the CN. This ECN is analogous to PN
(ECN = CN − a′ND), with the difference that in this case, the
value of a′ depends on each chromatographic system. However,
a′ generally takes values close to |2| and when a′ = 2, then the
values for the ECN and NP are equal. Takahashi et al. [301] calculated the value for a′ from the relationship between log k′, NC,
and ND (log a′ = q + b′ × NC + c′ × ND). The value of a′ is the
quotient between the constants b′ and c′. The determination of
the ECN is very reproducible. It can offer a good indication as to
the components of an unknown TAGs peak on a chromatogram,
such as the total number of acyl carbon atoms and the number of
double bonds, and thus identity of the constituent FAs.
In 1992, Hierro et al. [302] stated that the chromatographic
behavior of TAG molecules in RP-HPLC depends not only on
NC and ND but also on the number of unsaturated FAs (NUFA)
within the molecules. This was based on the fact that TAGs with
the same ECN are eluted in growing order of constituent SFAs.
Accordingly, in 1998, Nájera et al. [13] redefined the term ECN
as a function depending on NC, ND, and NUFA and reformulated the equation for ECN as ECN = NC + alND + a2NUFA.
The TAG prediction process becomes enormously complicated when the fat contains a large number of different FAs,
since the number of possible TAG molecules can be extremely
high. Therefore, and as a second part of the prediction process
from the ECN, some authors have proposed application of the
equations developed by Takahashi et al. [301]. These authors
developed a matrix model in which the variables were the CN
and ND of each FA esterifying the glycerol molecule. In spite of
all this work, TAG identification is still quite problematic when
the ECN is the same or similar.

21.3.4.6 Applications of TAG Analyses by HPLC
Knowledge of the TAG profile could be a more appropriate tool to
characterize oils and fats, avoiding the use of saponification and
formation of methyl esters. Owing to its recent and rapid development, HPLC has become as routine as GC, providing more complete information about the TAG composition of fats and oils.
At the research and development level, detailed TAG data
might facilitate an understanding of TAG biosynthesis in plant
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and animal cell metabolism, where the activity of acyl-transferases is involved. In this regard, the knowledge of the TAG
molecular species of dietary fat, as well as the TAG composition
of several body organs and tissues, can provide significant information for nutritional purposes.

21.3.4.6.1 Vegetable Oils
TAG analyses have been extensively employed to characterize edible oils. In the same study, El-Hamdy and Perkins [258]
determined the TAG composition of olive and soybean oils, the
latter containing mainly LLL (trilinoleoyl-glycerol) and LLO
(dilinoleoyl-oleoyl-glycerol). In the first analysis of soybean oil
using gradient elution and an ELSD, 19 chromatographic peaks
were detected, but could not be identified. Using gradients and
the ELSD, a similar number of chromatographic peaks were
resolved by Barrón and Santa-Maria [303] and Hierro et al. [304].
Unexpectedly, LLO was not as abundant as was first determined
and, in both studies, LLL was the main TAG, followed by LnLO
(linolenoyl-linoleoyl-oleoyl-glycerol) and then LLO. However,
Rezanka and Mares [305] found important amounts of LLO
and low amounts of LLnO (linoleoyl-linolenoyl-oleoyl-glycerol)
when applying RP-HPLC with MS. These differences might be
due to the distinct gradients and the mobile phases used.
Virgin olive oil presents a characteristic and unique pattern
of TAGs, which may be used to determine its origin and to
detect adulteration. Owing to its relative simplicity in TAG
composition, but also as a result of its relevance in human
nutrition, it was employed when developing the HPLC technique to study the factors affecting this process. It was found
that OOO was the main TAG, with an important presence of
LOO and POO. The last studies, carried out by RP-HPLC with
ELSD, have shown that approximately one-half of the total
content of TAGs corresponds to OOO, while the corresponding percentage of POO is close to 20% and LOO close to 10%.
In spite of the technical improvements available through the
use of gradient-elution systems and an ELSD, some critical
pairs still remain unresolved.
As with GC, RP-HPLC has been employed to detect adulteration of olive oil with other vegetable oils. Owing to its similarity in FA and TAG composition, the fraudulent addition of
hazelnut oil to olive oil can only be detected in high proportions
(20%–25%). For more accurate discrimination, a combination
of the determination of the Δ-7-stigmastenol and the difference
between the TAGs of ECN = 42, determined experimentally by
HPLC and calculated theoretically from the FA composition,
must be employed. Cert and Moreda [306], Parcerisa et al. [307],
and Vichi et al. [308] have recently proposed improved methods
for such testing, detecting percentages close to 5% and 10% of
hazelnut oil in olive oil.
Several other oils of interest have been characterized by HPLC.
Perrin and Prevot [267] developed an extremely interesting study
to determine the TAG composition of various vegetable oils by
RP-HPLC with light-scattering (ELSD) and gradient elution.
They analyzed oils rich in oleic acid, such as olive and rapeseed
oils; oils rich in linoleic acid, such as soybean and sunflower oils;
oils rich in both oleic and linoleic acids, such as peanut oil; and
oils rich in SFAs, such as palm oil. They also analyzed lard and
tallow with great success, identifying more than 11 chromatographic peaks in each oil or fat.
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21.3.4.6.2 Animal Fats
These are more complex than vegetable fats. The large differences in the FAs contained in these fats cause two principal problems. The first one is the difference in chain length and degree of
saturation, which makes it difficult to achieve a good resolution
for all TAGs. The second problem is that there are a great number
of different FAs in animal fats; thus, a greater number of TAGs
appear in the chromatograms and, therefore, more critical pairs.
Animal fats are employed for industrial purposes. Predicting
the melting behavior of a fat is difficult due to the complexity of
the constituent TAGs. Although the stearic or linoleic acid content has been proposed as a good indicator of the consistency of
a fat, it seems unquestionable that the determination of the TAG
species provides much more information. Such a determination
defines not only the FA composition but also the positions at
which the FAs responsible for its physical behavior are esterified.
Because of its complexity, elucidating the TAG composition of
milk fat and its derivatives (butter fat, cheese, etc.) is a formidable task. The large number of FAs it contains has made milk fat
a particular challenge in terms of TAG separation and identification. Until the introduction of the ELSD, no satisfactory results
had been obtained. The first to analyze butter fat by HPLC with
an ELSD were Robinson and Macrae [183], who compared the
chromatograms they obtained with those from other methods
of detection used previously, that is, UV and RI. As milk fat
must be separated on gradient elution systems, the UV and RI
detection systems offered poor resolution. FID with a linear and
nonlinear gradient of acetone in acetonitrile has also been used
and 62 chromatographic peaks were resolved. Again, resolution was enhanced when the ELSD was applied, almost always
with acetone in the elution system. Using this method, up to 111
peaks were separated in bovine milk with a nonlinear gradient
of acetone/acetonitrile as the mobile phase [304] and in Idiazabal
cheese [13]. More recently, Mottram and Evershed [297] identified 120 TAG molecular species by HPLC-atmospheric pressure
chemical-ionization (APCI)-MS in bovine milk, after fractionation of the mixture by TLC and with the aid of GC-MS. The
TAG analysis of milk fat has stimulated great interest and several
reviews have been published on the topic [309,310].
The great variety of FAs contained in fish oils, from myristic (14:0) to docosahexaenoic (22:6, n-3) acid causes difficulties when adopting the most appropriate method to analyze the
TAG content. Christie et al. [311,312] performed a number of
studies to determine the TAG composition of fish oils by silverion HPLC, obtaining up to 26 fractions in herring oil. Using
RP-HPLC, Pagnucco and Toschi [313] achieved the separation
of up to 19 fractions. Bergqvist and Kaufmann [314] resolved
35 single peaks from fish oil although, unfortunately, they only
were able to identify three of them. Perona and Ruiz-Gutierrez
[137] reported the use of a relatively simple binary gradient of
acetone in acetonitrile to separate 65 chromatographic peaks in
sardine oil. When TAGs were first separated into fractions by
argentation TLC and subsequently analyzed by GC, 59 TAGs
were identified.
Not only is there an industrial interest in evaluating the TAG
content of foods, but medical and nutritional benefits can also
be achieved through determining the molecular species of
TAGs. Human milk, as well as cow or ewe milk fat, has been
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subject to analysis for both industrial and nutritional purposes.
The objective is to achieve the substitution of the oils (coconut
oil, corn oil) employed at present in milk formulas for newborn
infants with others more similar to human milk. The TAG structure seems to be an important factor on the bioavailability and
absorption process of fats in the first weeks of life. It has been
suggested that the saturation of TAG FAs does not affect pancreatic lipase levels, whereas the chain length of the constituent
FAs does appear to exert an influence. The molecular species or
structure of TAGs can affect the metabolism of these molecules
and the FAs they contain, as well as lipoprotein metabolism, due
to the enhanced absorption of FAs located at the sn-2 position
[315–318].
The physiological effects of dietary TAG structure and composition are more relevant in the intestine and liver, those tissues
most actively involved in TAG synthesis and secretion. The specificity of lipolytic enzymes for FAs acylated at the sn-l position
of the glycerol molecule affects the resynthesis of TAGs either in
enterocytes or hepatocytes. After resynthesis, TAGs are transported via lipoproteins to peripheral tissues so that their constituent FAs can be incorporated into the cellular lipid metabolic
pathways. However, to date, little work has focused on TAGs or
lipoproteins from these tissues.
Recently, 31 molecular species of TAGs from rat liver were
identified by RP-HPLC equipped with an ELSD by Perona et al.
[272]. Oleic, linoleic, and palmitic acids formed the main TAGs in
the rat liver: palmitoyl-oleoyl-linoleoyl-glycerol (POL), dioleoyllinoleoyl-glycerol (OOL), palmitoyl-dioleoyl-glycerol (POO),
triolein (000), palmitoyl-dilinoleoyl-glycerol (PLL), dipalmitoyloleoyl-glycerol (PPO), and oleoyl-dilinoleoyl-glycerol (OLL). In
other studies using an ELSD, a lower number of TAG species
had been resolved from rat liver. Yang et al. [334] observed that
the FA composition and the major molecular TAG species in the
rat liver were very similar to those in VLDL. Parreño et al. [320]
studied the plasma TAG composition of a human population in
Catalonia by HPLC.
Adipose tissue is the most important extrahepatic tissue in
regulating lipid metabolism. Although it contains up to 97% of
TAGs, little work has focused on the molecular TAG content.
However, Huang et al. [319] reported 18 molecular species of
TAGs in rat adipose tissue using HPLC with UV detection.

21.3.4.7 Argentation HPLC
When considering using argentation TLC to analyze TAGs,
several drawbacks must be borne in mind. For example, unsaturated TAGs may be oxidized, the fractions collected may be
contaminated by silver ions, and quantification is problematic.
These are some of the reasons why it has been substituted by
argentation HPLC (Ag+ -HPLC). This technique can be performed either on a reversed-phase column (silver ions in the
mobile phase), on a silver-loaded cation-exchange column, or
on a silver-loaded silica column. The principles of compound
separation by Ag+ -HPLC are analogous to those of Ag+ -TLC:
TAGs are separated according to their degree of saturation,
the distribution of double bonds between the fatty acyl residues within a single molecule, the configuration and position
of double bonds within each FA, and the stereospecific position
in which the FAs are esterified. According to Christie [312],

this technique does not replace RP-HPLC but complements it,
especially for more complex mixtures of TAGs, such as milk
fats or fish oils.
Silver ions may be incorporated into columns in two different
ways: by impregnating the silica gel support with a silver salt or
by bonding silver ions to the phase by means of an ion-exchange
phase. The impregnation of columns with silver ions is generally performed with silver nitrate in concentrations from 5% to
10% in methanol, water, acetonitrile, or methanol–water (9:1,
v/v). These self-manufactured columns have a short lifespan due
to the loss of silver ions, which can also cause the corrosion of
the detection systems. This problem is avoided by using cationexchange supports, which may consist of macroreticular sulfonic
acid resins or silica gel supports with chemically bonded methylsulfonic acid groups [321].
The mobile phase used is another important factor that affects
the separation of TAGs by silver-ion HPLC. However, the nature
of the interactions between the silver ions, unsaturated solutes,
and solvents in the mobile phase has not been fully elucidated.
Some researchers have suggested using elution gradients combining chlorhydrated hydrocarbons with acetone and acetonitrile. However, many others have achieved more significant
results using isocratic systems, which allow the use of a variety of detection and quantification procedures [322]. The use of
isopropanol as a modifier in a hexane-acetonitrile-based mobile
phase for the separation of positional isomers of TAGs containing long-chain PUFAs has also been proposed [323].
Components separated by silver-ion HPLC are commonly
detected by ELSDs or moving-flame FID. This is principally
because these techniques do not limit the choice of solvents for
the mobile phase. However, as occurs with RP-HPLC, this type
of detection does not provide structural information regarding
molecular composition. For this reason, MS has recently been
employed for detection purposes [324,325].
Christie [321,326] made the most significant progress in developing silver-ion chromatographic systems. As a result, other
authors have been able to apply their methods to separate TAGs
from different natural sources. More useful information on the
TAG composition of complex mixtures of natural fats, such as
fish oil, has been achieved by combining this technique with
RP-HPLC. Silver-ion HPLC permits the separation of TAGs with
the same degree of saturation, as such, the fractions obtained can
then be analyzed by RP-HPLC, including using chain length as
a factor for separation.
Laakso and Voutilainen [327] have used Ag+ -HPLC followed
by on-line atmospheric pressure chemical-ionization-mass
spectrometric (APCI-MS) detection to study the TAGs of seed
oils rich in α and/or γ-linolenic acid moieties. They found that
silver ions formed weaker complexes with TAGs containing
γ-linolenic acid than with those containing α-linolenic acid.
With this method, 43 molecular species were identified from
cloudberry seed oil, 39 from evening primrose oil, 79 from
borage oil, 44 from alpine currant, and 56 from black currant
seed oils. Later on, Schuyl and Joode [325] employed electrospray MS to characterize the TAGs present in vegetable oils.
These authors compared the results with those obtained from
a FID detector and RP-HPLC coupled with APCI-MS, and
found consistent results with both these techniques. However,
they did observe less extensive data processing when using
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Ag+ -HPLC electrospray MS, since this latter technique gives
direct information of FA position and TAG CN, for each of the
TAGs of the sample. Macher and Holmqvist [328] have also
employed this technique for the separation of partially hydrogenated vegetable oils.
Joh et al. [329] employed argentation HPLC for the analysis
of TAGs of seed oils containing conjugate trienoic acids such
as α-eleostearic acid (CI8:3 9c,11t,13c) and punicic acid (C18:3
9c,11t,13c). The interaction of conjugate double bonds with silver ions was weaker than that of methylene-interrupted double
bonds, presumably because of the delocalization of π-electrons
in conjugate double bonds. In such instances, the strength of the
interaction of a conjugate trienoic double-bond system with silver
ions seemed to be between that of methylene-interrupted dienoic
and monoenoic double-bond systems.
This technique was also used to study the changes that occur
in the molecular species of TAGs during frying. Dobson et al.
[330] investigated the loss of specific molecular species of TAGs
from sunflower, high-oleate sunflower, and palm oils in common
frying operations and simulated frying experiments. The findings were that even though linoleate-containing species were
lost more rapidly than those containing oleate, as expected, all
species were liable to oxidation. The fact that those containing
oleate were lost more rapidly might well have been anticipated.

21.3.5 Supercritical Fluid Chromatography
In 1962, Klesper et al. [324] used the supercritical fluid of dichlorodifluoromethane as a mobile phase in chromatography for the
separation of two porphyrins. In the 1970s, HPLC was introduced
and due to the development of high-quality pumps and stationary phases, as well as other advances, it has become widely used
because of its power to separate mixtures dissolved in solvents.
SFC, which had remained a rather obscure technique, enjoyed
a resurgence following the introduction of capillary and packed
columns in the early 1980s. Currently, several SFC instruments
are now commercially available [331].
The principles that underlie SFC fan between those of GC
and HPLC. In SFC, the eluent is a gas that is compressed
above its critical temperature and critical pressure. Above
these points, the distinctions between the liquid and the gas
disappear and the substance becomes known as a supercritical
fluid. The density of a supercritical fluid is about two orders
of magnitude higher than that of the gas and about one-third
of that of the liquid. The solubility of a supercritical fluid is
comparable to that of the liquid. SFC potentially provides a
more rapid analysis than that attained by HPLC, since the diffusion coefficient of supercritical fluid is about two orders of
magnitude higher than that of the liquid. On the other hand,
the viscosity of a supercritical fluid is about two orders of magnitude lower than that of the liquid and comparable to that of
the gas. Consequently, the pressure drop across an SFC separation column may be of the same degree as that of a GC column.
Thus, a long column can be used for SFC, thereby improving
the resolution of separation, one advantage of SFC over HPLC.
In comparison with GC, this technique has the main advantage that losses of unsaturated and higher saturated lipid components caused by high temperatures are almost completely
eliminated [332].
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21.3.5.1 Mobile Phases
In SFC, CO2 has been widely used as a mobile phase because
of its low critical temperature (31.1°C) and low critical pressure
(72.9 atm). The pressure is much lower than the operation pressure of HPLC of a few hundred atmospheres. Other advantages
of using CO2 are that it is nontoxic and is inexpensive for the
degree of purity required. As CO2 is nonpolar, its supercritical
fluid can dissolve less polar compounds and is suitable for the
analysis of weakly polar species. To analyze polar compounds,
polar solvents such as methanol and ethanol should be added to
the supercritical fluid. The effects of such modifications have
been studied primarily with packed columns, although a few
reports have appeared on capillary columns with no active site.
The modifier plays two roles: to cover active sites (-Si-OH) on the
surface of the supporting material and to increase the dissolving
power of the mobile phase. The addition of a modifier extends the
application of SFC to more polar samples, but introduces limitations as to the detection method that can be used [333].

21.3.5.2 Stationary Phases
As in other chromatographic techniques, separation in SFC is
achieved through the differential distribution of sample molecules between the stationary and mobile phases. The forces
generated from the differences in polarity between the sample
molecules and the phases mainly govern the distribution of the
sample components. The SFC separation columns are classified
by the polarity of the stationary phase in a similar manner to
that of GC and HPLC columns. While the advantage of packed
SFC columns is their short analysis time, capillary columns
admit larger samples and have the advantage of a lower pressure
drop across the column and of a larger theoretical number. The
packing materials developed for HPLC can also be used in SFC
packed columns.
For capillary SFC, a fused-silica capillary tube is used as in
GC columns. In SFC, a thick column is preferred for its resistance against high pressure. A variety of columns with stationary phases of different polarities are commercially available, the
stationary phases including dimethylpolysiloxane, methylphenyl-polysiloxane, diphenylpolysiloxane, and cyanopropyl-polysiloxane. The columns are placed in an oven heated above the
critical temperature of the mobile phase. Descending temperature programs and/or ascending pressure programs can be run
for rapid and high resolution [334].

21.3.5.3 Instrumentation
The generation of instruments for SFC has been based on developments in GC and HPLC. The pump and injector are almost the
same as those used in HPLC equipment with minor modifications, whereas the GC oven can also be used for SFC. Detectors
for both HPLC and GC may be used for SFC; only the restrictor
has been developed specifically for SFC.
The pump should be pulse free and operate stably under a flow
rate or pressure mode. Valve injectors of 0.1–20 µL are used to
inject sample solutions in practical analysis. The injector volumes are chosen according to the diameter of the packed separation columns to which the total volume of the injector is to be
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delivered. For capillary columns, injectors of <1 µL volume are
utilized with splitters. A restrictor is indispensable for SFC and
is connected to the end of the column to keep the pressure of the
mobile phase above the critical pressure. The restrictor should
be rugged and the pressure drop should occur rapidly within the
short distance. Furthermore, the restrictor should be capable of
working over long periods and it must allow the flow rate to be
controlled. Various types of restrictors have been developed, but
no restrictor satisfies all these requirements [334].
In regard to detection, the flame ionization detectors (FID),
UV detectors, mass spectrometers (MS), and Fourier transform
infrared (FTIR) spectrometers, which have been developed for
GC and/or HPLC, are all suitable for use in SFC. In addition,
a light-scattering detector has been modified to function with
SFC [335,336] and has successfully detected TAGs and FA
methyl esters.

21.3.5.4 Applications
In 1984, Norris and Rawdon [337] first reported the use of SFC
to analyze glycerides of mono-, di-, and tri-olein and soybean oil
TAGs, using a packed column with either CO2 or CO2 modified
with methanol (99:1) as the mobile phase, and with a UV detector. In the same year, Chester [338] proposed the use of capillary SFC-FID for the analysis of glycerides of industrial-grade
glycerol monostearate, which also contained glycerol distearate,
glycerol tristearate, and other glycerides. He used a fused-silica
capillary column of 12 m coated with a 0.01 µm film of BP-IO
(7% cyanopropylphenylmethylsiloxane). In this way, it was demonstrated that capillary SFC was capable of achieving the baseline separation of TAGs.
White and Houck [339] more fully explored the possibilities of
using capillary SFC-FID for glyceride analysis. They analyzed a
mixture of 22 standard glycerides using a fused-silica capillary
column of 19 m in length, coated with a 0.25 µm film of DB-5
(95% dimethyl–5% diphenylpolysiloxane). They pointed out that
SFC separation of TAGs under mild conditions was particularly
useful to detect the presence in oils of thermally labile adulterants that were not detectable in high-temperature gas chromatographic analysis. Guthrie and Schwartz introduced the integral
restrictor [340] to capillary SFC-FID for the analysis of TAGs.
Subsequently, Proot et al. [341] studied the influence of column
temperature on TAG analysis during capillary SFC-FIC, concluding that no differences were observed in quantification in the
column temperature range 150–230°C, even for polyunsaturated
TAGs.

21.3.5.5 Argentation SFC
Supercritical fluid argentation chromatography (Ag-SFC) was
developed by Demirbüker and Blomberg to separate TAGs
according to the number of double bonds, chain length, and the
nature of their double bonds [342,343]. They prepared a fusedsilica capillary column packed with Nucleosil 5 SA (Macherey
Nagel, Düren, Germany) through which a solution of silver
nitrate was passed. They used a mobile phase of CO2/acetonitrile/isopropanol (92.8:6.5:0.7), a UV detector at 210 nm, and a
restrictor. This method was applied to the analysis of vegetable
oils such as palm, sunflower, soybean, corn, and linseed oils.

The Ag+ -SFC technique has a resolving power higher than
that of HPLC and a high stability in terms of silver-ion leakage. However, saturated TAGs could not be detected and other
detection methods should be used. These authors also developed
a miniaturized light-scattering detector for packed capillary SFC
[344,345]. Since the detector response was dependent on the flow
rate of the mobile phase, a drop in the response was observed
at flow rates above 16 mL/min of the expanded mobile phase.
However, below this flow rate, there was a region in which the
response was relatively constant. The detection limit was lower
than 6 ng and when compared to HPLC, they found that packedmicrocolumn Ag+ -SFC provided at least as high a separation
power as the corresponding HPLC methods [334,343,346].
Laakso and Manninen combined SFC with APCI-MS
[344,346]. Vapors of different solvents, such as methanol, isopropanol, water, or ammonium hydroxide in methanol, were introduced into the gas flow sheath in the APCI source to achieve
adequate ionization of TAGs. With this method, they successfully separated and identified TAGs in milk and berry oil, identifying both the major TAG molecules (CN 26–54) and the minor
TAGs with an odd CN. When studying berry oil TAGs, they
also found a differential effect on the retention of TAGs containing γ-linolenic acid (18:3, n-6) compared to the α isomer. The
abundance of the [M-RCOO]+ ion, formed by the loss of one FA
moiety of a TAG, was seen to be clearly higher in the case of
γ-linolenic acid. In all these studies, the authors employed an
SB-cyanopropyl-25 column.
Lee and Hastilow [345] compared the use of SFC and GC to
provide a quantitative determination of the TAG profile of structured lipids containing medium-chain and long-chain FAs. An
SB-methyl-100 capillary column stationary phase (10 m, 100 µm
i.d., 0.25 µm film thickness) and CO2 mobile phase were used
to separate the TAG species by SFC, and FID was used for the
detection. For GC, TAGs were hydrogenated prior to the analysis and a DB-5HT capillary column (30 m, 0.32 mm i.d., 0.1 µm
film thickness) was used for the separation. In this configuration,
helium gas was used as the mobile phase and FID was used for
detection. The results generated by the two methods were compared and found to be in close agreement. Previously, Sakaki
[347] had also published a review, comparing SFC with GC and
HPLC for lipid separation.

21.4 Estereospecific Analysis of TAGs
The physical and chemical properties of fats are related to both
the FA composition and their position in the TAG molecule.
Thus, both these aspects must be addressed when determining
the complete composition of a natural fat. It is, therefore, not surprising that for many years, a great deal of effort has been aimed
at developing analytical methods to determine the distribution
of the acyl groups in the TAGs of natural fats. Nevertheless,
this has proved to be an extremely difficult task because of the
close resemblance in the physical and chemical properties of
different TAGs, particularly when considering the case of positional isomers. The separation of the two enantiomers of a chiral
molecule is extremely difficult since, with the exception of their
rotatory power, these molecules are physically and chemically
identical [348].
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21.4.1 Enzymatic Analysis
In the years between 1950 and 1965, a number of laboratories
in France reported that porcine pancreatic lipase catalyzed the
stepwise hydrolysis of TAGs to glycerol and FAs via the intermediate di- and mono-glyceridic stages [349]. These authors and
several other researchers showed that pancreatic lipase preferentially hydrolyzes primary ester linkages in TAGs to produce
FA residues from the external sn-l and sn-3 positions, sn-l,2(2,3)diacylglycerols, and sn-2 monoacylglycerols. The result of these
reactions is indicative of the nature and proportion of FAs found
in each stereospecific position.
The FA composition at the sn-2 position is determined after
isolation of the resulting 2-monacyl-glycerols by TLC, usually
using n-hexane-diethyl ether-formic acid (70:30:1, v/v/v) as the
developing solvent. On the other hand, the FA composition of
the sn-l and sn-3 positions can be deduced by analyzing the FAs
released by the enzyme. Unfortunately, these FAs are not always
fully representative of the combined sn-l and sn-3 positions of the
original TAGs, due to the specificity of pancreatic lipase for different FAs and the complete hydrolysis of 2-monoacylglycerols
to glycerol (1%–2%).
The stereospecific analysis of TAGs was first introduced by
Brockerhoff [43], who employed phospholipase A from snake
venom to digest phospho-lipid-like molecules that were synthesized from diacylglycerols derived from original TAGs. This
method involved the use of a Grignard reagent (ethyl magnesium
bromide) as a deacylation agent. The reaction of phenyldichlorophosphate with the isolated 1,2(2,3)-diacylglycerols leads to the
formation of 1,2-diacyl-3-phosphatidylphenol and 2,3-diacyl-lphosphatidylphenol. Phospholipase A releases FAs from the sn-2
position of 1,2-diacyl-3-phosphatidylphenol, leaving 2,3-diacyll-phosphatidylphenol unhydrolyzed. Thus, separation and FA
analysis of the reaction products, along with those produced
from the hydrolysis with pancreatic lipase, allows calculation of
the FA composition at the three stereospecific positions of the
TAGs to be determined.
By applying lipolysis to a number of vegetable and animal
fats, it has been shown that unsaturated CI8 acids (oleic, linoleic, and linolenic acids) mainly occupy position 2, whereas
saturated and unsaturated C20 and C22 acids are present only
at positions 1 and 3. For that reason, certain researchers have
suggested that in vegetable fats, position 2 is preferentially acylated by unsaturated acids with 18 carbon atoms. As a result,
positions l and 3 are acylated by the remaining acids and those
unsaturated CI8 acids that are unable to find a free site at position 2. Within those limitations, the acyl groups follow a pattern
of statistical or random distribution.

21.4.2 Estereospecific Stereospecific Analysis of
TAGs by HPLC
HPLC determination of the sn-positions occupied by FAs on the
triacyl-sn-glycerol molecule is rather complicated, since most
analyses require, first, careful sample preparation and, second,
GC analysis of the FAs obtained from the enantiomeric fractions
separated by preparatory HPLC.
Sample preparation entails prior partial hydrolysis of total,
simpler mixtures, or individual triacyl-sn-glycerols, to obtain
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mono- and/or di-acyl-sn-glycerols, normally by means of the
Grignard reaction [350]. This is followed by the formation of
derivatives of the mono- and di-acyl-sn-glycerols and isolation
by SPE or TLC. HPLC analysis of the mono- and di-acyl-snglycerol derivatives, and in some cases of the derivatives of the
triacyl-sn-glycerols themselves, has been performed using normal-phase adsorption chromatography, reversed-phase chromatography, and chiral-phase chromatography.

21.4.2.1 Normal-Phase HPLC
Normal-phase adsorption chromatography has been employed
to analyze 1,3-, 1,2-, and 2,3-diacyl-sn-glycerols by generating
diastereoisomeric (S)-(+)-1-(naphthyl)ethylurethane derivatives
[351,352]. Laakso and Christie [353] achieved good separations of the diastereoisomeric derivatives of diacyl-sn-glycerols
using silica gel columns connected in series and an isocratic
mobile phase of hexane–isopropanol (99.5:0.5 v/v). Under those
conditions, the diacyl-sn-glycerols derivatized with (S)-(+)-1(naphthyl)ethylisocyanate eluted in ascending order of the 1,3-,
1,2-, and 2,3-enantiomers. Various researchers have reported that
the magnitude of the steric effects of the substituents on the chiral carbon of the urethane group and the primary carbon on the
glycerol are the main factors affecting the order of elution of diastereoisomers [44]. Using the (R)-form of the derivatizing agent
reverses the elution order of the 1,2- and 2,3-diacyl-sn-glycerols,
although the resolution has been reported to be much lower [354].
Laakso and Christie [353] also observed that diacylsn-glycerols formed by single FAs are eluted in the order
18:1 < 18:0 < 18:2 < 16:0, unlike the expected order in normaland reversed-phase HPLC. This may be attributable to the effect
of the spatial conformation of the FAs on their interactions
between the substrates and the stationary phase.

21.4.2.2 Reversed-Phase HPLC
Reversed-phase chromatography has been used much less frequently than adsorption chromatography for stereospecific analysis
of triacyl-sn-glycerols. Analyses using this technique have been
carried out by forming diacyl-sn-glycerol derivatives or derivatives
of the triacyl-sn-glycerols themselves. Semporé and Bézard [355]
carried out separations of the 3,5-dinitrophenylurethane (DNPU)
derivatives of the 1,2- and 2,3-diacyl-sn-glycerols on an ODS column using an acetonitrile–acetone mobile phase and a mass detector. DNPU derivatives have normally been used to analyze the
mono- and diacyl-sn-glycerols by chiral-phase chromatography.
Deffense [356] developed an RP-HPLC method for analyzing the
direct derivatives of triacyl-sn-glycerols obtained by epoxidation
of triacyl-sn-glycerols containing a single MUFA. Epoxidation
of the double bond was achieved by performing a reaction with
m-chloroperbenzoic acid in a dichloromethane medium. Separation
of the epoxi-dated derivatives was performed by gradient elution
using dichloromethane–acetonitrile–acetone, with detection by
laser light scattering. Under the conditions employed, it was possible to separate the isomers with the unsaturated acid at position
sn-2 from the sn-l and sn-3 isomers, which were not resolved.
Angers et al. [357] analyzed the FA distribution of FAs from
milk fat TAGs by means of the Grignard degradation after separation of TAGs into fractions of the same PN by RP-HPLC. They
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found that within the same PN, the distribution of FAs in the
three stereospecific positions was dependent on the degree of
unsaturation of the FAs and the size (CN) of the TAG, except for
the case of stearic acid, which was predominantly found at the
sn-l,3 position, regardless of the other FAs present.

21.4.2.3 Chiral-Phase HPLC
Chiral-phase chromatography has also been applied successfully to the stereospecific analysis of TAGs. Glycerol possesses a
prochiral carbon at C2, and hence, an asymmetric esterification
of the primary positions leads to the formation of enantiomers.
Although enantiomeric TAGs cannot be resolved, their random
deacylation products can be separated by HPLC with amide-urea
chiral phases using the complementary DNPU derivatives of the
acylglycerols [358,359]. Recently, Iwasaki et al. [360] achieved
the resolution of asymmetric enantiomers of TAGs containing
eicosapentaenoic or docosahexaenoic acids.
In this chromatographic method, the stationary phase presents
chiral molecules that have been chemically bonded to a silica
gel support medium, thereby avoiding the need to prepare diastereoisomeric derivatives of the partially hydrolyzed di- and
mono-acyl-sn-glycerols, as is necessary in normal-phase adsorption chromatography.
Itabashi and Takagi [361] achieved good separations of DNPU
derivatives of mono- and di-acyl-sn-glycerols that were obtained
by partial prior hydrolysis of triacyl-sn-glycerols. They used
a column with a chiral (S)-2-(4-chlorophenyl)isovaleroyl-snphenylglycine stationary phase chemically bonded to a silanized
aminopropyl silica support. With a hexane–dichloroethane–ethanol mobile phase (40:12:3 v/v/v), monoacyl-sn-l-glycerols were
separated from mono-acyl-sn-3-glycerols [360]. Similar results
have also been obtained using d-naphthylamine chiral phases
[362]. The proportion of each monoacylglycerol enantiomer,
together with the percentage of FAs at the sn-l(3) and sn-Z positions, allowed the stereospecific distribution of FAs in the TAG
molecule to be determined. A simple method is described by
Itabashi et al. [363] for determining the positional distribution of
FAs in γ-linolenic acid-rich TAGs. The procedure involved the
preparation of sn-l,2(2,3)-diacylglycerols by the partial deacylation of TAGs with a Grignard reagent, the preparation of DNPU
derivatives of the diacylglycerols, the resolution of the enantiomeric sn-l,2- and sn-2,3-diacylglycerols by chiral-phase HPLC,
the resolution of molecular species of diacylglycerols in each
enantiomer group by reversed-phase HPLC, and the determination of the FA composition by GC. In a review of the topic in
1998, Itabashi dealt with this technique in more detail [364].
Takagi [365] and Ando et al. [366–368] have also prepared
comprehensive reviews of the chiral-phase HPLC separation
of mono- and di-acylglycerols. These authors substantially
improved the separation of DNPU-monoacyl-sn-glycerols by
using an N-(R)-I-(1-naphthyl)ethylaminocarbonyl-(S)-valine
chiral phase. Employing a long (500 mm × 4 mm i.d.) column, a
slow flow rate (0.5 mL/min), and a weakly polar ternary mobile
phase like that just mentioned, they were able to separate the
enantiomers with 18 carbon atoms and from zero to three double
bonds. However, this technique suffered the drawback of excessively long elution times (6 h or more) and the failure to resolve
certain isomers such as palmitic and oleic acids.

The development of new chiral stationary phases is critical
in improving the resolution of DNPU-diacyl-sn-glycerol enantiomers. Chiral columns using (R)-(+)-1-(1-naphthyl)ethylamine
chemically bonded to a silica gel support and a hexane–dichloroethane–ethanol (40:10: I, v/v/v) mobile phase have achieved good
separations of enantiomers. Besides improving the resolution of
the enantiomers, analysis times have been appreciably shortened
by the use of shorter columns (250 mm × 4.6 mm i.d.) and higher
flow rates (1 mL/min). This technique holds out great promise
for future application in the stereospecific analysis of the triacylsn-glycerols in natural fats.
During stereospecific analyses, Myher et al. [369] examined
the chromatographic and mass spectrometric behavior of natural
TAGs containing long-chain PUFAs on chiral stationary phases
after derivatization with DNPD. These authors found unexpected
complications during the stereospecific analysis of TAGs containing over 33% of either 20:4 or 22:6 FAs. The sn-2(2,3)-diacylglycerols made up of two long-chain polyunsaturated acids
migrated with the X-1,3-diacylglycerols and required separate
chiral-phase resolution. Furthermore, the enzymatic method
yielded sn-1,2(2,3)-diacylglycerols, leading to an overrepresentation of the polyenoic species due to their relative resistance to
lipolysis, but prolonged digestion yielded the correct composition for the 2-monoacylglycerols.

21.5 Recent Analysis Methods
A great number of papers on TAGs were published in the last
decade. Here, the reader finds a selection of recent methodology.
A simple strategy to identify TAGs in wild and cultivar
peanuts was performed using online coupling of nonaqueous
reversed-phase chromatography-electrospray ionization-mass
spectrometry (NARP-LC-ESI-MS) with silver nitrate (AgNO3)
as a postcolumn additive. The combination of the structural
information given by MS with chromatographic retention laws
led to the determination of the structure of TAGs in wild and
cultivar peanut oil [370].
In order to define irradiation treatment as a routine conservation methodology, it is imperative to develop chemometric indicators with the ability to distinguish irradiated from unirradiated
foodstuffs. Electron spin resonance, photostimulated luminescence, and thermoluminescence methods were employed to
monitor radiation-induced markers, as well as different chemical
compounds produced from the lipidic fraction of different foodstuffs. Apart from these methods, the specificity of TAG profiles
has previously been detected in a mushroom species, as has the
effect of irradiation treatment in the TAG profiles of chestnuts.
Accordingly, the feasibility of using this as a chemometric indicator of irradiated mushrooms was evaluated. In line with the
obtained results in the literature, the effects of each type of irradiation were significantly different, as can be concluded from the
correlations among discriminant functions and variables within
each statistical test. TAG profiling proved to be a useful tool to
detect irradiated mushrooms, independently of the species or
irradiation source, especially for doses above 1 kGy [371].
A high-density, polymeric C18 stationary phase (Inertsil ODSP) or a polymeric C30 phase (Inertsil C30) provided improved
resolution of the isomeric FAs, FA methyl esters (FAMEs), TAGs,
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and tocopherols with an increase in pressure of 20–70 MPa in
reversed-phase HPLC. The ODS-P and C30 phases provided
increased separation for TAGs and β- and γ-tocopherols at high
pressure [372].
Cherif et al. [373] developed an ESI-MS screening method of
TAGs in developing cultivated and wild peanut kernels (Arachis
hypogaea L.). A quaternary HPLC system was pumping the
acetonitrile/acetone mobile phase, whereas another pump was
used to pump the AgNO3 online after the column via a T connector. A 25 mm × 2.0 mm × 5 μm Kromasil C18 column was
used throughout the experiment . The mobile phase used in isocratic mode were acetonitrile/acetone (47:53, v/v) with a flow
rate of 0.25 mL/min. AgNO3 at a concentration of 100 μM was
introduced into the LC effluent after the column at a flow rate of
0.05 mL/min to increase the sensitivity.
ESI-MS and tandem MS was used. The entire volume of the
column effluent was directed to the mass spectrometer. The ESI
spectra were recorded in the positive mode and the mass range
analyzed was set from m/z 50 to 2000. Following studies of the
ESI-MS, the precursor molecules of the silver TAGS were identified, isolated, and subjected to CID-MS/MS analysis to produce
series of characteristic product ions.
RP-HPLC, followed by postcolumn addition of lithium salts
and electrospray ionization triple-stage mass spectrometry
(ESI-MS3) of lithiated TAG adducts, is shown to provide a useful method for the positional analysis of TAGs (TAGs) in fish oils
containing eicosapentaenoic (EPA, 20:5) and docosahexaenoic
acids (DHA, 22:6) [374].
Ruiz-Samblás et al. [375] developed authentication models based on liquid and gas chromatographic fingerprinting of
TAGs from palm oil of different geographical origins in order to
compare them. For this purpose, a set of palm oil samples were
collected from different continents: South eastern Asia, Africa,
and South America. For the analysis of the information in these
fingerprint profiles, a pattern recognition technique such as partial least-squares discriminant analysis (PLS-DA) was applied to
discriminate the geographical origin of these oils, at a continent
level. The liquid chromatography, coupled to a charged aerosol
detector, (HPLC-CAD) TAGs separation was optimized in terms
of mobile-phase composition and by means of a solid silica core
column. The gas chromatographic method with a mass spectrometer was applied under high temperature (HTGC-MS) in
order to analyze the intact TAGs. Satisfactory chromatographic
resolution within a short total analysis time was achieved with
both chromatographic approaches and without any prior sample
treatment. The rates of success in the prediction of the geographical origin of the 85 samples varied between 70% and 100%.
A “dilute-and-shoot” method for vitamin D and TAGs is
demonstrated by Byrdwell [376] employing four mass spectrometers, operating in different ionization modes, for a “quadruple parallel mass spectrometry” analysis, plus three other
detectors, for seven detectors overall. Sets of five samples of
dietary supplement gelcaps labeled to contain 25.0 μg (1000
International Units, IU) vitamin D3 in olive oil were diluted to
100 mL and analyzed in triplicate by APCI MS, atmospheric
pressure photoionization APPI MS and ESI MS, along with an
UV detector, a corona charged aerosol detector (CAD), and an
ELSD, simultaneously in parallel. The TAG composition was
determined by APCI-MS, APPI-MS, and ESI-MS, and the
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FA compositions calculated from the TAG compositions were
compared to the FA composition determined by GC with FID
of the FAME. APCI-MS provided the FA composition closest to
that determined by GC-FID of the FAME. A previously reported
approach to TAG response factor calculation was employed,
which brought all TAG compositions into good agreement with
each other, and the calculated FA compositions into excellent
agreement with the FA composition determined from GC-FID
of the FAME [376].
Camellia seed oil is one of most important edible oils, rich in
oleic acid and containing many natural antioxidants with various
biological activities. During the preparation of food or during
storage, camellia oil auto-oxidizes and produces oxidized compounds. Zeb [377] presents the uses of liquid chromatography
coupled to ESI-MS (HPLC-ESI-MS) for the analysis of TAGs
composition and evaluation of the auto-oxidation and oxidation
products of camellia seed oil.
The complexity of natural TAGs in various edible oils is high
because of the hundreds of TAG compositions, which makes
the profiling of TAGs quite difficult. A rapid and high-throughput method for online profiling of TAGs in plant oils by twodimensional (2D) liquid chromatography using a single column
coupled with APCI MS was reported. A novel mixed-mode 2D
chromatographic column packed with silver-ion-modified octyl
and sulfonic co-bonded silica was employed in this online 2D
separation system. This novel 2D column combined the features
of C8 column and silver ion. In comparison with the traditional
C18 column and silver-ion column, which are the two main columns used for the separation of complex TAGs in natural oil
samples, this novel 2D column, could provide hydrophobic interactions as well as π-complexation interactions. It exhibited much
higher selectivity for the separation of TAGs, and the separation was rapid. This online 2D separation system was successful in the separation of a large number of TAG solutes, and the
TAG structures were evaluated by analyzing their APCI mass
spectra information. This system was applied for the profiling
of TAGs in peanut oils, corn oils, and soybean oils. 30 TAGs in
peanut oils, 18 TAGs in corn oils, and 21 TAGs in soybean oils
were determined and quantified. In addition, the TAG data were
analyzed by principal component analysis (PCA). Results of the
PCA enabled a clear identification of different plant oils [378].
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22.1 Introduction
According to Moreau et al., gourmet food is high-quality food, perfectly prepared and artfully presented. Within the gourmet specialties, one can find a number of fats and oils such as olive oil, avocado
oil, wheat germ oil, rice bran oil, tree nut oil, algal oil, fish oil, and
butter oil. In contrast to commodity oils (e.g., soybean oil), gourmet oils, also known as virgin oils, are highly appreciated for their
health-promoting properties and their flavor characteristics [1].

Another interesting concept is that of novel food. Novel food
is that food that does not have a significant history of consumption within Europe prior to May 1997. The oil produced from
unicellular organisms (microalgae) is considered novel food and
therefore has to be exhaustively controlled before being commercialized [2].
Mixing any of these oils with cheaper fats may have important
economic consequences [1,3], which makes us keep virgin oils
under close surveillance. Traditionally, it is the fatty acid profile of the oil that has received the highest attention, although a
459
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number of minor components such as tocols, phenols, or sterols
have a significant contribution to the nutritional properties of
these matrices. These minor components are normally incorporated in what is called unsaponifiable matter [4]. However, owing
to their sensitive nature, their determination must sometimes be
carried out directly from the lipidic fraction.
The unsaponifiable matter is that part of the lipidic matrices
that fails to react with alkaline treatments but which is soluble in
organic solvents after saponification. It represents 0.5% to 10%
of the lipidic portion of the food and its composition is characteristic of the fatty material. This is why certain specific components are very useful to characterize the origin of the fat and
the oil, to determine the treatment applied to edible oils, and to
detect fraudulent practices. Furthermore, some of the components of the unsaponifiable matter (e.g., tocols) also contribute to
the fat’s oxidative and thermal stability, and therefore to its shelf
life. Examples may be the tree nut kernel oils (whose content varies between 40% and 78%), which differ from each other in their
antioxidant concentration, dictating in this way the processing
and storage conditions that are to be applied [3]. Also, the unsaponifiable fraction of some algae oils contain high natural levels
of antioxidants [2], which stabilize them during the initial stages
of extraction, although later on and during the purification steps,
some of these compounds are eliminated.
Finally, to improve the oxidative stability of seed oils, sometimes oilseeds are genetically modified so their fatty acid composition is altered. When this is the case, it may happen that not
only the fatty acid composition of the oil changes but also other
attributes and compositional characteristics such as minor constituents present in the unsaponifiable fraction, which need to be
controlled [5].
Classical tests for fat and oil analysis are normally based
on chromatographic methods but the fact of dealing with very
sophisticated adulterations also requires the use of newer instrumental techniques like spectroscopy or isotope and trace element
determinations. Likewise, the regulated parameters are based on
the composition of both saponifiable and unsaponifiable fractions, which are not altered after some fraudulent practices such
as the addition of softly deodorized oils [6].

22.2 Determination of Unsaponifiable Matter
Sample preparation is the most time-consuming step in analysis
and also the main source of error. Therefore, it should be kept as
simple as possible. Sometimes the compound of interest is associated with other substances, which necessitates additional treatments to break such interactions [7], or the samples should be
finely ground prior to lipid extraction, which implies additional
handling.
Some of the most utilized strategies for sample preparation
are liquid extractions with organic solvents chosen specifically
for each purpose, alkaline hydrolysis (saponification), supercritical fluid extraction (SFC), or pressurized liquid extraction
(PLE) [7].
PLE is a technique that uses solvents at high pressure and temperature above their boiling point to extract substances from a
solid matrix. It has the advantage of presenting the possibility of
automation, needing low solvent volume and reduced extraction
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times [8]. The main benefit of PLE is the possibility of using
elevated temperatures to enhance extraction [7].
SFC is especially environmental friendly since almost no
organic solvents are used. Besides, the extraction parameters
(temperature and fluid density) are easily optimized [7].

22.2.1 Unsaponifiable Matter Preparation
Although the determination of unsaponifiable matter seems simple, it lacks security and precision. Losses are more likely to occur
when petroleum ether is used rather than diethyl ether because its
extraction rate is much slower. Nevertheless, for the determination of the nonpolar components of unsaponifiable matter, extraction with petroleum ether or hexane is recommended, since the
elimination of soaps is easier. Further pros and cons of the different extraction possibilities have been explained elsewhere [4].
In the extraction of unsaponifiable matter, several hydrolyzing
agents (e.g., potassium hydroxide, sodium methylate, and tetramethyl-ammonium hydroxide) and solvents (e.g., methanol, ethanol,
water, tert-butyl methyl ether, and 2-propanol) have been used. The
isolation of unsaponifiable matter is usually carried out by means of
liquid–liquid partition with either petroleum ether or diethyl ether
followed by washings with other solvents. A further development is
the use of column chromatography on aluminum oxide in which isolation and clean-up are done in the same step. Heating with ethanolic
solutions of potassium hydroxide is the usual saponification condition, while treatments at room temperature with aqueous potassium
hydroxide or sodium methylate in methanol are used for determining labile compounds. The selection of the procedure depends on
the analyte and on the available amount of the sample.

22.2.1.1 Diethyl Ether Method
This method is used to determine total unsaponifiable matter in
animal and vegetable lipidic extracts [9–11]. The method is as follows: for a specific component determination, the corresponding
internal standard must be added to a flask (250 mL) and the solvent evaporated. Next, weigh to the nearest 0.01 g about 5 g of the
well-mixed sample into the flask. Add 50 mL of 2 N ethanolic
potassium hydroxide solution and some pumice, attach the reflux
condenser, and boil gently until the solution becomes clear, and
then for 20 more minutes. Sometimes a less aggressive method
has been chosen, heating 40 mL of a 0.8 M potassium hydroxide
ethanolic solution for 30 min at 80°C [12]. Stop heating and add
50 mL of distilled water through the top of the condenser and
swirl. Transfer the solution to a separating funnel. Rinse the flask
several times with different portions of water (50 mL in total).
Add 80 mL of diethyl ether, insert the stopper, and shake vigorously for 1 min, periodically releasing pressure by inverting the
separating funnel and opening the stopcock. Allow to stand until
there is complete separation of the two phases. Then draw off
the soap solution as completely as possible into a second separating funnel. Extract the aqueous ethanolic soap solution twice
more, each time in the same way with 60–70 mL diethyl ether.
Combine the three ether extracts in one separating funnel containing 50 mL water. Gently rotate the separating funnel containing the combined extracts and the water. Violent agitation at this
stage may result in troublesome emulsions. Allow the layers to
separate completely and draw off the lower aqueous layer. Wash
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the ethereal solution twice with a 50 mL portion of water each
time, shaking vigorously and discarding the lower aqueous layers after separation. Wash the ethereal solution successively with
50 mL aqueous potassium hydroxide solution (0.5 N) and then
with 40 mL water; repeat the washing at least twice. Continue to
wash with water until the wash-water no longer gives a pink color
on the addition of a drop of ethanolic phenolphthalein solution
(10 g L−1). Transfer the ethereal solution quantitatively through
anhydrous sodium sulfate (35 g) previously dried and weighed to
the nearest 0.0001 g, contained in a funnel to a flask (250 mL).
Wash the separating funnel and the sodium sulfate with small
portions of diethyl ether. Evaporate the solvent by distillation on a
rotary-evaporator at 30°C under vacuum. Add 5 mL acetone and
remove the volatile solvent completely in a gentle current of nitrogen. Dry the residue in the oven at 103 ± 2°C for 15 min. Cool in
desiccators and weigh to the nearest 0.0001 g. Repeat the drying
for successive 15-min periods until the loss of weight between
two successive weighings is less than 0.0015 g. The unsaponifiable residue is kept refrigerated under nitrogen atmosphere.
Since quantification of the total unsaponifiable matter is made
as a weight per cent of the sample, one must record the exact
weight of the flask utilized to contain the dry fraction. The weight
of the unsaponifiable matter will be the difference between the
flask weights before and after the extraction.
For marine oils and deodorizer distillates, the AOCS method
Ca 6b-53 [13] is recommended.

22.2.1.2 Petroleum Ether Method
In this procedure, as described in IUPAC method 2401 [9], the
unsaponifiable matter is extracted with petroleum ether or hexane and the washings are carried out with ethanol:water (1:1).
Using this method, the formation of emulsions is rare and the
separation of solvent layers faster. The determination of the
unsaponifiable matter with this method yields similar results
to those obtained by the diethyl ether method. Similar procedures are described in AOCS Ca 6a-40 [14] and in Dobarganes
et al. [15]. For determining hydrocarbons in vegetable oils, a
simplified method can be used (Section 22.3.1). Some authors, in
order to analyze the unsaponifiable matter from a number of nut
oils, have carried out the washing just with water, drying over
Na2SO4, evaporating and drying in an oven at 103°C for 2 h [12].

22.2.1.3 Mild Saponification Method
This method is used when thermolabile compounds affected by
temperature, oxygen, or light are determined. The saponification
is carried out at room temperature using an aqueous solution of
potassium hydroxide in high concentration (60%), with the addition of an antioxidant, under nitrogen atmosphere, and in the
absence of light. Amber glassware must be used and the manipulation carried out under red light. Pyrogallol is normally used
as antioxidant, but butylatedhydroxytoluene (BHT) and ascorbyl
palmitate are also utilized.

22.2.1.4 Aluminum Oxide Method
This method is recommended when a low amount of sample is
available or for lipidic material containing high concentrations of

alcoholic compounds. The procedure is as follows: add the appropriate standard to a 25 mL flask and evaporate to dryness. Weigh
250 ± 1 mg of the sample into the flask. For fats and oils with low
amounts (100 mg/100 g) of polar components, proceed using a
threefold amount of the sample and adjust reagents and apparatus
accordingly. Suspend 10 g of aluminum oxide in 20 mL ethanol
and pour the slurry into the glass column (25 cm length, 1.5 cm
ID). Allow the aluminum oxide to settle and let the solvent run
out of the column until it reaches the top of the aluminum oxide
layer. Add 5 mL of 0.5 N ethanolic potassium hydroxide solution and a few antibumping granules to the flask containing the
sample and the standard. Attach the reflux condenser and boil
gently for 15 min. Stop heating and immediately dilute the flask
content with 5 mL ethanol and swirl to homogenize. Transfer
5 mL of this solution onto the aluminum oxide column. Allow
the column to run off until the solvent level has reached the top
level. Collect the eluate in a 50 mL round-bottomed flask. Elute
the unsaponifiable matter first with 5 mL ethanol (95%) and then
with 30 mL diethyl ether (freshly distilled and free of peroxides
and residues) with a flow rate of about 2 mL min−1. Evaporate the
combined solvent extracts in a rotary-evaporator at 40°C under
reduced pressure.

22.2.1.5 Transmethylation Method
The transformation of glyceridic compounds in fatty acid methyl
esters by transesterification with sodium methylate in methanol
has certain advantages: the extraction of the unsaponifiable matter is easier and complete because emulsions are not formed due
to the absence of soaps, the reaction is carried out at room temperature, and methanolysis proceeds faster than saponification.
Nevertheless, long time reaction causes saponification with the
moisture of the sample and the reaction mixture must be acidified
to end the process. Besides, the reaction rate depends on the type
of ester. Thus, glyceridic esters react faster than fatty acid steryl
esters that can be recovered intact [16] since the reaction rate is
quite low [17]. Using a solvent as a mediator to mix the glycerides
into the methanolic reagent, the reaction of the triacylglycerols
(TAGs) was completed after 5 min, while that of the sterol esters
took 15 min [18]. This method is appropriate for the determination of the total amount of labile components of the lipidic matrix.
The method is as follows: oil (50 mg) is weighed into a screw cap
flask; a solution of the corresponding internal standard in tertbutyl methyl ether (MTBE) is added. Then, 4 mL sodium methylate solution (10%) in methanol is diluted with MTBE (6 mL) and
the mixture added to the sample shaking vigorously until homogenization. The solution is left to stand at room temperature for
20 min and then 1 mL water and 6 mL hexane are added to the
flask and shaken again. The solution is left to settle and the lower
(aqueous) layer removed. A solution of 0.1% citric acid in water
is then added (1 mL) and shaken. The organic phase (hexane) is
collected and evaporated to dryness.

22.2.2 Fractioning the Unsaponifiable Matter
Although different authors have proposed methods for the
direct analysis of oils [19,20] and the unsaponifiable fractions
of oils [19,21], underivatized compounds are usually separated
in portions because of the high complexity of the unsaponifiable
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matter. Here, different techniques are used for qualitative and
quantitative analysis. Nowadays, both high-pressure liquid chromatography (HPLC) and high-resolution gas chromatography
(HRGC) are the most widespread methods. These techniques
have the advantages of enhanced resolution, high accuracy and
sensitivity, and short analysis time.
Chemometric analysis is also becoming an important trend in
modern analytical approaches for the characterization of complex matrices. In the case of olive oil samples, direct 1H, 13C,
and/or 31P nuclear magnetic resonance (NMR) analysis, in combination with multivariate techniques (e.g., partial least-squares
[PLS] discriminant analysis), have been used to distinguish geographical origin. These techniques have also been applied to the
unsaponifiable matter and to its different fractions [19,20].
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1 Hydrocarbons
2 α-Tocopherol
3 Prenols
4 Triterpenic alcohols
5 Aliphatic alcohols
6 Methyl sterols
7 Sterols
8 Triterpenic dialcohols

22.2.2.1 Thin-Layer Chromatography
Thin-layer chromatography (TLC) is normally used for a complete
fractioning of the unsaponifiable matter. Several adsorbents can be
utilized; among them are aluminum oxide, silica gel, and modified silica gel. Silica gel plates impregnated with 0.2 N potassium
hydroxide solution in ethanol are widely used, since the fatty acids
react with the alkali and the formed soaps are retained at the bottom
of the plate. When TLC plates impregnated with KOH are used for
the fractioning of the unsaponifiables obtained by the diethyl ether
method, the washing with aqueous KOH solution can be avoided.
The unsaponifiable matter is placed as a line along the plate.
The tank is filled with the eluting solvent and after atmosphere saturation the plate is placed in the tank. A mixture of
hexane:diethyl ether (65:35) is normally used as the eluting solvent, although similar separations are achieved with hexane:ethyl
acetate (85:15). To improve separation of polar components, a
total or partial second elution could be performed. The corresponding bands are developed spraying with an ethanolic 0.2%
dichlorofluorescein solution.
The borders of the bands are marked, and the silica scratched
off and placed onto a funnel provided with a filter paper. The silica gel is back-extracted with several portions of hot chloroform
or di-isopropyl ether. The combined extracts are then evaporated
to dryness in a rotary-evaporator at room temperature.
Another developing method consists of exposing the plate to
iodine vapors in a tank or spraying with H2SO4:H2O (1:1) and
heating, covering the portion of the plate where the unsaponifiable matter has run.
Figure 22.1 shows separated TLC bands of the unsaponifiable
constituents obtained from olive pomace oil, using double elution
with hexane:diethyl ether (65:35) and developed with H2SO4:H2O
(1:1) and subsequent heating.

22.2.2.2 Low-Pressure Column Chromatography
Low-pressure column chromatography (CC) is a tedious and
time-consuming method for complete separation of the unsaponifiable constituents. This method is used for isolating nonpolar
components, since they are readily eluted and different fractions
can be obtained (e.g., hydrocarbons are isolated as saturated,
unsaturated, steroidal, and squalene). However, CC is applied
to direct fractioning of the lipidic extracts because the columns
have greater load capacity than TLC.

Figure 22.1 T hin-layer chromatography plate of the unsaponifiable fraction from olive pomace oil eluted twice with hexane:diethyl ether (65:35),
developed with H2SO4 (50%) and heated.

The columns are also used to separate the nonpolar components from glyceridic matrices as a previous step for determining
free and esterified alcoholic compounds.
There are two main adsorbents: silica gel and aluminum oxide.
The first is used mainly for fractioning the unsaponifiable portion and for direct fractioning of lipidic extracts with low free
fatty acid content. The latter is used when the lipidic or unsaponifiable extracts have high acidity, although silica gel can also
be used if the extract is previously neutralized by passing the
sample through a cationic exchange resin (Amberlite IR400).
Hexane or mixtures of hexane:diethyl ether in different proportions are utilized as eluting solvents.

22.2.2.3 High-Performance Liquid Chromatography
HPLC is used normally for separating nonvolatile, high-molecular-weight constituents employing either adsorption or partition
chromatography. Adsorption chromatography, namely, normal
phase (NP), is widely used to separate classes of constituents
according to the nature and number of polar functional groups.
The determination of unsaponifiable components by TLC may
be time consuming and have poor reproducibility and repeatability. The main drawback of the method is the subjective scraping
of the corresponding silica band in the thin-layer plate. To avoid
this, the unsaponifiable extract is injected in an HPLC equipped
with a silica gel column and refractive index (RI) detector using
hexane:diethyl ether (50:50) as mobile phase. The selected fraction is collected and analyzed. This procedure has been used for
the analysis of sterols (Figure 22.2), showing better reproducibility than TLC [22]. Reverse-phase (RP) HPLC has also been
utilized to fractionate the unsaponifiable matter. The RP-HPLC
separation has been achieved by gradient elution using acetonitrile and acidified water as mobile phases; detection was carried
out by atmospheric pressure chemical ionization-mass spectroscopy (APCI-MS) acquiring masses up to m/z 800, and with
tandem experiments using MS/MS approaches, which improved
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2

interferences and the compounds of interest. If the interferences
have hydrophobic character, most of them will be easily eluted
with nonpolar organic solvents such as hexane, tert-butyl methyl
ether, or diethyl ether. The sample solvent will also act as a washing solvent. In order to get the selective elution of the analytes, it
is advisable to study the dielectric constants of the solvents and
solvent mixtures utilized. As much as possible, environmentally
friendly solvents such as acetone or ethyl acetate should be chosen over other more hazardous ones.

4

3

22.2.2.5 High-Performance Thin-Layer
Chromatography
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Figure 22.2 HPLC-RI chromatographic profile of the unsaponifiable
matter obtained from refined sunflower oil. (1) Alcohols, (2) Δ5-sterols, (3)
α-cholestanol, (4) Δ7-sterols. Column: Si-60 (25 cm × 4 mm I.D. × 5 μm).
Mobile phase: hexane:diethyl ether (50:50). Flow rate: 1 mL min−1.
(Reproduced with permission from Cert, A.; Moreda, W.; Garcia-Moreno, J.
Grasas y Aceites 48, 1997, 207–218.)

the selectivity of the method and gave good evidences about the
identity of the analytes (tocopherols, sterols, and triterpenic dialcohols) [23].

22.2.2.4 Solid-Phase Extraction Chromatography
Solid-phase extraction (SPE) chromatography is considered a
powerful fractioning technique. Although the separating power
is lower than in the cases of TLC, CC, or HPLC, the use of
diverse phases combined with the appropriate solvents allows
specific separations.
In an SPE process, either the lipidic components of interest are
retained or readily eluted by the adsorbent contained in a disposable mini-column. The small size of the cartridges (0.5–1.0 g
bed) implies low adsorption capacity and if the lipidic matrix is
retained, the sample capacity is low. However, if it is the analyte
that is retained, the size of the sample can be significant.
Normally, SPE is applied for clean-up or fractioning the unsaponifiable matter but it can also be used for the isolation of fractions (e.g., phytosterol glucosides) directly from oils. In this case,
the fact of avoiding any pretreatment, and therefore keeping a
nonpolar matrix, allows the use of a hydrophilic (normal phase)
sorbent, which selectively retains polar compounds, present in
very low concentrations [24,25]. Apart from dealing with the distinctive properties of the sample (e.g., analyte concentration), the
obstacles characteristic of the method such as not constant flow
rates have to be overcome. This can be controlled working under
vacuum or with stabilized positive pressure. Other problems
such as loss of analyte, or coelution of undesirable compounds
can be regulated through the distribution constant of the analyte
between the sorbent and the matrix. Once this constant is optimal, it is possible to get a good partition ratio (and therefore better
recoveries). This is done by carefully choosing the extraction solvents or solvent combinations, according to the nature of both the

High-performance thin-layer chromatography (HPTLC), also
called planar chromatography, is an efficient separation technique based on the classical TLC but with higher reproducibility
since most of the HPTLC instruments are computer controlled
[26,27]. HPTLC requires smaller plates (≤10 cm) than TLC, with
smaller particle size (≤10 μm), narrower particle size distribution in the sorbent, and thinner layers (≤150 μm). This technique
allows simultaneous processing of the sample and the standard,
has reduced analysis time and cost, and requires simple sample preparation. It is useful not only for screening procedures
(fingerprint patterns), but also for qualitative and quantitative
determinations [26].

22.2.2.6 Supercritical Fluid Chromatography
Supercritical fluid chromatography (SFC) allows extraction and
fractionation of compounds from natural products. It has features
similar to HPLC, using the unique properties of a supercritical fluid, normally carbon dioxide, as the mobile phase. Since
the temperature has to be kept low so that the carbon dioxide
remains in supercritical state, SFC is an ideal technique for separating thermally labile compounds [28].
Successful SFC separation of real samples is bound to the
sample nature (e.g., oilseed origin) since the type of minor components present in it will change from one sample to the other
[29]. In addition, the kind of column to be used (capillary, packed
capillary, or packed) [28], the detector (flame ionization detector—FID-, NMR, evaporative light scattering detector—ELSD-,
infrared—IR-, or ultraviolet—UV-variable-wavelength) [29,30],
and the operational conditions (temperature and pressure) are
also important [31].

22.2.2.7 Online High-Resolution Liquid
Chromatography-High-Resolution Gas
Chromatography
A hyphenated technique provides a very interesting approach to
integrate sample preparation into the chromatographic procedure, allowing the complete transference of the desired fraction
separated by HPLC to the gas chromatograph, greatly improving
the detection level of the components. When NP-HPLC is used,
the transference to the gas chromatography (GC) system is usually carried out using a loop-type interface in which the volatile
compounds are lost. A back flush of the HPLC column is needed
after each injection to eliminate the polar components retained
on the column.
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With RP-HPLC, the oil is injected directly without previous
treatment other than filtration and maybe dilution. A short C4
column and a methanol: water solution are utilized to separate triglycerides and other oil components. The transference to the GC
system is carried out through an oven transfer adsorption desorption (TOAD) interface, where the components are separated in a
fused-silica column coated with 5% phenyl methyl silicone [32].
Using silica gel columns, several applications have been
reported such as the direct determination of steroidal hydrocarbons in vegetable oils [33,34] or total sterols in methylated
oil [18]. Figure 22.3 shows a chromatographic profile of the
minor components of silylated sunflower oil, including squalene,
tocopherols, sterols, and waxes.
With regard to the methods implying the analysis of unde
rivatized alcohols, it must be taken into account that lower GC
resolution is obtained compared to that in the analysis of the
silyl derivatives, and a partial decomposition could occur during
transfer and analysis.

composition of the concentrated unsaponifiable matter solutions
by the combination of an enrichment step and a purification step
[35]. The sample size of HSCCC is limited to several hundred
milligrams; however, this maximum sample loading capacity
was increased to multigram quantities by a new method called
pH-zone-refining countercurrent chromatography (CCC). This
method is a useful tool for large-scale preparative separation and
it is called pH-zone-refining CCC because it creates different
pH zones, each containing the pure analyte. The method’s main
restriction is the selection of the suitable solvent system, which is
limited by the acidic or basic character of the sample [36].

22.3 Analysis of the Unsaponifiable Fractions
Because of the complex structures found in most of the samples
and in food material, there are no general methods to apply for
the analysis of specific metabolites in all of them. Therefore, a
number of approaches for each analyte determination are normally found in connection with the nature of the sample. Some
of the analytical procedures developed require sample pretreatment, others do not.
Crude oils are often characterized according to their physical properties such as density, viscosity, and flavor, together with
their chemical composition at molecular level, which is cha
llenging due to the enormous quantity of components that may
be present [37].
GC is the most efficient method for the quantitative determination of unsaponifiable components, enabling separations
of the individual members of each chemical family; it provides
very precise quantitative data on the amount of the compounds

22.2.2.8 High-Speed Countercurrent
Chromatography and pH-Zone-Refining
Chromatography
High-speed countercurrent chromatography (HSCCC) is a liquid–
liquid chromatographic separation technique based on the different solubility of the analytes in a liquid mobile phase and a
liquid stationary phase, which are not miscible with each other.
The stationary phase is kept static in the HSCCC columns by
the action of a planetary rotation device, whose speed is set at
800–1200 rpm. The high sample capacity and separation power
of this system has allowed the determination of the detailed
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Figure 22.3 Online LC-HRGC-FID chromatographic profile of silylated sunflower oil. (1) Squalene, (2) β + γ-tocopherol, (3) cholesterol (I.S.), (4)
α-tocopherol, (5) campesterol, (6) stigmasterol, (7) β-sitosterol, (8) Δ7-stigmastenol + cycloartenol, (9) citroestadienol, (10) aliphatic wax esters, (11) steroidal waxes. HPLC column: Spherisorb S-5-W (10 cm × 2 mm I.D.). Mobile phase: n-hexane/1% tert-butyl methyl ether. Flow rate 200 μL min−1. Loop
interface: 700 μL. HRGC column: uncoated (2 m × 0.32 mm I.D.) + apolar (2 m × 0.32 mm I.D.) + SE-54/OV-61 (5:1) (11 m × 0.25 mm I.D.). Carrier gas:
hydrogen. Oven temperatures: 120°C (7 min) then up to 160°C at 20°C min−1, then to 350°C at 7°C min−1 (4 min). (Reproduced with permission from Artho,
A.; Grob, K.; Mariani, C. Fat Sci. Technol. 95, 1993, 176–180.)
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separated. Nowadays, HRGC with split or on-column injection
and FID is widely used. Separations may be performed isothermally or in gradient temperature systems, on fused-silica
capillary columns coated with low polar and nonpolar stationary
phases. For compounds having alcoholic groups, the preparation of trimethyl-silyl derivatives improves the chromatographic
resolution and reduces the risk of decomposition.
The trimethyl-silyl ethers are the most common derivatives and can be prepared using several reagents. Usually, they
are obtained by dissolution of the dried residue containing the
alcohols in a pyridine:hexamethyldisilazane:trimethylchlorosil
ane (9:3:1) mixture in a proportion of 50 µL/mg of residue. The
reaction must be carried out in an end-capped vial, with occasional shaking at room temperature for 15 min. Depending on
the analyte molecular structure, longer times may be needed.
This is the case of the bulky steryl glucosides [24], which must
be left at least 30 min at room temperature. Other times the help
of relatively high temperatures is necessary, as with esterified
steryl glucosides, where the fatty acyl residue at C6 hampers the
accessibility of the derivatizing reagent to all hydroxyl groups, so
one needs to let the extracts remain at 60°C for 1 h before taking
them to the gas chromatograph [25]. In general, if a white turbidity appears, it indicates that the residue was humid and the reaction must be repeated with a dried residue. A slight opalescence
of the reagent is normal. If the formation of the silyl derivative is
incomplete, each compound gives two GC peaks.
Other reagents are solutions of bis-trimethyl-silyl-acetamide
or bis-trimethyl-silyl trifluoroacetamide with 1% of trimethylchlorosilane in pyridine (9:4). Also, trimethyl-silyl-heptafluo
ro-butyramide was proposed as a silylating reagent. It was
obtained by the addition of 50 µL 1-methyl-imidazole to 1 mL of
N-methyl-N-(trimethyl-silyl)-heptafluoro-butyramide [38]. The
reagent is added to the residue in a reaction vial and heated for
15 min at 105°C.

22.3.1 Hydrocarbons
Hydrocarbons are present in natural lipid systems in quite small
amounts (≤0.2 % of total lipids) with the only exception of fats and
oils that contain large amounts of squalene (e.g., olive, pumpkin,
rice bran, and shark liver oil). The hydrocarbons contained in the
nonpolar lipid fraction of vegetable oils can be divided into four
main groups: nonvolatile aliphatic and sesquiterpene, steroidal,
triterpene (squalene), and carotenes [37]. A review on the analysis of hydrocarbons in edible oils was published by Moreda et al.
[39]. To determine components present in low concentrations, the
preparation of the unsaponifiable matter is recommended. A simplified method of saponification using hexane for the extraction
and avoiding the washing of the extract can be used, since the
soaps are absorbed during the subsequent fractioning on the silica
gel column. This method has been extensively described [4]. The
unsaponifiable residue is easily fractionated by silica gel column
chromatography using hexane as the mobile phase, and directly
analyzed by capillary GC with low polarity phases. For identification purposes, the coupled GC-MS technique is normally used.
For determining components present in high concentration (e.g.,
squalene in olive oils), direct methods can be applied. Applications
of the online HPLC-GC technique to the direct analysis of hydrocarbons in the lipidic extract have been reported [39].

22.3.1.1 Nonvolatile Aliphatic and Sesquiterpenic
Hydrocarbons
Saturated aliphatic hydrocarbons are formed by a homologous
series of linear compounds that are mainly saturated chains of
C8–C35 atoms; the more abundant being C21–C35 alkanes,
predominantly those with odd C-atom numbers. Besides, low
amounts of unsaturated aliphatic and sesquiterpenic hydrocarbons have also been detected. The composition of the alkane
and alkene fractions has been used for the chemical detection
of irradiated foods, since irradiation induces the formation of
unsaturated hydrocarbons [40,41]. Aliphatic hydrocarbons can
be used as the fingerprint of a given seed oil. Characterization of
the aliphatic hydrocarbon fraction may confirm contamination
by mineral oil [42]. Also, analyses of hydrocarbons other than
squalene have been used for varietal virgin olive oil (VOO) cha
racterization and VOO geographical traceability [43].
In crude vegetable oils, the isolation of the hydrocarbon fraction is performed usually by means of saponification, using
n-eicosane as the internal standard. The unsaponifiable matter is
fractioned through silica gel CC using hexane as eluent. The first
fraction contains saturated and unsaturated aliphatic hydrocarbons, and cyclic sesquiterpenes. The second contains α-farnesene
and allo-farnesene, the third contains steroidal hydrocarbons,
and the fourth contains squalene. Table 22.1 shows the concentration of n-alkanes in several edible vegetable oils.
TLC both in analytical and preparative versions is equally
used for the isolation of hydrocarbons from other lipids; this
technique allows the knowledge of the approximate composition
of the sample. Separation of the hydrocarbons takes place most
satisfactorily with nonpolar solvents [44], mainly in silica gel
with calcium sulfate as the fixing agent [45,46]. A disadvantage
of TLC compared to CC is the limited possibility of understanding quantitative analyses since the exhaustive recovery of the
separate bands is not sufficiently precise. However, an advantage
over CC is the possibility of using derivatization reagents [47],
facilitating the identification of the separated substances.
In crude vegetable oils, the fractions isolated by CC are analyzed by GC on a fused-silica capillary column coated with
dimethyl-polysiloxane, using n-eicosane (C20) as the internal
standard [45,48]. Figure 22.4 shows a typical hydrocarbon fraction profile, obtained by GC on an SPB5 (5% diphenyl-dimethylpolysiloxane) stationary phase from a VOO sample. The fraction
was obtained by fractioning the unsaponifiable matter on a silica
gel column, eluting with 80 mL hexane.
The aliphatic hydrocarbons present in crude oil may be
detected according to their respective molecular ion signals by
a combined method of thermal analysis and mass spectrometry.
The method avoids intense fragmentation of the analytes by using
single photo ionization, a soft ionization technique, and has the
advantage of utilizing samples with no previous treatment [49].
Silica gel:cyanopropyl (SiO2:C3–CN) SPE can separate oil
samples into n-alkanes and polycyclic aromatic hydrocarbons
(PAHs). Cartridges must be conditioned with two 5 mL portions of
hexane. Samples dissolved in hexane and spiked with the internal
standard (C24D50 for n-alkanes) are loaded on the cartridges under
vacuum to keep a constant flow rate. The fraction containing the
aliphatic hydrocarbons elutes with 4 mL hexane, whereas PAHs
elutes with 4 mL dichloromethylene (DCM):hexane 3:1, v/v.
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Table 22.1
Concentration of n-Alkanes in Several Edible Vegetable Oils
Concentration (mg kg−1)
Carbon N°
nC15
nC16
nC17
nC18
nC19
nC20
nC21
nC22
nC23
nC24
nC25
nC26
nC27
nC28
nC29
nC30
nC31
nC32
nC33

Sunflower
0.17
0.13
0.16
0.90
0.12
0.02
0.04
0.04
0.15
0.17
1.52
0.41
11.19
2.38
49.63
5.52
47.96
1.79
3.60

Virgin Olive

Sesame

Peanut

0.16
0.06
0.12
0.08
0.13
0.08
0.81
1.24
18.54
9.54
17.98
2.04
15.72
1.84
12.38
1.70
9.41
1.54
5.66

0.16
0.11
0.15
0.09
0.10
0.07
0.23
0.14
0.54
0.30
1.08
0.59
6.29
1.63
18.45
n.i.
14.19
1.44
6.60

0.38
0.16
0.15
0.18
0.17
0.17
0.18
0.19
0.20
0.35
0.77
0.37
3.35
0.77
12.67
0.81
6.20
0.39
0.85

Safflower
0.41
0.48
0.52
0.52
0.55
0.70
0.72
6.40
2.92
1.15
2.78
1.22
13.52
2.10
27.05
1.98
15.20
0.89
1.54

n.i.: not identified.

They are directly injected in the GC-FID or in the GC-MS
systems [50].

22.3.1.2 Steroidal Hydrocarbons
In refined fats and oils, significant amounts of hydrocarbons
with steroidal skeleton are formed because of thermal treatments during the refining process, as dehydration products of
the Δ5-sterols. The treatment with bleaching earths is the step
where significant amounts of these hydrocarbons are formed.
Steradienes and steratrienes are steroidal hydrocarbons that have
two double bonds and three double bonds, respectively [37].
During the deodorization stages, steradienes start forming in
more or less quantity as a function of the temperature, exposure
time, and thickness of the oil film [51].
Strong bleaching gives desterolized oils, with low concentrations of desmethylsterols and high concentrations of
steroidal hydrocarbons. In refined vegetable oils, the stigmasta3,5-diene is the most abundant steroidal hydrocarbon, since it
derives from the β-sitosterol and it is accompanied with minor
amounts of 2,4- and 2,5-isomers, and degradation products
of Δ7-desmethylsterols, methylsterols, and dimethylsterols.
In refined animal fats and oils, cholesta-3,5-diene and minor
amounts of 2,4- and 2,5-isomers are the main hydrocarbons.
The detection of steroidal hydrocarbons with three double bonds
in the ring system has been attributed to degradation products
of hydroxysterols [52]. VOOs contain less than 0.02 mg kg−1
stigmastadiene, although the maximum limit has been set at
0.15 mg kg−1 [53]. This higher limit has been set taking into
account possible accidental contaminations during transportation and bottling of refining oils. The limit allows the detection
of refined vegetable oils in raw or virgin vegetable oils in which
thermic treatments are banned.

The structures of the main steroidal hydrocarbons are shown
in Figure 22.5. In refined vegetable oils, the composition of the
steroidal hydrocarbon fraction reflects that of the sterols [54]
and, consequently, the stigmastadienes/campestadienes ratio is
higher in olive oils than in seed oils (Table 22.2). This parameter
has been proposed for the detection of desterolized seed oils in
refined olive oils (ROOs) [55].
For the quantitative determination of steroidal hydrocarbons
in vegetable oils, the 20 g sample, spiked with 3,5-cholestadiene as the internal standard, is saponified using the simplified
petroleum ether method (Section 22.3.1), and the unsaponifiable
matter fractioned on silica gel CC using hexane as eluent. The
first fraction eluted from the column is discarded and the second
one analyzed by GC on a fused-silica capillary column coated
with 5%-phenylmethylpolysiloxane. The method has been standardized by IUPAC [15] and adopted by the European Union
[56], the International Standard Office [57], and the American
Oil Chemists’ Society [58]. In the case of animal fats, 3,5-cholestadiene cannot be used as the internal standard.
Since the concentrations of steroidal hydrocarbons in refined
oils are high (1–100 mg kg−1), the saponification step can be
avoided. The oil dissolved in hexane is directly fractionated on
a silica gel column and the corresponding fraction analyzed as
described earlier [59]. Strongly refined olive oils contain isoprenoid olefins deriving from squalene isomerization, and these
compounds interfere with the gas chromatographic analysis of
sterenes. Therefore, an improved isolation procedure was developed using silica gel impregnated with silver nitrate, allowing the
isolation of sterenes free of squalene derivatives (Figure 22.6), as
well as the separation among 3,5-, 2,4-, and 2,5-isomers [60].
A direct determination of stigmastadienes using HPLC on C18
phase with UV-Vis detection at 235 nm gives results comparable
to the GC method [61].
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For a deep study of the steroidal hydrocarbon fraction, online
HPLC-HPLC-GC-MS has been directly applied to the oil. The
first step consists of the isolation of the hydrocarbon fraction and
the second the separation of steradienes and steratrienes [62].
Similarly, stigmastadiene was determined using online HPLC-GC
with a silica gel column directly from vegetable oils [33].
Almost the entire hydrocarbon fraction can be analyzed by
GC-MS after squalene separation (which has similar molecular weight and boiling point to steroidal hydrocarbons and may
therefore interfere in the analysis). To isolate the fraction of
interest, enrichment (modified Soxhlet extraction) and separation (modified silica gel column chromatography and distillation)
may also be done prior to analysis. The distillates will contain
aliphatic, sesquiterpenic, and a small amount of steroidal hydrocarbons [37]. TLC also confirmed the identity of the hydrocarbons isolated by this procedure.
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Figure 22.4 Hydrocarbon fraction profile of virgin olive oil obtained by
capillary GC-FID. (1) C12:1; (2) C12:0; (3) 6,10-dimethyl-1-undecene; (4)
copaene; (5) C14:1; (6) C14:0; (7) eremophylene; (8) farnesene; (9) allo-farnesene; (10) C16:1; (11) C16:0; (12) C17:1 n-8; (13) C17:0; (14) C18:1; (15) C18:0;
(16) C19:0; (17) C20:0 (I.S.); (18) C21:0; (19) C22:1; (20) C22:0; (21) C23:1 n-9;
(22) C23:0; (23) C24:1 n-9; (24) C24:0; (25) C25:1 n-9; (26) C25:0; (27) C26:0;
(28) C27:0; (29) C28:0; (30) C29:0; (31) C30:0; (32) C31:0; (33) C32:0; (34)
C33:0; (35) C34:0; (36) C35:0. Column: SPB-5 (30 m × 0.25 mm I.D.). Carrier
gas: hydrogen. Oven temperature: 110°C (5 min) to 310°C at 4°C min−1.

Squalene (C30H50) is a triterpene hydrocarbon that consists of six
isoprene units [63]. It is an intermediate of cholesterol biosynthesis and is naturally found in blood, skin, organ tissues [64], and
different vegetable oils such as palm, wheat germ, and amaranth
oil, as well as in fish oil [65]. One of the most important sources
of squalene is VOO, where it accounts for around 50% of the
unsaponifiable matter [43].
When the squalene (SQ) concentration in the sample is low, it
can be analyzed after extraction of the unsaponifiable matter and
fractionation on a silica-gel column using hexane:diethyl ether
(98.5:1.5) as eluent, and squalane as internal standard. There
are other methods for squalene extraction such as supercritical
carbon dioxide [31,65–67], which is highly interesting since this
analyte is heat unstable and light sensitive, so specific studies
have been devoted to the suitability of such a technique in its
determination [63].
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Figure 22.5 Structures of the main steroidal hydrocarbons. (1) Cholestadiene (cholesta-3,5-diene); (2) stigmastadiene (24[R]-24-ethylcholesta-3,5diene); (3) campestadiene (24[R]-24-methylcholesta-3,5-diene); (4) stigmastatriene (24[S]-24-ethylcholesta-3,5,22-triene).
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Table 22.2
Concentration of Sterenes in Crude and Refined Oils and Fats
Content (mg kg−1)
Oil/Fat
Butter fat
Cocoa butter
Refined corn oil
Crude hazelnut oil
Lard
Virgin olive oil
Refined olive oil
Refined peanut oil
Pork fat
Refined rapeseed oil
Refined safflower oil
Crude sunflower oil
Refined sunflower oil
Refined soybean oil

Stigmastadienes

Campestadienes

Stigmastatrienes

Cholestadiene

n.d.
0.4
62.4
0.2
n.d.
0.3
28.1
74.2
n.d.
52.8
9.2
0.5
8.7
25.2

n.d.
0.1
17.8
n.d.
n.d.
n.d.
1.4
18.6
n.d.
31.1
1.2
n.d.
1.2
10.1

n.d.
0.1
6.6
n.d.
n.d.
n.d.
2.7
9.3
n.d.
1.1
1.4
n.d.
1.5
12.0

n.d.
n.d.
n.d.
n.d.
14.3
n.d.
n.d.
n.d.
0.5
n.d.
n.d.
n.d.
n.d.
n.d.

Sterenes Ratioa
–
4.0
3.5
–
–
–
20.1
4.0
–
1.7
7.7
–
7.3
2.5

n.d.: not detected.
a Stigmastadienes/campestadienes.

For quantification in oils with a high concentration of squalene,
two direct GC-FID methods can be used. In the first one, squalene is isolated by SPE on silica gel cartridges (1 g) from a solution of 0.1 g oil in 0.5 mL hexane, containing squalane as internal
standard, and eluting with 13 mL of hexane. In the second one
[68], 0.2 g oil is dissolved in 5 mL hexane and saponified at room
temperature with 1 mL 2 N methanolic KOH. Two phases appear,
and after washing the upper part with 4 mL of a ethanol:water 1:1,
v/v, solution, 1 μL of the supernatant is chromatographed.
SQ may also be determined with RP-HPLC with diode array
detector (λ = 218 nm) injecting directly 20 μL of a 1 mg mL −1
oil solution in hexane, utilizing acetonitrile, isopropyl alcohol,
1
4
40.0

(mv)

2

20.0

3

and hexane as mobile phases [69]. As pointed out before, SFC
coupled with UV detection has been used to simultaneously isolate and analyze SQ and other minor components in the unsaponifiable fraction of edible oils [29]. Other methods have been
proposed for concurrent determination of major and minor constituents, including SQ [70,71]. Sometimes they imply the preparation of the unsaponifiable matter, fractionation of the extract
through TLC, scrapping off bands, and later solvent extraction
[71], which may result in significant losses and is time consuming. Alternatively, squalene has been determined by NP-HPLC
with ELSD using isooctane with 0.5% (v/v) tert-butyl methyl
ether as the mobile phase [70]. Direct laser desorption ionization
(LDI)-time of flight (TOF) MS has been applied for the analysis
of SQ in extra virgin olive oil. Ionization occurs by a cationiza
tion process with Ag+, whose adducts ([SQ + Ag]+ 517.30 and
519.30) were clearly observed with an excellent S/N ratio. The
oil samples were vortexed with methanol:acetone, 70:30, v/v, and
stored at −20°C for 24 h. The supernatant was filtered, evaporated, reconstituted in acetone, mixed with an AgTFA solution,
and deposited (1 μL) on the stainless-steel target plate of the
MALDI sample chamber. Positive ion spectra were acquired in
the 350–1000 m/z range [64].
Finally, the use of octadecylbenzene as an internal standard
for SQ determination has been proposed [72].
Table 22.3 shows the SQ content in oils and fats.

22.3.1.4 Carotenes
0.0
0.0

8.0

16.0
Time (min)

24.0

Figure 22.6 GC-FID chromatographic profile of the steroidal hydrocarbon fraction from refined soybean oil. (1) Cholestadiene (I.S.); (2)
campestadienes; (3) stigamastatrienes; (4) stigmastadienes. Column: SPB-5
(25 m × 0.25 mm I.D.). Carrier gas: hydrogen. Oven temperature: 235°C
(6 min) to 285°C at 2°C min−1.

Carotenes consist of eight isoprenoids units with varying end
groups comprising 40 C-atom skeletons. In nature, they may
be acyclic (phytoene, phytofluene, carotene, and lycopene) and
cyclic (α-, β-, and γ-carotenes), including several geometric
isomers. β-Carotene is generally the most abundant derivative.
These compounds are not significantly affected by alkalis and
can be found in the unsaponifiable matter [73]. On the other
hand, xanthophylls, which are their oxygenated derivatives, are
significantly lost during saponification.

Free ebooks ==> www.ebook777.com
469

Neutral Lipids: Unsaponifiable

α-carotene isomers could not be separated [77]. UV detection
was at 450 nm and the mobile phase acetonitrile:methanol:dichloromethane (80:18:2) (Figure 22.7).
Direct analysis of an olive oil solution (8%) in hexane:2-propanol (9:1) by HPLC and a silica column with UV-Vis diode array
detector, monitoring at 453, 430, and 410 nm, allowed the detection of β-carotene together with chlorophylls and lutein [78].
A gradient elution with solvents A (n-hexane:2-propanol, 9:1,
v/v) and B (2-propanol) was used.

Table 22.3
Squalene Content of Oils and Fats
Oil/Fat
Olive
Corn
Cottonseed
Peanut
Soybean
Sunflower
Sesame
Rapeseed
Mustard
Rice bran
Grapeseed
Almond
Coconut
Linseed
Butter
Cod liver
Chicken
Lard
Beef

Squalene (mg kg−1)
1360–7080
190–360
40–120
130–490
70–170
80–190
30
280
70
3320
70
210
20
40
70
310
40
30
100

22.3.2 Tocopherols and Tocotrienols

Source: Adapted from Webster, L. et al. Analyst
125, 2000, 97–104.

In vegetable oils, carotenes can be determined after cold saponification of the lipidic material by means of RP-HPLC with UV
detection at 458 nm [74]. In green vegetables, the unsaponifiable
matter obtained from the lipidic extract was analyzed by HPLC
on a C18 phase using decapreno-β-carotene as internal standard,
and a mixture of methanol:acetonitrile:methylene chloride:hexane
(22:55:11.5:11.5) as mobile phase. Detection was made with a photodiode array detector monitoring at 450 and 500 nm [73].
Another method involves the saponification of the fraction
obtained by liquid–liquid partition [75]. The oil (10 g) dissolved in
dimethyl-formamide (150 mL) is extracted five times with hexane
(50 mL each time). The combined hexane extracts containing
carotenes and triglycerides are saponified and the unsaponifiable
matter analyzed by HPLC on a C18 phase using gradient elution
[76] with the mobile phases A water:ion pair reagent:methanol
(1:1:8) and B acetone:methanol (1:1). The ion pair reagent was
0.05 tetra-butyl-ammonium acetate and 1 M ammonium acetate
in water. Isomers of β-carotene were identified.
cis/trans-Carotene isomers were isolated from palm and carrot oils by RP-HPLC using Zorbax columns for the less lipophilic carotenes (lycopene, γ- and α-carotene, and phytofluene)
and Vydac columns for the more lipophilic (β-carotene). The

Tocols (vitamin E) are heteroacid compounds with high molecular weight, which can occur in eight different configurations
(Figure 22.8), four tocopherols (T) named as α-, β-, γ-, and δ-T,
and four tocotrienols (T3)—the series of their side-chain unsaturated analogs—called α-, β-, γ-, and δ-T3 [79]. Analysis of these
compounds is not required by official organizations and there is
much literature regarding the determination of all eight vitamers
simultaneously or selectively.
The most important chemical property of tocols is their antioxi
dant activity [7]. In vivo, α-T is the primary precursor of vitamin
E, whereas γ-T and δ-T are the most potent antioxidant in vitro
[5]. Actually, the oxidative stability of vegetable oils depends on
their fatty acid composition and on their antioxidant (phenols and
tocopherols) content [3]. Not only the oxidative stability of oils,
but also their nutritional value depends on their tocol concentration [5] and there are important disparities among different
matrices. For instance, whereas tocotrienols are not present in
olive oil, the profile of tocopherols is often used as purity criteria, and its concentration is higher in olive pomace oil than in
VOO [43]. Moreover, the germ portion of most cereals is rich
in tocopherols, but contains almost no tocotrienols [79]. Table
22.4 shows the concentrations of tocopherols and tocotrienols
found in vegetable oils. The broad variation in tocopherol and
tocotrienol compositions among the different oils has made some
authors consider their determination as a useful method to detect
blends. Nevertheless, the wide concentration ranges found for
tocopherols in each vegetable oil reduces the usefulness of the
tocopherol analysis to determine the composition of oil blends.
Tocopherols are strong reducing agents, easily oxidized due
to the action of heat, light, and alkaline conditions [7]. The
appropriate analysis procedure depends on the nature of the
food, the concentration of the tocopherols, and the availability of the analytical equipment. As a general rule, extractions
must be carried out quickly, avoiding light, oxygen, high temperatures, and prooxidant metals such as iron or copper [80].
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Figure 22.7 HPLC-UV chromatographic profile of palm carotenoids at their corresponding λmax. (1) Lutein, (2) α-carotene, (3) all-trans-β-carotene;
(4) 9-cis-β-carotene; (5) 13-cis-β-carotene. Column: Vydac RP-18 (25 cm × 0.46 cm I.D. × 5 μm). Mobile phase: acetonitrile:methanol:dichloromethane
(80:18:2). UV detection: λmax: 450 nm. (Reproduced with permission from Saleh, M. H.; Tan, B. J. Agric. Food Chem. 39, 1991, 1438–1443.)
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The first chromatographic separation of α-, β-, γ-, and δ-T in
plant oils was reported in 1973 [81]. From that time on, many
methods for tocopherol determinations have been published
[82,83]. Normally, when all eight tocols need to be separated,
NP-HPLC is applied, but when only some of them are sought,
RP-HPLC might be utilized (β-, γ-isomers are very difficult to
separate by RP-HPLC due to the three methyl groups in their
ring structure), which is also less hazardous due to the relatively
innocuousness of the solvents [7] and offers shorter retention
times, fast equilibration [84], more column stability, and better

peak reproducibility. In addition, polar mobile phases allow
electrochemical detection, either amperometric or coulometric,
achieving higher sensibility using amperometric detection [85].
Authentic tocopherol standards are commercially available, and
thus it is relatively easy to identify them from chromatograms [81]).
Last year, a Standard Reference Material (SRM) of tocopherols was
prepared and certified in order to have a tool for method develop
ment. SRM 3278 was made from a mixture of four edible oils
(sunflower, soy, canola, and safflower oils) and provided good peak
highs for the α-T and γ-T, and smaller ones for δ-T and β-T [86].

Table 22.4
Tocopherol and Tocotrienol Content (mg kg−1) in Vegetable Oils
Vegetable
Oil
Almond
Avocado
Babassu
Coconut
Corn
Cottonseed
Grapeseed
Hazelnut
Linseed
Olive
Palm kernel
Palm oil
Peanut
Rapeseed
Rice bran
Safflower
Sesame
Soybean
Sunflower
Walnut
Wheat germ

Tocopherols
α-T

β-T

228
64–100
–
tr-17
23–573
136–674
16–38
200–409
5–10
63–227
tr-40
4–193
49–373
100–386
324–600
230–660
tr-12
9–352
400–950
10–20
10–3100

tr-3
–
–
tr-11
tr-356
tr-40
0–89
6–17
–
tr-2
tr-250
tr-234
tr-41
tr-140
tr-18
tr-20
tr-6
tr-40
tr-50
–
10–1150

γ-T
8–9
tr-19
–
tr-14
268–2468
138–750
0–73
18–150
430–575
5–15
tr-260
tr-536
88–390
189–753
53–300
tr-15
97–1037
89–2400
tr-50
263–400
tr-950

Tocotrienols
δ-T
–
–
–
tr-4
23–75
tr-55
0–4
1–7
4–8
tr
–
tr-123
tr-22
tr-22
–
–
tr-32
150–932
tr-10
46–60
tr-271

Total

α-T3

β-T3

γ-T3

δ-T3

T

T3

–
–
25–46
tr-44
tr-239
tr-30
18–107
–
–
tr
–
4–336
–
–
tr-236
–
–
tr-69
–
–
tr-200

–
–
–
–
–
tr-9
–
–
–
tr-4
–
–
tr-4
–
–
–
–
tr-4
–
–
tr-200

–
–
32–80
tr-1
tr-450
tr-30
115–205
–
–
tr
tr–60
14–710
–
–
tr-349
tr-15
tr-20
tr-103
–
–
–

–
–
9–10
–
tr-20
–
0–3
–
–
–
–
tr-377
–
–
–
–
–
–
–
–
–

236–240
83–100
–
tr-46
331–3716
274–1519
16–204
225–583
439–593
68–244
tr–260

–
–
67–128
tr-44
tr-709
tr-69
133–313
–
–
tr-4

137–826
289–1301
377–918
230–695
97–1087
248–3724
400–1060
319–480
20–5471

98–1500
tr-4
–
tr-585
tr-15
tr-20
tr-176
–
–
tr-400

Source: From Kamm, W. et al. Food Rev. Int. 17, 2001, 249–290; Firestone, D. Physical and Chemical Characteristics of Oils, Fats and Waxes; AOCS Press:
Washington, DC, 1999; FAO/WHO. Draft of the regulation for specified vegetable oils. Codex Alimentarius. Alinorm 97/17. Joint FAO/WHO Food
Standard Programme: 1997.
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Free tocopherols are nonpolar molecules, which would make
nonpolar solvents (e.g., hexane or chloroform) ideal for extraction [80]. Some authors advise the addition of a strong polar
modifier such as 1,4-dioxane to the mobile phase in order to
obtain better selectivity [7]. For samples containing esterified
tocopherols or very low concentrations of free tocopherols, the
mild saponification procedure described in the Annex of the
IUPAC method 2432 must be used [87]. Pyrogallol is added
to the sample and saponification is carried out with a concentrated aqueous solution of potassium hydroxide at room temperature, and under nitrogen atmosphere. Using this method,
the α-tocopheryl acetate (α-TAc) is hydrolyzed and quantified
together with the free α-T. The unsaponifiable matter can be
directly analyzed by GC with previous derivatization with acetic anhydride. If GC analysis is chosen for the final determination, the isolation of the tocol fraction is recommended, since
tocopherol peaks overlap with some interfering substances [88].
Fractionation of the unsaponifiable matter can be done on silica
gel plates using hexane:diethyl ether (70:30, v/v) as running solvent, according to the 2411 IUPAC method [89]. The position
of the tocopherol band is determined using α-T as reference,
spraying the spot with a mixture of ferric chloride:2,2-dipyridyl
in ethanol. The scratched silica gel band is back-extracted with
hot chloroform and the solution evaporated to dryness. Then,
the residue is silylated and analyzed by a GC using fused-silica
capillary columns coated with nonpolar stationary phases. The
retention order follows the molecular mass: δ- (MW: 402.6), β-,
γ- (MW: 416.6), and α-T (MW: 430.7). Using stationary phases
of medium polarity (50%–65% phenyl methyl silicone), β- and
γ-T can be resolved [90].
As the pretreatments necessary prior to GC determination are
time consuming, other techniques have been proposed for the
removal of triglycerides. Vegetable oils are treated with silyla
ting reagents and fractionated on a silica gel column eluting with
hexane:diethyl ether (99:1, v/v) [91], or by SPE on silica gel cartridges eluting with hexane tert-butyl methyl ether (99:1, v/v) [92],
or by online NP-LC-HRGC [93]. The isolated fraction contains
silylated tocopherols together with hydrocarbons, fatty acid methyl
esters, silylated sterols, and waxes, but by using adequate GC conditions and MS detection, tocopherols, tocotrienols, 3′,7′-dien-αtocopherol, and 3′-en-tocopherols can be identified [94].
Data obtained from GC and HPLC methods revealed comparable accuracies although the limit of detection (LOD) seems to
be one order of magnitude higher for the GC technique [84].
The continuous system of sample pretreatment by transesterification with potassium methylate in methanol, coupled to GC
results, has high sensitivity and precision for tocopherol determination in oils [95].
NP- and RP-HPLC have been the most utilized techniques
for tocopherol analysis since they permit a number of different
detection modes and have simpler and faster sample preparation procedures than GC. In this sense, UV or electrochemical
detections has been utilized [82,83]. Tocols absorb UV light
at 290–300 nm, but the maximal absorbances are too small to
quantify them in samples with low concentrations. Better sensitivity is obtained with fluorescence detection (FLD), which is the
technique of choice for most biological samples, where an excitation wavelength of 290–296 nm and an emission wavelength of
325–330 nm are commonly used [7]. The use of FLD simplifies

sample preparation. In the case of oils and fats, the sample is dissolved in hexane, filtered, and injected directly in the chromatograph. For other fatty foods, the lipidic material is extracted with
solvents and usually purified by SPE. The clean-up by SPE is
usually carried out on silica gel cartridges [96], although amino
phases have also been used [97].
The unusual selectivity of silica-based stationary phases has
been demonstrated for the differentiation of the aromatic ring
(chromanol head) positional isomers of tocopherol antioxidants
[80]. Using NP-HPLC, retentions are based on the polarity of
the chromanol group; the elution order is α-TAc, α-, β-, γ-, and
δ-T, obtaining a fair separation between the β-T and γ-T isomers.
A method using a silica gel column (Si-60) and fluorescence or
UV detection has been standardized by IUPAC [87] and AOCS
[98]. The chromatographic conditions in these official procedures are summarized as follows: the oil sample dissolved in
hexane (10 mg mL −1) is injected directly into the chromatograph
using excitation and emission wavelengths of 290 and 330 nm,
respectively, and hexane with 1% of isopropanol as mobile phase
(1 mL min−1 flow rate). Better results are obtained if 3% tetrahydrofuran in isooctane is used as mobile phase, mainly when
oils such as palm, grape seed, or corn are analyzed, in which
high amounts of tocotrienols are found [99]. A comparative
study between silica, amino, and diol HPLC columns showed
that the best separations were obtained on silica and amino columns using a mixture of dioxane (5%) in hexane as mobile phase,
as well as on diol columns using a mixture of tert-butyl methyl
ether (4%) in hexane [100]. Figure 22.9 shows the tocol profile
of a mixture of vegetable oils obtained by NP-HPLC with FLD.
The main disadvantage of NP-HPLC is that columns are easily
inactivated by water or polar compounds.
Since tocopherols are relatively nonpolar compounds, their separation can also be carried out using RP columns. On C18 silica
columns with acetonitrile (or methanol):water mobile phases, the
retention times are shorter than on NP, but the β- and γ-isomers of
tocopherols and trocotrienols are not well resolved [83].
The use of C30 RP columns has been described for the analysis of tocopherols and tocotrienols [101,102]. Polymeric C30
in acetonitrile:methanol:water 72:8:1, v/v/v (isocratic mode,
1 mL min−1), and FLD (λex = 290 nm, λem = 330 nm), achieves
β- and γ-T separation [101]. Also, pentafluorophenylsilica and
nonsilica-based octadeyl polyvinyl alcohol columns allow resolution between β- and γ-T; however, C18 columns permit the
use of mobile phases with higher water proportions, which make
them compatible with aqueous matrices. In order to analyze
the β- and γ-isomers separately when C18 columns are used
(methanol:water 90:10, v/v, 2 mL min−1 as mobile phase) a partial least-squares (PLS) chemometric method has been developed [103].
The use of the methanol:water mixture in different proportions
is very common in RP-HPLC [103–105]. This type of solvents
can provide a higher recovery than acetonitrile or acetonitrile
combinations [80].
α-, γ-, and δ-T can be analyzed by NP-TLC on silica gel G60
plates using chloroform as mobile phase. After developing and
drying the plates, chromatograms are visualized with a 0.5%
methanolic bipyridyl:0.2% methanolic ferric chloride, 1:1, v/v,
solution. The quantification is made on the basis of the spot areas
using calibration and elution plots [106]. The main drawback
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Figure 22.9 Tocopherol and tocotrienol profile of a vegetable oil mixture obtained by NP-HPLC with fluorescence detection. (1) α-Tocopherol,
(2) α-tocotrienol, (3) β-tocopherol, (4) β-tocotrienol, (5) γ-tocopherol, (6)
plastochromanol-8, (7) γ-tocotrienol, (8) δ-tocopherol, (9) δ-tocotrienol.
Column: Si-60 (25 cm × 4.6 mm I.D.). Mobile phase: hexane:2-propanol
(99:1, v/v). Flow rate: 1 mL min−1. λex: 290 nm; λem: 330 nm.

of this procedure is the need of saponification and purification
(SPE) previous to TLC fractionation.
To avoid sample pretreatment, traditional electrochemical
methods have also been tested but they have proved to be less
precise and accurate than the chromatographic procedures, so
relatively new procedures were optimized. In this sense, nearinfrared (NIR) spectroscopy was utilized for the determination
of α-T in edible oils after extraction with ethanol. PLS regression was used for calibration and validation of the method [84].
Tocopherols were extracted as follows: 20–40 g oil were dissolved in 50 mL hexane, then 3 mL ethanol was added, placed
in conical flasks, and shaken for 60 min at room temperature
in the dark. Thereafter, the mixture was extracted successively with three 3-mL portion ethanol. The combined ethanol
extracts were transferred quantitatively into 10-mL volumetric
flasks. Prior to NIR, the extracts were filtered through a 0.45 mm
filter. NIR absorbance spectra were registered in the range
4000–10,000 cm−1 using 2-mm glass cells, with 1 cm−1 spectra resolution. The PLS calibration set (n = 20) was applied for
working solutions (0.54–53.54 mg mL −1) prepared from the standard α-T solution in ethanol. Comparison of the proposed NIR

method for α-T determination with the standard HPLC methods
showed satisfactory results although nothing was noted about the
other seven tocols.
Synchronous fluorescence spectroscopy has also been used for
the quantification of tocopherols in refined vegetable oils [107].
Tocopherols in diluted oil samples 1%, v/v gave a fluorescence
band in the spectra with the maximum at 301 nm. Quantification
was carried out with PLS regression. This PLS regression was
performed by measuring the synchronous fluorescence spectra at different instrument arrangements and sample dilutions.
The synchronous fluorescence spectra at Δλ = 10 nm were the
x variable, whereas the y variable (T concentration) was determined by RP-HPLC. The plot offered good linearity, which
indicates the suitability of the model to calculate tocopherol
concentrations.
Tocopherols may also be determined by capillary electrochromatography (CEC) [104]. CEC permits the separation of
compounds with very similar properties, in a short time, and
with minimal solvent consumption. The method uses metha
crylate ester-based monolithic columns prepared with 12% wt
1,4-butanediol in the polymerization mixture; this butanediol
content allows the formation of optimal pore size so there is
a good relationship between resolution and time of analysis.
Besides, the highest efficiencies and best resolution between
tocopherols were obtained with a mobile phase consisting of a 99:1, v/v, methanol:aqueous buffer containing 5 mM
tris(hydroxymethyl)aminomethane at pH 8.0, whereas to separate tocopherols and tocotrienols, the proportion of the mixture
must change to 93:7, v/v. The CEC instrument was equipped with
a diode array UV detector and external nitrogen pressure, selecting the readings at 205 and 295 nm. This method requires previous sample treatment: 4 g oil was extracted twice with 10 mL
methanol containing 0.1% butylated hydroxytoluene as antioxidant, and then with 10 mL of a 80:20, v/v, methanol:isopropanol
solution. After shaking and centrifugation, the combined extracts
were evaporated, dissolved in 1 mL ethanol, and further diluted
in the mobile phase just before the injection. This method may
be utilized to detect grape seed or palm oils in olive oil, since the
former is rich in tocotrienols, which are not present in VOO; also,
δ-T has been used as marker for the presence of soybean oil in
olive oil although not in concentrations below 10%.
The determination of vitamin E has been achieved by SFC with
UV detection too, since it absorbs at 291 nm. The unsaponifiable
fractions of the vegetable oil samples under study must be dissolved in dichloromethane before injection. The separation takes
place in a 60 A silica column, with a flow rate of 3.12 mL min−1
CO2 with 4% ethanol as entrainer under 180 kg cm−2 pressure
at 50°C; the loop at the injector port is 20 μL. The quantification is done through external calibration graphs of the vitamin E
standards. When crude palm oil and palm fiber oil extracts are
injected, vitamin E isomers are separated into five components
(α-T, α-T3, γ-T, γ-T3, and δ-T3), although the resolution is not
optimal. Analysis carried out in this way gave higher vitamin E
concentrations than those made with HPLC, which could be due
to the nondestructive character of SFC-CO2 in comparison with
conventional organic solvents [29].
PLE has been utilized for the extraction of vitamin E prior
to RP-HPLC-MS determination [8]: 2–3 g ground samples were
mixed with 7 g hydromatrix and loaded into the PLE system
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extraction cell, on a cellulose filter. The cell was then filled with
methanol, heated at 50°C and pressurized at 100 bar, for 5 min
(one cycle of extraction). The clean solvent was then purged
to collect the extracts, which were further diluted with 50 mL
methanol and filtered through 0.22 μm nylon membranes before
the injection. The LC separation was achieved with a 6.0 mM
ammonia in methanol:water 93:3, v/v, solution, and flow rate of
0.2 mL min−1. The ESI interphase worked in the negative ion
mode in order to detect the [M–H]− ions. This method was found
out to be reliable and required reduced sample manipulation.
When more structural information is required (e.g., on functional groups), NMR and MS detections are chosen. Since NMR
requires more information on masses than MS, it is MS that
becomes more suitable for routine analysis. Within MS there
are a number of possibilities depending on the ionization source:
EI (electronic impact), CI (chemical ionization), FAB (fast atom
bombardment), and API (atmospheric pressure ionization). API
can be either ESI (electrospray ionization) or APCI, both of them
considered soft ionization techniques. The lipophilic nature of
tocopherols hampers the polar protonation or deprotonation in
the liquid phase that would be desirable for optimal application of
ESI, whereas the detection using APCI is a hundred times more
sensitive. The use of one or another option will determine the
nature of the extraction solvents, composition of the LC mobile
phase, and so on, and some authors have already talked about
method compatibility [80]. As pointed out above, the ESI interface was used in the negative ion mode for analyte quantification
(SIM acquisition), where the addition of the base (ammonia) to
the LC mobile phase was essential to enhance analyte ionization and allows the formation of the [M–H]− ions. Also, APCI
in the negative ion mode has been used as an ionization source
in RP-HPLC-MS since it seems to have certain advantages over
ESI, such as a larger linearity range and lower detection limits.
Ionization of analytes in positive ESI and APCI is not efficient,
and takes place through two competitive mechanisms: protonation and oxidation inside the MS interface. A disadvantage of
APCI in positive ionization mode results from the difficulty in
finding the optimal temperature range for efficient vaporization
and simultaneous detection of the different tocopherols [105].

22.3.3 Alcoholic Compounds
In nature, minor alcoholic components are found either free or
esterified with fatty acids as wax esters [108,109]. In vegetable
oils, the concentration of free alcohols can change with the storage time since they are in equilibrium with free fatty acids and
waxes. In fact, fatty alcohols are an important class of the minor
constituents of olive oil because they are used as a criterion to
differentiate various olive oil designations [43]. The equilibrium
between free and esterified molecules depends on the temperature and on their relative concentration. Therefore, the Official
Analytical Methods usually determine the sum of free and esterified alcohols, named “total” alcohols.

22.3.3.1 Total, Free, and Esterified Alcohols
In the standardized analytical methods, the sample is saponified
by the diethyl ether procedure (Section 22.2.1.1), the unsaponifiable matter fractionated by TLC on silica gel plates, or HPLC

on silica gel columns and each fraction analyzed separately by
GC. Although direct GC analysis of alcoholic compounds can be
done, preparation of the silyl derivatives of the alcoholic group
permits better chromatographic resolution and minimizes the
risk of thermal decomposition.
Because free alcohols and waxes show different physical pro
perties, separate analyses are required. The isolation and determination of those compounds can be carried out according to the
scheme shown in Figure 22.10. The first step is the direct fractioning of the oil on a silica gel column using a modified 2507
IUPAC method [110]. A solution of oil (2.5 g) in hexane (5 mL)
containing the corresponding internal standards is poured onto
the silica gel column (25 g). The TAGs, waxes, and hydrocarbons are eluted with 150 mL of a hexane:diethyl ether (87:13,
v/v) solution and alcohols recovered by passing 150 mL diethyl
ether. The oxidized TAGs and di- and monoacyl glycerols coeluting with free alcohols are eliminated by transmethylation
with sodium methylate in methanol. The fraction containing the
free alcohols and fatty acid methyl esters are fractioned by TLC
or NP-HPLC and each fraction analyzed separately by GC. An
alternative to the fractioning by TLC plates is the silylation of
the total residue and the direct analysis by GC. However, in this
procedure interferences among the different types of alcohols
are frequent.
The determination of alcoholic compounds in the separated
fractions is carried out by HRGC-FID of the silylated derivatives. Usually, fused-silica capillary columns (25 m) coated with
low polar phases (5% phenyl methyl silicone) are used.
The official analytical method (111) to isolate wax esters is CC
on silica gel (15 g). A solution of oil (0.5 g) in hexane (2 mL) is
spiked with lauryl arachidate (C32-w) as the internal standard
and poured onto the column. The hexane:diethyl ether (99:1, v/v)
mixture is used as mobile phase [112]. Waxes elute just before the
TAGs. Elution volume is affected by room temperature and activation of the silica gel. Consequently, an incomplete elution of
waxes or partial elution of TAGs may occur. Thereby, the addition of three drops of a 1 mg mL −1 Sudan I solution, whose RF is
similar to that of TAGs, indicates when the elution of wax esters
ends [113].
An alternative CC procedure on just 3 g of silica gel yields
similar results and allows separate fatty acid alkyl (methyl and
ethyl) esters (FAAEs) and waxes. Although FAAEs can be isolated by SPE on silica cartridges [114], the International Olive
Council procedure [115] permits the determination of both
groups of analytes simultaneously. In this case, a solution of oil
in hexane (0.1 g mL −1) is spiked with C32-w and with methyl
heptadecanoate as internal standards, together with a drop of
Sudan I. This mixture is poured onto the column and washed
with 10 mL hexane. The hexane:diethyl ether (98.5:1.5, v/v)
mixture is used as mobile phase. The GC analysis is carried
out on a capillary column (30 m) coated with 5% phenylmethylsilicone using on-column injection and FID. Figure 22.11
shows how FAAEs and straight long-chain aliphatic waxes are
separated according to the C-atom number although the steroidal and triterpenic waxes are not well resolved. With this
procedure, time and solvent saving is noteworthy. On normal
capillary columns, coated with more polar phases (50% or 65%
phenylmethylsilicone), and working at high temperatures, separations among aliphatic waxes with the same C-atom number
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Figure 22.10 Scheme for free and esterified alcoholic compounds determination.

[116] and the steryl esters with the fatty acid and sterol moieties are achieved [117]. Seventeen steryl esters derived from
brassicasterol, campesterol, and sitosterol were identified by
GC-MS in rapeseed oil using GC-MS with n egative c hemical
ionization [118].

For the simultaneous determination of free alcohols and
waxes, the oil sample is silylated and fractionated as indicated
for the determination of tocopherols (Section 22.3.2). The isolated fraction contains silylated alcohols and waxes together
with hydrocarbons, fatty acid methyl esters, and silylated
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Figure 22.11 GC-FID chromatographic profile of the fatty acid alkyl esters and waxes of olive oil. (1) Methyl hexadecanoate, (2) ethyl hexadecanoate,
(3) methyl heptadecanoate (I.S.), (4) methyl octadecanoate, (5) ethyl octadecanoate, (6) lauryl arachidate (I.S.), (7) C-40w, (8) C-42w, (9) C-44w, (10) C-46w,
(11) steroidal and triterpenic waxes. Column: DB-5HT (30 m × 0.32 mm I.D.). Carrier gas: hydrogen. On-column injection.
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tocopherols. Direct application of online HPLC-GC to silylated
oils is an alternative to CC. These methods present good reproducibility and do not need saponification, but the quantification
of minor components can be hampered by the presence of other
compounds.

1

2

22.3.3.2 Polyprenols
Polyprenols are alcohols with at least six isoprene units
(Figure 22.12). In the unsaponifiable matter of aged olive oils
and olive pomace oils, significant amounts of the polyprenol
2,6,10,15,19,23-hexamethyl-tetracos-3,6,10,14,18,22-hexaen-2-ol
are detected.
This compound probably derives from the oxidation of squalene. For the determination of tert-squalenol in olive oil, the
unsaponifiable matter is obtained by the diethyl ether method,
and fractioned by TLC on silica gel plates. The scratched TLC
band (Figure 22.1) is extracted with di-isopropyl ether and the
solution evaporated to dryness. The residue is treated with a
silylating reagent and analyzed by GC. In the chromatogram, the
peak corresponding to the silylated compounds (Figure 22.13)
appears together with a peak corresponding to the terpenic
hydrocarbon C30H48. This compound is an artifact produced in
the GC injector from the silylated alcohol by the loss of (CH3)3 –
SiOH [119].

22.3.3.3 Aliphatic Alcohols
Straight long-chain primary alcohols are found in the lipidic fraction of biological material. They probably derive from fatty acylCoA by a four-electron reduction. Such reductase activity has
been found in plant and animal kingdoms [120]. In most plants
they are constituted by a series of saturated straight-chain primary alcohols from C20 to C28, the even C-atom number members being more abundant than the odd ones. The C24 and C26
members usually predominate over the other alkanols. Very low
amounts of the monounsaturated homologs can be detected. In
addition, branched primary alkenols with terpenic skeleton are
present in vegetable oils, phytol and geranylgeraniol being the
most abundant ones (Figure 22.14). Alkanols react easily with
fatty acids to form wax esters. In olive oils obtained from olives
at the beginning of the maturity stage, it seems that alcohols with
a shorter carbon chain, such as docosanol, are preferably esterified, yielding wax esters with 40 carbon atoms (C40). Esters of
terpenic alcohols constitute C36 and C38 waxes. The esterification process occurs not only in the fruit but also in the oil during
storage. In this case, tetracosanol and hexacosanol, which are the
major components in free form, react more rapidly to form C42
and C44 wax esters. This esterification process is reversible and
free alcohols are liberated by hydrolysis in oils with a very low
starting fatty alcohol concentration [121].
CH3
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Figure 22.13 GC-FID chromatographic profile of the prenol TLC band.
(1) C30H48, (2) C30H49OH. Column: OV-1 (30 m × 0.25 mm I.D.). Carrier gas:
helium. Oven temperature: 80°C (2 min) to 250°C at 4°C min−1. (Reproduced
with permission from Lanzón, A. et al. J. Grasas Aceites 43, 1992, 271–276.)

CH2OH
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CH2OH
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Figure 22.14 Structures of primary alkenols with terpenic skeleton.
(1) Phytol (3,7,11,15-tetramethyl-2-hexadecen-1-ol); (2) geranylgeraniol
(3,7,11,15-tetramethyl-2,6,10,14-hexadecen-1-ol).

For the determination of total aliphatic alcohols, the sample
is spiked with n-eicosanol as internal standard and then saponified using the ethyl ether method (Section 22.2.1.1). The unsaponifiable matter is fractioned by TLC on silica gel plates using
hexane:diethyl ether (65:35, v/v) as mobile phase. The aliphatic
alcohols are located in a wide band that encompasses triterpenic alcohols and methylsterols; consequently, both bands
and the region between them should be scratched off together.
The silica gel is extracted with hot chloroform and the solution evaporated to dryness. The silylated residue is analyzed by
GC-FID on a capillary column coated with 5% phenylmethyl
silicone [122]. Using these conditions a very good separation
between normal aliphatic and terpenic alcohols is achieved
(Figure 22.15). According to EC regulation, the sum of C22,
C24, C26, and C28 is a parameter to determine the quality
of VOOs [122]. In olive oils, n-eicosanol is used as an internal standard because its percentage is negligible with respect
to aliphatic alcohols with longer chains. In the case of lipidic
material containing significant amounts of the C20 alcohol, it
is substituted by n-heneicosanol (C21).

CH3

CH3
OH

H3C
CH3

CH3

CH3

Figure 22.12 Polyprenol (n = 6) structure of a squalene derivative (2,6,10,15,19,23-hexamethyl-tetracos-3,6,10,14,18,22-hexaen-2-ol).

www.ebook777.com

Free ebooks ==> www.ebook777.com
476

Handbook of Food Analysis
50.0

1

40.0
15
16
30.0

8

(mv)

3
6
2
20.0

4

10.0

13
7

5
0.0
0.0

7.0

14

10

12
9

14.0
21.0
Time (min)

11
28.0

17

35.0

Figure 22.15 GC-FID chromatographic profile of aliphatic alcohols, dimethylsterols, and methylsterols of olive oil. (1) Phytol, (2) geranylgeraniol, (3)
C21-ol (I.S.), (4) C22-ol, (5) C23-ol, (6) C24-ol, (7) C25-ol, (8) C26-ol, (9) C27-ol, (10) C28-ol, (11) dammaradienol, (12) taraxterol, (13) β-amyrin, (14)
butyrospermol, (15) cycloartenol, (16) 24-methylenecycloartanol, (17) citrostadienol. Column: SPB-5 (30 m × 0.25 mm I.D.). Carrier gas: hydrogen. Oven
temperatures: 225°C (2 min) to 295°C (6 min) at 2°C min−1.

22.3.3.4 Steroidal Alcohols
Steroidal alcohols is the generic name given to tetra- and pentacyclic triterpenic compounds that contain a beta-oriented
hydroxyl group at the C-3 atom. Tetracyclic compounds with
a C8 or C10 aliphatic chain at C-17 are the most abundant.
Steroidal alcohols comprise three classes of compounds: 4-desmethylsterols (sterols), 4-monomethylsterols (methylsterols), and
4,4′-dimethylsterols (triterpenic alcohols). In the latter class, different types of compounds can be found where the molecule may
or may not have an additional alcohol group (triterpenic monoand dialcohols, respectively), an aldehyde group (triterpenic
aldehydes), or acid group (triterpenic acids) at C28.
Steroidal alcohols are present in edible fats and oils as free
alcohols and fatty acid steryl esters. The free/esterified ratio
is very variable since it depends on the oil type, refining process, and oil storage conditions [123]. In other foodstuffs minor
amounts of sterols can be found as steryl glucosides and esterified steryl glucosides [24,25].
The composition of the steroidal alcohols varies during germination and fruit or seed development, and hugely depends on the
botanical origin. However, it is only slightly affected by refining processes [124]. For these reasons, it has been selected as
one of the best biomarkers to determine the fat identity and for
detecting blends of vegetable oils. A comprehensive review on

this subject and on the composition of each steroidal class was
published by Kamm [125].
The analysis of free plus esterified steroidal alcohols is
usually carried out on the fractions obtained from the unsaponifiable matter by TLC on silica gel plates (Figure 22.1).
The compounds are extracted from the silica gel with hot
chloroform and the solvent is evaporated. The steroidal alcoholic fraction can be isolated from the unsaponifiable matter by SPE on silica gel cartridges through a stepwise elution
of hexane and diethyl ether mixtures [126]. On increasing
the polarity of the mixtures, 4,4′-desmethylsterols, 4-monomethylsterols, and 4-desmethylsterols elute in separate
fractions, the recovery of the latter ones being higher than
that obtained with the TLC method. Also, using HPLC on
silica gel and a refractive index detector, the different fractions can be perfectly isolated. The evaporated fractions are
treated with a silylating reagent and analyzed by HRGC-FID
using low or medium polar stationary phases (5% or 65%
phenylmethylsilicone).

22.3.3.4.1 Desmethylsterols
Desmethylsterols are tetracyclic triterpenic 3β-alcohols of a cholestane nucleus with an unsaturation in position 5 (Δ5-series), 7
(Δ7-series), or 8 (Δ8-series) (Figure 22.16).

Free ebooks ==> www.ebook777.com
477

Neutral Lipids: Unsaponifiable

∆ 5 Structures

CH3

H 3C
CH3

CH3
(1)

CH3

(3)

CH3

CH3

HO
(5)

(6)

∆ 7 Structures

(10)

CH3

CH3
CH3

CH3

(11)

(12)

CH3

CH3
(13)

CH3

HO
∆ 8 Structures

H3C
CH3

CH3

HO

CH3

H3C
CH3

H 3C
CH3

CH3

CH3

H 3C

CH3

Stanols

CH3
(14)

CH3

CH3

CH3

CH3

(8)

CH3

CH2

CH3

CH3

(7)

CH3

CH3
CH3

H3C

CH3
CH3

CH3

CH3

CH3

CH3
CH3

CH3

(9)

(4)

CH3

CH3
CH3

CH3

CH3

CH3
(2)

CH3

CH3

CH2

CH3

CH3

(16)
H3C

HO

CH3

(15)

CH3

H 3C

H 3C

CH3

CH3

HO

CH3

CH3

(17)
H3C

HO
Figure 22.16 Chemical structures of the main desmethylsterols. (1) Cholesterol (cholesta-5-en-3β-ol); (2) brassicasterol (24[S]-24-methylcholesta5,22-dien-3β-ol); (3) 24-methylenecholesterol (24-methylcholesta-5,24-dien-3β-ol); (4) campesterol (24[R]-24-methylcholesta-5-en-3β-ol); (5)
stigmasterol (24[S]-24-ethylcholesta-5,22-dien-3β-ol); (6) β-sitosterol (24[R]-24-ethylcholesta-5-en-3β-ol); (7) Δ5-avenasterol (24[Z]-24(28)ethylidencholesta-5-en-3β-ol); (8) Δ5,23-stigmastadienol (24-ethylcholesta-5,23-dien-3β-ol); (9) Δ5,24-stigmastadienol (24-ethylcholesta-5,24-dien-3β-ol);
(10) clerosterol (24[S]-24-ethylcholesta-5,25-dien-3β-ol); (11) Δ7-stigmastenol (24[R]-24-ethyl-5α-cholesta-7-en-3β-ol); (12) Δ7-avenasterol (24[Z]-24(28)ethyliden-5α-cholesta-7-en-3β-ol); (13) α-spinasterol (24[R]-24-ethyl-5α-cholesta-7,22-dien-3β-ol); (14) Δ8-Estigmasta-8,22-dien-3β-ol; (15) Δ8(14)stigmastenol; (16) sitostanol ([24R]-24-ethylcholestan-3β-ol); (17) campestanol ([24R]-24-methylcholestan-3β-ol).

The importance of desmethylsterols comes from either their
nutritional interest or their utility in the authentication of foods.
For instance, Δ5,24-stigmastadienol increases its concentration
in the refining process while the concentration of Δ5-avenasterol
decreases, so these compounds are used to distinguish ROO
from VOO [43]. There are numerous analytical methods for their
determination in foods but only those normally applied will be
commented on.
Usually, total desmethylsterols (free and esterified) and triterpenic dialcohols are determined together. The method starts
with the saponification of the sample containing an appropriate internal standard. A wide variety of compounds have been
proposed in the literature as internal standards [127,128], but
α-cholestanol (5α-cholestan-3β-ol), which gives a GC peak

just after cholesterol, is recommended for vegetable lipids [11].
Betulin, a triterpenic dialcohol, appearing in the GC chromatogram after the sterols, is proposed for animal and vegetable oils
and fats [129], except for olive oils since it can interfere with
other triterpenic dialcohols. If betulin is chosen, it is necessary to
analyze the desmethylsterol together with triterpenic dialcohols.
An alternative to betulin is β-cholestanol (5β-cholestan-3α-ol)
that originates a GC peak before cholesterol.
The obtention of the unsaponifiable matter can be carried out
by the ethyl ether method (Section 22.2.1.1) [9,11], or by the aluminum oxide method (Section 22.2.1.4) [129]. The unsaponifiable
matter is fractioned by TLC (Section 22.2.2.1), and the sterols
and triterpenic dialcohol bands are scratched together. The sterol
band is scratched just by the upper border of the colored region
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Figure 22.17 GC-FID chromatographic profile of the sterol and triterpenic dialcohols from refined olive oil. (1) Cholesterol, (2) α-cholestanol (I.S.), (3)
24-methylenecholesterol, (4) campesterol, (5) campestanol, (6) stigmasterol, (7) Δ5,23-stigmastadienol, (8) clerosterol, (9) β-sitosterol, (10) sitostanol, (11)
Δ5-avenasterol, (12) Δ5,24-stigmastadienol, (13) Δ7-stigmastenol, (14) Δ7-avenasterol, (15) erythrodiol, (16) uvaol. Column: SPB-5 (30 m × 0.25 mm I.D.).
Carrier gas: hydrogen. Oven temperatures: 225°C (2 min) to 295°C (6 min) at 2°C min−1.

in order to eliminate possible interferences of the cycloartenol
on the Δ7-stigmastenol GC peak [113]. Figure 22.17 shows a GC
chromatogram of the fraction obtained from olive oil.
Fractionation of the unsaponifiable matter by NP-HPLC is a
good alternative when α-cholestanol is used as internal standard.
In the analysis of joint desmethylsterols and triterpenic dialcohols, GC peaks interfering with cholesterol and brassicasterol
can appear. To avoid them, only the desmethylsterols band on
the TLC plate must be analyzed, which must be scratched 5 mm
below the border of the colored sterol band to prevent losses of
Δ7-sterols (Figure 22.1).
The occurrence and distribution of desmethylsterols are
summarized in Tables 22.5 and 22.6. As can be observed, the
majority of vegetables and fruits contain less than 200 mg kg−1
sterols with the exception of figs and lemon and orange peels.
In contrast, vegetable oils contain a higher amount of sterols
(277–5000 mg kg−1). Notable exceptions to this are corn, rapeseed, rice bran, and sesame oils, which have up to 22,150, 11,280,
10,500, and 18,960 mg kg−1, respectively; the Δ5-family is the
most abundant in the majority of vegetable oils, β-sitosterol being
the predominant sterol. Brassicasterol is characteristic of canola
and rapeseed oils and Δ7-stigmasterol of safflower and sunflower
oils. Ergosterol, normally present in very low quantities in animal
fat, has been found in high-density olive pomace oil [130]. Codex
Alimentarius [131] has established certain sterol concentration

ranges for those edible oils with wide commercial use. This
norm permits the control of possible adulterations (oil mixtures),
although it does not allow the exact determination of the mixture
Table 22.5
Total Sterol Content in Some Vegetables and Fruits
Vegetables

Total Sterol
(mg kg−1)

Cabbage
Carrot
Cauliflower
Cucumber
Onion
Potatoes
Spinach
Tomatoes

110
120
180
140
150
50
90
70

Fruits

Total Sterol
(mg kg−1)

Apple
Apricot
Bananas
Fig
Lemon
Lemon peel
Melon
Oranges
Orange peel
Peach
Pear
Pineapple
Strawberries
Watermelon

120
180
160
310
120
350
100
240
340
100
80
60
120
20

Source: From Vioque, J.; Kolattukudy, P. E. Archiv. Biochem. Biophys. 340,
1997, 64–72; Abidi, S. L. J. Chromatogr. A 935, 2001, 173–201.

Free ebooks ==> www.ebook777.com
Neutral Lipids: Unsaponifiable

Table 22.6
Desmethylsterol Content in Several Vegetable Oils

tr-1.5
0–1
0–2
–
0–0.4
0–3
0–1.6
tr-0.3
0–0.1
0–1

0–1
–
–
–
–

0–1
0–1
0–1
–
0–0.7
0–1
0–1
tr-1
0–0.1
0–1

0–3.1
0–10
8–9
11.4–15.6
4.3–8.0
2.1–6.8
7.5–12.3
1–3.4
4.9–6.6
0–0.2
0.5–3.0
0.5–4.0
12–16.6
8.5–13.9
5.4–13.2
0–1
9–17
4.5–9.6
3.4–12
14.9–19.1
7–12
0–4
0.3–4

0–2.7
–
–
–
–
2.4–4.8
–
–
–
0–1.8
–
–
0–0.5
–
0–1
–
0–4
0–2
0–3.4
tr-2
–
0–2

6.7–22
2–10
17–20
20–40.7
1.5–8.2
1.8–7.3
0.3–4.5
2–8
11.4–14.0
0–2
4–14
2–10
1.4–9
0–2.8
5.0–18.8
2.5–6.6
0–4
0.8–4.8
6.2–7.8
1.5–3.7
tr-8
4–8
2–7

Δ5,24-Stigmastadienol

0–1.6
–
–
–
0–1
–
–
0–0.5
0–0.8
0–1
–
0–4
01
0–1
tr-1
0–1
0–0.4

68–87
60–92
4.28–54
32.6–50.7
54.8–66.6
76–87.1
64–75
80.8–93
41.8–48.8
58–60
75–80
72–80
62.6–73.1
50.2–62.1
47.4–70
45.1–57.9
55–67
40.2–50.6
57.7–63.6
47–60
50–77
81–91
51–67

Δ5-Avenasterol

0–3
–
–
–
–
–
–
0–1
0–2
0–1
–
0–5
0–5
0–1
tr-3
0–0.1
0–2

0–1.8
–
–
–
–
–
0–9
–
–
–
–
0.8–1.7
–
0–0.8
–
0–1
–
0–1
0–17
0–1
tr-1
–
0–1

Sitostanol

0–0.5
–
–
–
–

β-Sitosterol

0–1.1
–
–
–
–

Clerosterol

Stigmasterol

Campesterol

Campestanol
0–1.3
–
–
–
–

0–8.8
–
–
–
–
0–2
0–1
–
–
0–1
–
–
0–0.5
0–3
0–1
–
0–2
0–4
0–0.9
tr-3
–
0–1.2

Δ7-Avenasterol

0–1
–
5.6
–
0–1
–

1.8–4.0
5–12
18–19
6.0–11.2
16.8–24.1
6.4–14.5
7.5–14
5–6
26.5–28.5
33–36
1.0–4.3
1.0–4.3
8.4–12.7
18.7–27.5
12.0–19.8
24.7–38.6
23–32
9.2–13.3
10.1–20
15.8–24.2
6–13
4–7
18–29

Δ7-Stigmastenol

0–0.2
–
–
–
–

Δ5,23-Stigmastadienol

0–0.4
2
0–0.3
0–0.3
0–0.2
0.1–0.3
0–0.2
–
0.5–0.9
5.8–6.0
0–0.1
0–0.2
–
0–2
0–0.2
5–13
–
0–0.4
0.1–0.2
0–0.3
tr-1
0–0.2
0–0.4

Δ7-Campesterol

0–1.0
0–0.2
1.2–1.7
0–0.3
0.2–0.6
0.7–2.3
0–3
0–1
0.5–1.1
0–3.1
0.1–0.5
0.1–0.5
0.6–3.7
2.6–6.7
0–3.8
0–1.3
0–0.5
0–0.7
0.1–0.5
0.2–1.4
0–0.7
0–1
0–0.4

24-Methylenecholesterol

Vegetable
Oils
Almond
Avocado pulp
Babassu
Coconut
Corn
Cottonseed
Grapeseed
Hazelnut
Linseed
Mustard seed
Olive oil
Olive pomace
Palm kernel
Palm oil
Peanut
Rapeseed
Rice bran
Safflower
Sesame
Soybean
Sunflower
Walnut
Wheat germ

Brassica-sterol

Cholesterol

Distribution of Desmethylsterols (%w/w on Total Content)

0–5.6
0.3
0.4–1.0
0–3
0.2–4.2
0–1.4
0.4–3.5
0–3
0–0.4
–
0.1–0.7
0.1–0.7
0–2.1
0.2–2.4
0–5.1
0–1.3
0–2
13.7–24.6
0.5–10
1.4–5.2
7–24
0–0.3
1–4

0.3–4.0
0–0.3
–
0–0.6
0.3–2.7
0.8–3.3
0.5–1.5
0–3
0.4–1
–
0.2–1.0
0.2–1.0
0–1.4
0–5.1
0–5.5
0–0.8
0–2
2.2–6.3
0.6–5.6
1.0–4.6
3–7
0–0.4
2–4

Total Content
(mg/kg)
1550–7797
3500–5600
570–776
400–1200
7000–22,150
2690–6430
2000–9600
1200–2000
3970–4140
446–663
1000–2500
2500–3900
700–1400
300–700
900–2900
4500–11,300
10,550–25,000
2100–4600
4500–19,000
1800–4500
2098–4550
1760–2050
5500–26,200

Source: From Kochhar, S. P. Prog. Lipid Res. 22, 1983, 161–188; Kamm, W. et al. Food Rev. Int. 17, 2001, 249–290; FAO/WHO. Draft of the regulation for specified vegetable oils. Codex Alimentarius. Alinorm
97/17. Joint FAO/WHO Food Standard Programme: 1997.
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proportions since the ranges are wide. This range amplitude is a
consequence of the different varieties within each species, climatological differences, variations in growing conditions, and
changes induced during refining. Sterol determination is greatly
valuable for detecting oils with high β-sitosterol content in comparison with the other sterols (cashew, hazelnut, walnut, olive, and
olive pomace oils). In these cases, total sterol content is very low,
and the addition of any other oil has a diluting effect in β-sitosterol
concentration, whereas it increases minor sterol content. There
exist maximum legal limits for olive oil sterol profile and content.
These limits refer to cholesterol, brassicasterol, campesterol, stigmasterol, and Δ7-stigmastenol. Furthermore, there is a minimum
for the sum of Δ5,23-stigmastadienol, clerosterol, β-sitosterol,
sitostanol, Δ5-avenasterol, and Δ5,24-stigmastadienol. All these
limits [132] guarantee oil purity with regard to the addition of
several other oils. Sterols have also proven to be useful to detect
karite in cocoa and chocolate butters [133]. Additional application
of desmethylsterol analysis is the determination of Δ8(14)- and
Δ14-sterols to detect desterolized sunflower oil in olive oil. These
sterols arise from the isomerization of Δ7-stigmasterol during oil
treatment with active bleaching earths. In this case, elimination of
the majority of β-sitosterol by TLC or semipreparative HPLC and
subsequent GC analysis on polar columns (70% phenylmethyl
silicone) are necessary [54,134]. An online HPLC-GC system has
also been used [135].

22.3.3.4.2 Cholesterol
Cholesterol is the most widely occurring sterol in animal tissue
(Table 22.7) and, in contrast to animal lipids, it occurs in the sterol fraction of vegetable oils in very low percentages, except in
palm and palm kernel oils. Owing to the relationship of plasma
cholesterol levels and the risk of coronary disease, simplified
procedures for the determination of cholesterol in foods have
been assayed. In a review [136], the lipid extraction and the direct
saponification of several foods are discussed. The author concludes that the most appropriate method is direct saponification
(0.4 M KOH in ethanol, 60°C for 1 h), and extraction of unsaponifiable matter with hexane, preparation of the silyl derivative and
analysis by HRGC. Spectrophotometric methods overestimate
significantly the amount of cholesterol.

oxidation of cosmetic phytosterol products in the skin, and (3)
exogenous source, that is, absorption of oxysterols from the diet
[137]. Oxysterols can reach high concentrations in foods (e.g.,
441 mg kg−1 in pulverized yolk) that have been stored for a long
time, under thermal, radiation, or air exposure [138]. The SOP
content in commercial vegetable oils is scarce (3–7.7 mg kg−1)
and evolves similarly to fat oxidation products (hexanal, hydroperoxydes, etc.) [139]. The most abundant SOPs are those with
hydroxyl-, ceto-, or epoxy groups at the steroidal ring, although
there may also be oxidation of the lateral chain [140,141].
Historically, the analysis of SOPs is focused on cholesterol oxidation products (COPs), since they seem to be implicated in the
development of human diseases [142]. COP formation is related
to processing temperature, storage and processing conditions,
and so on [143]. The cytotoxic activity of SOPs is qualitatively
similar to that of COPs, although higher concentrations of SOPs
are required to get similar toxicity levels [144]. However, SOPs
are attracting much attention due to the impact of functional
foods enriched with plant sterols [145]. Figure 22.18 shows a GC
profile of the oxysterol-containing fraction from cheese spread.
The methodologies used in the determination of oxysterols
were reviewed eleven years ago, and concluded that the SOP
concentration and matrix complexity had an important role in
the analysis [146]. The classical determination of COPs (free
plus esterified) involves the extraction of lipids from the food and
the subsequent cold saponification, also with protection against
oxidation and light. Three variations of this methodology were
applied to powered milk and compared with direct saponification
[147]. The unsaponifiables were purified by SPE on amino cartridges and analyzed by GC-MS. In foodstuffs, transmethylation

8

3

22.3.3.4.3 Sterol Oxidation Products
Oxysterols or sterol oxidation products (SOPs) in human plasma
may have three possible origins: (1) in vivo transformation of cholesterol and phytosterols in cells, blood, and tissues, (2) in vivo
7

Table 22.7

9

12 4 56

Total Sterol and Cholesterol Contents in Foodstuff
Animal Fat
Butter
Herring
Halibut
Cod liver
Mink
Beef
Lard
Whale

Total Sterol Content (mg kg−1)
2843–2746
8.578
7.861
4.099
1.163
1.350
1.161
1.901

Cholesterol (%)
98.3
96.9
97.4
98.3
91.8
98.4
97.0
94.7

Source: From Homberg, V. E.; Bielefel, B. Fat Sci. Technol. 91, 1989, 23–27.

8
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30

35

Figure 22.18 GC-FID chromatographic profile of the oxysterolcontaining fraction from cheese spread. (1) 7α-Hydroxycholesterol, (2)
19-hydroxycholesterol, (3) cholesterol, (4) 7β-hydroxycholesterol, (5)
cholesterol-α-epoxide, (6) cholestane-3β,5α,6β-triol, (7) 7-ketocholesterol,
(8) sitosterol-α-epoxide, (9) 3β,5-dihydroxy-5α-cholestan-6-one. Columns:
uncoated (1 m × 0.32 mm I.D.) + SOP-50 (25 m × 0.25 mm I.D.). Carrier gas:
helium. Oven temperature: 110°C (2 min) to 235°C (5 min) at 40°C min−1
and then to 320°C (5 min) at 3°C min−1. (With permission of Schmarr, H. G.;
Gross, H. B.; Shibamoto, T. J. Agric. Food Chem. 44, 1996, 512–517.)
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with sodium methylate has been used as an alternative to saponification [148].
There are studies showing GC retention times for SOPs relative to commercial standards in a DB-5 column, which may be
useful for compound identification [149]. Also, a GC-MS method
for the determination of SOPs in serum has been validated [150].
One of the most important concerns in the determination of
COPs is the generation of artifacts during analysis and the persistence of artifact-generating methods and data in the literature
[151]. In order to avoid the formation of artifacts and/or breakdown of COPs, the isolation of COPs from other lipids has been
performed by direct fractioning on CC or SPE, although by using
these procedures, only free COPs can be determined. SPE on
amino phase is used because it allows the separation of COPs from
TAGs and cholesterol [152,153]. However, a comparative study of
several SPE phases resulted in a better removing of the matrix
components when a combination of silica gel and amino cartridges
was used [154]. The isolated COPs fraction can be purified from
polar nonvolatile compounds by transmethylation [153] or by TLC
on silica gel, developing with an hexane:ethyl ether (1:1, v/v) mixture and using Rhodamin to visualize the bands. The compounds
are extracted with a chloroform:methanol (9:1, v/v) solution.
The complex mixtures of SOPs were separated and quantified
by multidimensional capillary columns [155]. Oil samples were
saponified with 1 M ethanolic KOH at room temperature for about
18 h, and then purified by twofold SPE in 0.5 g silica cartridges.
They were then silylated and taken to the GC system where two
capillary columns (a medium polar DB-17MS and a polar DB-5)
were connected by a universal press-fit connector. Analytes were
identified comparing their retention times with those of standard
COP and authentic SOPs, whereas quantification was carried out
by means of an internal standard (5α-cholestane). Additionally,
identification was made via MS and visual TLC.
There is a single-step 1-g SPE method that has proven to be
capable of separating and enriching SOPs from cold saponified
and transesterified oil samples. This SOP fraction being free
from fatty acid methyl esters and unoxidized phytosterols [156].
This would be a step previous to GC or GC-MS. Transesterified
lipids or unsaponifiables dissolved in 1 mL hexane:diethyl ether,
9:1, v/v, are loaded onto the SPE cartridge previously conditioned
with 5 mL hexane. This is then washed with 15 mL hexane:diethyl
ether, 9:1, v/v, and 10 mL hexane:diethyl ether, 1:1, v/v. Pure SOPs
elute with 10 mL acetone, to be evaporated and derivatized.

22.3.3.4.4 Triterpenic Dialcohols
The main triterpenic dialcohols are erythrodiol and uvaol, which
have a pentacyclic structure (Figure 22.19), and derive from the
oxidation of two dimethylsterols, α- and β-amyrin, respectively.
Erythrodiol and uvaol are determined simultaneously to desmethylsterols and are quantified as percentages of the sterol plus
triterpenic dialcohol fractions. They are found in olive oil (1%–
7%) and in much higher amount (4.5%–25%) in olive pomace oil.
Other vegetable oils do not contain these compounds or their concentration is negligible. Therefore, they can be used for detecting
olive pomace oil in olive oil or olive oil in other vegetable oils.
Since the GC conditions imply the use of an isothermal
program (260°C), sometimes the overlapping of uvaol and an
unknown compound happens; this can be avoided selecting a
higher working temperature (280°C) [130].

R

R′

H3C
R″

CH3

CH3
CH3

HO

CH3

H3 C

(1) R = H, R′= CH3, R″= CH2OH
(2) R = CH3, R′= H, R″= CH2OH
(3) R = H, R′= CH3, R″= CHO
Figure 22.19 Structures of triterpenic dialcohols and oleanolic aldehyde.
(1) Erythrodiol (olean-19-en-3β,28-diol), (2) uvaol (ursan-12-en-3β,28-diol),
(3) oleanolic aldehyde (olean-19-en-3β-ol-28-al).

22.3.3.4.5 Methylsterols and Triterpenic Aldehydes
The methylsterol fraction is mainly constituted by cycloeucalenol, grammisterol, obtusifoliol, and citrostadienol (Table 22.8).
These compounds have a cholestane skeleton (Figure 22.20),
and are found at lower concentrations than desmethylsterols
(Table 22.6).
In the TLC plates, methylsterols are isolated together with
triterpenic aldehydes, and cholesterol is added as a standard
for quantitation. The fraction is silylated and analyzed by GC
(Figure 22.21). In olive and olive pomace oils, oleanolic aldehyde
(Figure 22.19) is detected.

22.3.3.4.6 Dimethylsterols
Dimethylsterols are compounds with tetracyclic (cycloartenol
and 24-methylenecycloartanol, butyrospermol) and pentacyclic
structures (α-, and β-amyrin, lupeol) (Figure 22.22).
For the determination of dimethylsterols, the TLC band
(Figure 22.1) is scratched and extracted with hot chloroform,
and the solution spiked with cholesterol. The residue obtained
after evaporation is silylated and analyzed by GC. Usually,
dimethylsterols are more abundant than methylsterols, and the
major dimethylsterols can be quantified by scratching together
the bands corresponding to dimethylsterols, aliphatic alcohols,
and methylsterols, using n-eicosanol or n-heneicosanol (Figure
22.15) as internal standard.
Regarding the content and composition of dimethylsterols
in vegetable oils, strong discrepancies can be observed in the
literature [90,123,157]. In general, they are found in lower concentrations than desmethylsterols, β-amyrin, cycloartenol, and
24-methylenecycloartanol being the most abundant compounds.
It has been suggested that lupeol could be utilized to detect
hazelnut oil in olive oil [126], but its variability and low concentrations (7.0–31.6 mg kg−1) do not make it feasible for this purpose.

22.3.3.4.7 Steryl Glucosides
Steryl glucosides are a group of plant sterols that can be found
either as free molecules or as esterified compounds [158]. Free
steryl glucosides (SG) are phytosterol conjugates where one glucose moiety binds at the C3 position of the sterol residue via an
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Table 22.8
Methylsterol Content of Several Edible Vegetable Oils
% on Total Methylsterol Content
Oil

Total (ppm)

Cycloeucalenol

Obtusifoliol

Gramisterol

Citrostadienol

Coconut
Corn

70–160
620

36–38
6

9–12
21

4
26

24–33
29

Cottonseed

120–420

5

7–11.6

11–18

41–42

Grapeseed

640

4

5

4

11

Olive

42–182

14–32.8

7–11.6

3

22–46.5

Palm oil

360

67

17

–

9

Peanut

160–180

16–28

19–25

19–25

23–24

Rapeseed

70–270

17–22

26–29

14–21

8–16

Rice bran

4200

39

7

–

40

Safflower

54–125

–

40–43

23–25

10–12

Sesame

470–4060

12

17–20

15–35

15–31

Soybean
Sunflower

250–660
780–1020

10
3

6–8
26–30

9–24
15–20

44–53
31–38

Source: From Kochhar, S. P. Prog. Lipid Res. 22, 1983, 161–188; Kamm, W. et al. Food Rev. Int. 17,
2001, 249–290; Cert, A. et al. Olivae 79, 1999, 41–50.

acetyl bond. When this kind of sterol is esterified to a fatty acid
at the C6 position of the sugar moiety, it gives rise to esterified
(also named as acylated) steryl glucosides (ESG).
Currently, there are a number of analyses for SG determination
in edible matrices, which rely on the use of acid and/or alkaline
hydrolysis to initially release all kinds of conjugated phytosterols, and then proceed to the subsequent analysis [159–165]. One
of the disadvantages of these procedures is that the liberated

sterols cannot be distinguished from the originally free sterols
(FS) making the specific quantitation of the former SG impossible. Other scientists avoid the initial hydrolysis and determine
the SG content of a number of samples by isolating the corresponding fraction via SPE [166–169] or CC [170]. A summary
of the procedures presently described in the literature has been
recently published [24,25]. SPE in 500-mg silica cartridges has
been utilized to elute the glycolipids present in lipidic extracts
CH3

H3C

CH3

CH3

(1)

CH3

CH3
CH2
CH3 (2)
HO

CH3
CH3
CH2
H3C
CH3

CH3

H3C

CH3

CH3

(3)

CH3

CH3
HO

CH2
CH3
CH3
(4)

CH3
HO

CH3

CH3

Figure 22.20 Structures of some methylsterols. (1) Citrostadienol (4α-methyl-24[Z]-24-ethyliden-5α-cholesta-7-en-3β-ol), (2) gramisterol
(4α-methyl-24-methylene-5α-cholesta-7-en-3β-ol), (3) cycloeucalenol (4α,14α-dimethyl-9β,19-cyclo-24-methylene-5α-cholestan-3β-ol), (4) obtusifoliol
(4α,14α-dimethyl-24-methylene-5α-cholest-8-en-3β-ol).
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are quantified as such by GC. The cartridges (1 g Si) are conditioned with 5 mL tert-butyl methyl ether, 5 mL hexane, 5 mL
chloroform, and 10 mL of a newly prepared blend consisting of
chloroform:methanol, 4:1, v/v. Samples (2 g) dissolved in chloroform (4 mL) are quantitatively transferred to the cartridges
using 1 mL chloroform to wash the walls of the containers. The
loaded cartridges are washed with 10 mL hexane, 10 mL tertbutyl methyl ether, and 10 mL chloroform. The adsorbed SG and
ESG are eluted with 5 mL of the chloroform:methanol, 4:1, v/v,
solution. The procedure is carried out under negative pressure
(1 in.Hg). The eluted fractions are evaporated to dryness under
nitrogen flux, derivatized, and chromatographed using cool oncolumn injection. The quantitative evaluation of the SG was carried out using cholesteryl glucoside (ChSG) as internal standard.
Since no internal standard was available in the case of ESG, they
had to be quantified using external standardization.

100.0

80.0
4

(mv)

60.0

40.0

20.0

1
2

0.0
0.0

22.3.4 Aliphatic Aldehydes

3

8.0

16.0
24.0
Time (min)

5
32.0

40.0

Figure 22.21 GC-FID chromatographic profile of methylsterols from
olive oil. (1) Obtusifoliol, (2) gramisterol, (3) cycloeucalenol, (4) citrostadienol, (5) oleanolic aldehyde. Column: SPB-5 (25 m × 0.25 mm I.D.).
Carrier gas: hydrogen. Oven temperatures: 225 (2 min) to 295°C (6 min) at
2°C min−1.

with 15 mL of a chloroform:methanol (2:1, v/v) blend. They were
evaporated to dryness, dissolved in dimethyl ether, and further
fractionated with an in-house phenylboronic acid (PBA)–Si cartridge [166]. The high group selectivity of the PBA represents a
great advantage in comparison with the selectivity exhibited by
the former silica cartridge [166], but it implies additional cost,
and may lack reproducibility.
Also, silica cartridges have been used in other cases to separate specifically free and esterified sterols from sterol conjugates.
In this case, the retained FS eluted with chloroform, whereas the
SG were released with methanol [167]. The 500 mg Si-columns
were of use to isolate the SG from the milling fractions of wheat
and rye. Some other sterol derivatives eluted with heptane:diethyl
ether and acetone. These SG were analyzed as FS after acid
and alkaline hydrolysis, but they needed to be protected during the acid handling, which necessitated additional treatment
[168]. These procedures were not applicable to olive oil, which
may be due to the extremely low concentration of this kind of
sterols in this matrix (below 3 mg kg−1), compared with that in
other kinds of samples: above 18 mg g−1 in rapeseed lecithin,
or 14 mg g−1 in soybean lecithin [166], from 9.2 to 17.1 mg kg−1
and from 6.4 to 10.3 mg kg−1 in the milling fractions of wheat
and rye, respectively [168], or from 838.4 to 1660.4 mg kg−1 in
mature banana plants [171]. In the case of olive oil, a specific
methodology has been developed [25] in which the lack of any
kind of sample pretreatment keeps the glucosides intact, so they

Pérez-Camino et al. published a comprehensive review on this
subject [172], which is summarized here.
Long-chain aliphatic aldehydes (LCAAs) are important components of the waxes on the surface of fruits and leaves, with
22–32 C atoms. They were reported to come from very longchain fatty acids (LCFAs) with even C-atom number, which
suffer the same α-oxidation described for medium-chain aldehydes. Ubiquitous saturated and low-molecular-weight aldehydes from propanal (C3-al) to undecanal (C11-al), also called
short-chain aliphatic aldehydes or alkanals (SCAAs), belong to
the lineal carbonylic group of compounds present in numerous
natural fatty foods [173]. Actually, all the studies on aroma biogenesis consider short-chain volatile compounds to be mainly
aldehydes. SCAAs formation involves the action of the lipoxygenases (LOX), which oxidize linoleic and linolenic acids, or
of their positional isomers, giving rise to hydroperoxides as primary products [174]. This process is triggered by external agents
such as light, oxygen, and temperature. Medium-chain aliphatic
aldehydes (MCAAs) comprise those aliphatic aldehydes from
C12-al to C17-al and are considered intermediate compounds or
by-products in the α-oxidation of LCFAs. The aldehydes pentadecanal (C15-al) and heptadecanal (C17-al) occur in a wide
range of green, brown, and red seaweeds, and have been identified as characteristic compounds in species of the green marine
algae Ulvaceae [175].

22.3.4.1 Short-Chain Aliphatic Aldehydes: Isolation
and Quantitative Determination
Diverse techniques can be used for volatile compound analysis
and also for aldehyde extraction. Solid-phase micro extraction
(SPME) and dynamic headspace/static headspace (DHS/SHS)
are the methods recently utilized with matrices such as seafood
and ham. All these studies have been addressed in excellent and
comprehensive papers [176]. Beránek and Kubátová [177] deve
loped a method for the trace analysis of a wide range of aldehydes.
They compared the efficiency of headspace (HS) aldehyde extraction with their on-fiber derivatization (HS-SPME-OFD) as well
as that of direct derivatization (D) in aqueous solutions followed
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Figure 22.22 Structures of some dimethylsterols. (1) Cycloartenol (9β,19-cyclo-5α-lanost-24-en-3β-ol), (2) 24-methylenecycloartanol (24-methylene9β,19-cyclo-5α-lanost-24-en-3β-ol), (3) butyrospermol (5α-eupha-7,24(25)-dien-3β-ol) (4) α-amyrin (5α-urs-12-en-3β-ol), (5) β-amyrin (5α-olean-12-en3β-ol), (6) lupeol (5α-lup-20(29)-en-3β-ol).

by SPME from either headspace (D-HS-SPME) or liquid-phase
(D-L-SPME). This procedure consisted of the extraction of
derivatized aldehydes by liquid-phase SPME (D-L-SPME) at
80°C for 30 min. The LODs using this optimal method were in
the range of 0.1–4.4 μg L −1 for most of the SCAAs. HS-SPME
using on-fiber derivatization generally showed a lower sensitivity
and several compounds were not detected.
The optimized HS-SPME of derivatized aldehydes in aqueous
solution was not as sensitive as D-L-SPME for hydroxylated aromatic compounds. The developed method was used to analyze
aqueous particulate matter extracts; this method achieved higher
sensitivities than those obtained with the U.S. Environmental
Protection Agency (EPA) Method 556 [178].
Guillén and Uriarte [179] studied SPME-GC-MS relationships
between the abundance of the volatile aldehydes and the percentages of altered or polar compounds in three edible oils. Among
the studied volatile compounds, the alkanals C6-al and C9-al
were the most abundant.
Automated HS-SPME coupled to GC-ion trap MS was also utilized for fast olive oil volatile characterization [180]. Figure 22.23
shows an HS-SPME-GC-ion trap MS chromatogram of olive oil
volatiles. The separations have been done with a combination of

two GC columns: HPINNOWax (polyethylene glycol) and BPX50 (50% phenyl polysilphenylenesiloxane).
Benincasa et al. [181] have carried out the sensory analysis
and volatiles of Egyptian virgin olive oils using SPME-GC-MS.
They have found the volatile aldehydes heptanal (C7-al) and
octanal (C8-al) as the major saturated ones with quantities up
to 254 mg kg−1 for C7-al and up to 570 mg kg−1 for C8-al. These
studies have been done using a GC capillary column VF-5 ms
60 m × 0.25 mm × 0.25 μm. The quantitative results were performed with 2-methyl-4-pentanol as internal standard. The volatile fraction extraction was done with a DVB/CARB/PDNS 70
SPE-fiber. The temperature program of the GC was slightly different than in other studies: 50°C 10 min, then increase up to
180°C at 25°C min−1, and then ramp up to 220°C at 10°C min−1.

22.3.4.2 Long-Chain Aliphatic Aldehydes
22.3.4.2.1 Gas Chromatography Studies
The analysis of LCAAs by GC can be done on both polar and
nonpolar liquid phases with quantitative and reproducible
values. Well-resolved aldehyde peaks appear at relatively low
temperatures. It is necessary to do a previous separation of the
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Figure 22.23 HS-SPME-GC-ITMS chromatogram of olive oil SCAAs. The separations have been done with a combination of two GC columns:
HPINNOWax (polyethylene glycol) and BPX-50 (50% phenyl polysilphenylenesiloxane); 1: propanal; 2: pentanal; 3: hexanal; 4: octanal; 5: nonanal.
(Adapted from Cajka, T. et al. J. Food Chem. 121, 2010, 282–289. From Pérez-Camino, M. C.; Gómez-Coca, R. B.; Moreda, W. New Developments in
Aldehyde Research, Nova Publishers: Hauppauge, New York, 2013; ISBN 1624170919. With permission.)

oil’s interfering compounds on a Si-SPE column. The column
is washed with 7 mL of an 85:15, v/v, hexane:toluene blend to
eliminate unsaturated hydrocarbons (mainly squalene), which
interfere in the quantitation. Aldehydes and wax esters are subsequently eluted from the cartridge with 10 mL of the same
mixture and quantitatively determined by GC with on-column
injection [182] using a capillary column (12 m × 0.25 mm)
coated with 5% dimethyl–95% diphenylpolysiloxane. The chromatographic conditions were: oven temperature, 50°C for 2 min
and then increased at 20°C min−1 up to 160°C; again increased at
4°C min−1 up to 350°C. The injector and detector temperatures
were 50°C and 365°C, respectively.
Under those conditions, the retention times of the C22-alC30-al aldehydes present in olive oil are higher than the alkyl
(methyl and ethyl) esters and lower than the wax ester with the
same carbon number (Figure 22.24). As it has been already mentioned, C26-al is the most abundant aldehyde observed.

22.3.4.2.2 High-Performance Liquid Chromatography
Although it is not as usual as determinations by GC, waxy materials from perilla, sesame seeds, and sugarcane have been analyzed by HPLC. The separations were done using an NP silica
column (250 mm × 4.6 mm × 5 μm) and ELSD, at 40°C with
nitrogen pressure of 3.5 bars and a flow of 1 mL min−1. A binary
gradient solvent of hexane (solvent A) and 0.2% acetic acid in
tert-butyl methyl ether (solvent B) was utilized. In those conditions, total aldehydes elute as a single peak but joined the wax
esters [183].

22.3.4.2.3 Thin-Layer Chromatography
TLC has been widely used for the separation and qualitative
analysis of the major classes of wax components [184,185]. The
most common solvent is the mixture hexane:diethyl ether:acetic
acid. Their proportions vary and also one or two steps of deve
loping solvents can be carried out to elute samples. The different
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Figure 22.24 On-column gas chromatogram of the wax fraction of olive oil containing alkyl esters, aldehydes (1. C22-al; 2. C24-al; 3. C26-al; 4.
C28-al; 5. C30-al) and waxes. (From Pérez-Camino, M. C.; Gómez-Coca, R. B.; Moreda, W. New Developments in Aldehyde Research, Nova Publishers:
Hauppauge, New York, 2013; ISBN 1624170919. With permission.)
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Table 22.9
Characteristic Mass Spectra Fragments of Long-Chain Aliphatic
Aldehydes from C22 to C30

6.

Aldehyde

7.

Docosanal (C22-al)
Tetracosanal (C24-al)
Hexacosanal (C26-al)
Octacosanal (C28-al)
Triacontanal (C30-al)

Target Ion (m/z)
324
352
380
408
436

Qualifier Ions (m/z)
278, 280, 306
306, 308, 334
334, 336, 362
362, 364, 390
390, 392, 418

8.

9.

Source: From Pérez-Camino, M. C.; Gómez-Coca, R. B.; Moreda, W. New
Developments in Aldehyde Research Nova Publishers: Hauppauge,
New York, 2013; ISBN 1624170919.

10.

bands corresponding to the wax components isolated from grain
sorghum, perilla, and sesame seeds are well separated using one
step of the development solvent hexane:diethyl ether:acetic acid
(85:15:2, v/v/v). Hydrocarbons, methyl esters, aldehydes, alcohols, and free sterols could be made visible by spraying the plate
with a 10% cupric sulfate solution containing 8% phosphoric
acid. Then the TLC plate was dried until the developed bands
were charred.

22.3.4.3.4 Identification of LCAA by GC-MS
The LCAAs series can be identified using their chemical ionization and electron-impact-induced MS. In the analysis of the
even series from C22-al to C30-al, the molecular ion [M] peaks
at m/z 324, 352, 380, 408, and 436, although small peaks were
recognizable. The characteristic losses from the molecular ions
drive to protonated molecules [M–1]+ corresponding to the loss
of H, and those losses are characteristics of the aldehydes that
distinguish them from alcohols: [M–18]+ (loss of H2O), [M–28]+
(loss of CO), and [M–44]+ (loss of CH3CHO) [186].
The m/z values displayed in Table 22.9 correspond to characteristic fragments of LCAAs from C22-al to C30-al [187,188].
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23.1 Introduction
Phospholipids (PLs) are the main structural lipid components of
cell and organelle membranes in all living organisms, and thus,
they occur in all organisms and derived food products. As a consequence of such preferential location in membranes, PLs show
strong binding to membrane proteins through hydrogen bonds
and hydrophobic interactions (Nylander, 2004) and, thus, their
extraction may pose some difficulties. PLs are usually considered
as complex lipids or polar lipids, being the major chemical class
in this family. There is no general agreement on the best way
to classify PLs, but most classifications contain a category for
glycerol-containing PLs (glycerophosphatides or phosphoglycerides) and another one for sphingolipids (sphingosylphosphatides
or phosphosphingolipids) (Pokorny, 2002; Erickson, 2007).
Phosphoglycerides have a glycerol backbone in which the
sn-2 position is acylated by a fatty acid (FA), whereas the sn-1
position may show either an alkyl or alkenyl chain linked by an
ether linkage or an acyl chain by an ester linkage, and the sn-3
position is esterified with phosphoric acid. The whole molecule
is called phosphatidyl, while groups in which only one of the
carbons in the glycerol is acylated are called lysophosphatidyl.

If the phosphate group remains free, such a molecule is called
phosphatidic acid (PA); nevertheless, the phosphate groups can
be substituted with an alcohol or an amino alcohol derivative,
giving rise to the major PL classes, such as phosphatidylcholine
(PC), phosphatidylethanolamine (PE), phosphatidylserine (PS),
phosphatidylinositol (PI), and cardiolipin (CL) (Figure 23.1).
Sphingomyelin (SM) is a member of the sphingolipid family
derived from sphingosine (a long-chain amino alcohol) to which
a FA is linked by an amide bound and a molecule of phosphoryl
choline esterifies the primary hydroxyl group (Figure 23.1).
The amount and type of PL classes is rather variable between
and within species and foods (Weihrauch and Son, 1983) (Table
23.1). Some foods with naturally high PL concentration are egg
yolk, brain, some viscera, soybean, fish, and meat (Weihrauch
and Son, 1983; Scherz and Senser, 2000). Nevertheless, some
other manufactured foods show high levels of added lecithin
(the generic term to designate an extract rich in PLs, although
this term has also been used for designating PC) such as cocoaderived products, margarine, or some sauces. The proportion of
PLs in animal foods may range from 40% to 50% of the total
lipid extract in mammal brain or some marine invertebrates
(Suzumura, 2005) to 4%–5% of total lipids in high intramuscular
fat content muscles (Wenk et al., 2000). Some plant materials,
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Table 23.1
Total PL Content and Main PL Classes in Different Food Raw Materials (Expressed in mg/100 g of
Food)
Food
Pork
Beef
Chicken
Bovine brain
Egg yolk
Milk
Cheese
Hake
Tuna
Cod
Crab
Rice
Carrot
Soybean
Peanut

Lipid Content
(g/100 g)
1.5
2.3
1.1
12.1
31.8
3.7
7.1
1.6
3.8
0.6
2.23
0.6
0.28
20.8
48.5

Total PL
480
853
782
5433
10,306
34
376
459
616
520
580
89
55
2038
620

PC

PE

PS

PI

SM

312
365
391
1307
6771
12
123
289
166
359
331
32
23
917
270

94
161
187
1948
1917
10
114
96
132
99
128
35
15
536
50

6
64
100
871

43
37

4
99
56
944
486
9
139
18
211

1
14
93
26
29
3
3

242
64
2
28

23
5
287
150

29
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especially grains and beans such as wheat, corn, or soy, may also
show a high proportion of PLs (Weihrauch and Son, 1983).
The major PL in most animal and plant membranes is PC,
although some animal tissues may show similar or even higher
amounts of PE, while the latter is usually the most abundant PL
in bacterial membrane (Weihrauch and Son, 1983; Olsson and
Salem, 1997; Wenk et al., 2000) and exists in diacyl, alkylacyl,
and alkenylacyl forms (Perez-Palacios et al., 2006). Those phosphoglycerides showing an alkylacyl and alkenylacyl chain in
the sn-1 position are also known as plasmalogens. These compounds comprise between 39% and 47% of total PE and between
10% and 30% of PC in skeletal bovine, ovine, pig, and chicken
muscles (Fogerty et al., 1991). The occurrence of lyso-PLs can
be due to lysis during the sampling and analysis, the presence
of such molecules due to processing conditions, or their natural
occurrence in some foods. Processing and storage may lead to a
decrease in all PL classes due to the activity of microbial lipases
in products such as cheese or dry-cured sausages (Ordoñez et al.,
1999), endogenous lipases in plant, dairy, meat, or fish products
(Aubourg et al., 1996; Marangoni et al., 1996; Andres et al.,
2005), or the in situ autoxidation of membrane PLs.
Each PL class shows a pattern of molecular species containing different combinations of acyl, alkyl, and alkenyl chains in
different proportions (Olsson and Salem, 1997; Perez-Palacios
et al., 2007a). Principles implied in the regulation of FA distribution in the sn-1 and sn-2 positions of membrane PLs from different organisms have not yet been totally elucidated. Nevertheless,
such a distribution may show important consequences on PL
properties and characteristics: as a general trend, the sn-2 position of all PL classes is mainly occupied by long-chain polyunsaturated fatty acid (PUFA), while in the sn-1 position, saturated
FAs are the major family (Muriel et al., 2005; Perez-Palacios
et al., 2006). It seems that unsaturated FAs of the sn-2 position are more stable to lipid oxidation than those in the sn-1
position (Brockerhoff et al., 1964; Yoshida and Takagi, 1997).
Furthermore, the vinyl ether linkage in the sn-1 position could
also play a certain antioxidant role (Sindelar et al., 1999; Zoeller
et al., 1999; Leray et al., 2002). However, the content of certain
FAs in the sn-2 position of some PL classes has important consequences for the formation of different eicosanoids. It seems
that some eicosanoids that stem from arachidonic acid (20:4
n-6) have an opposite effect than those derived from n-3 PUFA
such as eicosapentaenoic acid (20:5 n-3) and docosahexaenoic
acid (22:6 n-3) (Lee et al., 1984). Moreover, it seems that some
oxidized PLs are involved in the onset of the atherosclerotic
lesions, such effect being dependent upon the FA in the sn-2
group (Subbanagounder et al., 2000).
As far as the FA composition of the different PL classes is
concerned, animal PC tends to contain lower proportions of arachidonic (20:4 n-6) and docosahexaenoic (22:6 n-3) acids and
higher proportions of C18 unsaturated FAs than PE (Pokorny,
2002; Perez-Palacios et al., 2006). Nevertheless, PC, PE, and
PS show an FA composition highly influenced by factors such
as diet (Perez-Palacios et al., 2007a). However, membrane PI is
relatively constant (Dannenberger et al., 2007), most likely due
to the role of PI as a second messenger in cell signal transduction
mechanisms and also to the fact that the maintenance of the FA
composition of PI is an important feature of membrane homeostatic mechanisms (William and Maunder, 1992). Typically,

more than 60% of the naturally occurring SM contains saturated
chains in the range C16–C24 (Barenholz and Thompson, 1980).
PL content and/or composition constitutes the subject of a considerable amount of studies in the scientific literature. Moreover,
it is also a topic of technological interests for different food sectors, such as the meat, dairy, or cocoa industry. Indeed, there is a
growing interest in a more detailed analysis of this lipid fraction
in foodstuff, since lipid oxidation in different foods initiates and
mainly takes place in membrane PLs (Igene, 1980; Pikul et al.,
1984).
The usual higher sensitivity of PLs to oxidation as compared
to that of triglycerides (TGs) in different types of dairy, meat, or
fish products, is related to their higher proportion of long-chain
PUFA, which is very susceptible to oxidation, and to the close
contact of PLs with catalysts of lipid oxidation located in the
aqueous phase of the food (Erickson, 2002).
Contrarily, it has been suggested that PLs may increase the
oxidative stability of FAs acting as synergists of tocopherols
(Khan and Shahidi, 2001). Moreover, PLs can also bind heavy
metals, which act as prooxidants, to produce inactive, undissociated salts (Pokorny, 2002). On the contrary, the FA composition of PLs has been directly linked to the oxidation of ω-3
PUFA by specific lipoxygenases (Josephson et al., 1991; Lindsay,
1991) and by autoxidation reactions (Polvi et al., 1991; Milo and
Grosch, 1996).
The oxidation of membrane PLs has been associated with the
occurrence of rancid flavors in different foodstuff (Gray and
Pearson, 1987); however, compounds derived from such oxidative deterioration, and from the subsequent reactions between
these compounds and others, such as amino acids, have also been
linked to the development of the characteristic aroma of meat,
fish, cereals, or legumes (Mottram, 1998).
Similar to amino acids, the amino group of PLs may react with
the carbonyl group of sugars (Utzmann and Lederer, 2001) or
with carbonyl compounds from lipid oxidation (Ventanas et al.,
2006) giving rise to the development of browning and formation
of flavor compounds.
The technological application of PLs in the food, cosmetic,
and pharmaceutical industries is based on their emulsifying
and foaming properties, derived from their amphiphilic character. Thus, lecithin is commonly used in the food industry as
an emulsifier, foam stabilizer, baking improver, wetting agent,
or encapsulation agent in products such as cocoa, margarine,
whipped cream, bread, sauces, ice creams, instant powders, and
so on (Van Nieuwenhuyzen and Tomas, 2008). Moreover, lecithin is massively used for the production of a wide range of cosmetic products such as creams, soaps, shampoo, or lipstick; it is
also employed as a release agent for pans, molds, and ovens, for
smoothening and softening in the leather industry, or for dispersion of pigments in paints and inks (Van Nieuwenhuyzen, 2010).
Lecithins have also been marketed as bioactive compounds,
as a source of the essential nutrient choline, of inositol, and of
essential FAs (Cho and Zeisel, 2006; Rombaut and Dewettinck,
2006). Positive effects on reducing cholesterol levels, improving of cognitive function, or protective effects against colon
cancer have also been claimed for different PLs (Rombaut and
Dewettinck, 2006).
Lecithin has been recognized by the Joint FAO/WHO Expert
Committee on Food Additives as a safe food additive for its use as
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an antioxidant and emulsifier (Codex Alimentarius Commission,
2002). Similarly, it was affirmed as generally recognized as safe
(GRAS) by the U.S. FDA (FDA, 2002), for use as a food additive
at levels consistent with good manufacturing practice, and its use
has also been approved as a food additive by many other countries. In the European Union, the use of lecithin as a food additive with emulsifying and antioxidant properties is also approved
by the Commission Regulation 1129/2011 (2011).
According to most legislative definitions, lecithins are mixtures of PLs derived from vegetable and animal origin. More specifically, the EU legislation (Commission Regulation 231/2012,
2012) includes those obtained by physical and by enzymatic
procedures, with some requirements for purity related to their
appearance, acid number, oxidative status, and presence of heavy
metals. Some requisites related to their solubility in acetone and
toluene and the presence of volatile matter are also specified. As
a GRAS additive, usually, there are no restrictions in their use
in food products, with some exceptions such as infant formulas,
follow-on preparations, or edible oils (Commission Regulation
1129/2011, 2011).
The official and recommended methods of analysis include
those aimed to determine the aforementioned requirements,
and also other quality traits such as moisture content, specific
composition by thin-layer chromatography (TLC) or high-performance liquid chromatography (HPLC), total PL content by
different means, color, viscosity, presence of tocopherols, carotenoids, vitamin D or iron, or an amount of unsaponifiable fraction. Previous EU legislation stipulated the specific methods for
some of these analyses (Commission Directive 81/712/EEC,
1981), but the current one just establishes the quality criteria that
these methods and the laboratories running the analyses should
accomplish (Commission Regulation 882/2004/EC, 2004).
There are, therefore, legal requisites justifying a periodical
update of analytical techniques of PLs and lecithins. Moreover,
the functional implications of the different composition in individual PLs, the influence of their FA composition and their stereospecific configuration on lipid oxidative reactions in different
foods, or the potential involvement of PLs in health properties
as a consequence of their composition and structure support the
need for a constant updating of the more advanced analytical
tools and methodologies in PL analysis.

23.2 Sample Preparation
23.2.1 Extraction
Before PL isolation, total lipids should be extracted from the food
matrix, for which it is necessary to choose a solvent that not only
dissolves all lipid classes promptly but that will also overcome
the interaction between the lipids and the matrix. The chosen
solvent is contingent upon which types of lipids contain the food:
neutral simple lipids (NL) or polar complex lipids (i.e., PLs).
NL, such as cholesterol or TGs, can be extracted using nonpolar organic solvents such as hexane or chloroform. PLs are only
sparingly soluble in nonpolar organic solvents, so that classical
solvent extraction methods, such as Soxhlet, do not adequately
extract them (Perez-Palacios et al., 2008), but they dissolve in
more polar ones, such as methanol or ethanol. Chloroform/
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methanol mixtures are able to dissolve most PLs, with some
exceptions such as phosphoinositides or lyso-PLs.
There is a great diversity of methodologies for the extraction
of total lipids, including PLs, in terms of the combination and
proportions of solvents. The most popular method of liquid–liquid extraction for lipids was introduced by Folch et al. (1957),
who used a mixture of chloroform/methanol (2/1, v/v). In this
method, contaminating compounds are removed by shaking the
solvent mixture with 25% of its volume with a potassium chloride solution. A further modification of this method was carried
out by Bligh and Dyer (1959) for extracting muscle fish lipids,
incorporating water into the solvent system, and modifying the
sample/solvent proportion. Evaluation and intercomparison studies of the latter method have shown that the solvent composition
modifies the yields of extracted lipids, in particular, PLs. PerezPalacios et al. (2008), on evaluating the efficiency of different
methods for lipid extraction in meat and meat products, found
that the method described by Folch et al. (1957) was the most
effective for extracting total lipids in these products. In bakery
products, Gallier et al. (2010) found that total lipid extraction
by the Folch et al. (1957) method was more efficient to recover
PLs than the Mojonnier (AOAC, 1992) method, which uses ethyl
alcohol, ethyl ether, and petroleum ether. In fact, most recent
research analyzing PL composition in different food (ham, loin,
milk, and bakery products) has been carried out following the
method described by Folch et al. (1957), using chloroform/methanol (2/1, v/v) and the solvent-to-sample ratio of 20/1 (Gallier
et al., 2010; Perez-Palacios et al., 2010a,b; Donato et al., 2011;
Narvaez-Rivas et al., 2011; Dugo et al., 2013; Garcia-Marquez
et al., 2013; Kielbowicz et al., 2013). In this regard, results
obtained by Perez-Palacios et al. (2012) indicated that a certain
amount of PLs remains nonextracted when using the solvent-tosample ratio of 20/1.

23.2.2 Clean Up
After lipid extraction from foods, the next stage in the analysis
of PLs involves their isolation from total lipids. TLC was the first
technique developed to separate lipid fractions. However, TLC
has been largely substituted by solid-phase extraction (SPE).
The isolation of PLs can be also achieved by HPLC coupled to
evaporative light-scattering detector (HPLC-ELSD), which is a
nondestructive detection system. Nevertheless, this technique is
more frequently used for analyzing PL composition, rather than
for obtaining a separated PL fraction.

23.2.2.1 Thin-Layer Chromatography
TLC was the earliest chromatographic method used to isolate
PLs, and it is not often used today. This technique is relatively
slow, produces low recoveries, and may result in the oxidation of
PUFA due to prolonged exposure to air (Bernhardt et al., 1996).
High-performance TLC (HP-TLC) constitutes an improvement
in TLC (Sherma and Jain, 2000). HP-TLC uses grades that are
finer, allowing plates to be thinner and smaller. This allows faster
separation time and better separation efficiency. However, this
technique is not so widespread these days. Lorenz et al. (2002)
described a method of HP-TLC for the separation of lipid classes
from the muscle of bulls. To obtain the PL fraction, previously
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extracted lipids were separated on precoated silica gel 60
HP-TLC plates using the solvent mixture n-hexane/diethylether/
acetic acid (70/30/2, v/v). PLs were viewed under ultraviolet
(UV) light after spraying with 2,7-dichlorofluorescein (0.1% in
ethanol, w/v). The PL band was scraped off and eluted with chloroform/methanol (1/2, v/v) followed by chloroform/methanol
(2/1, v/v). Afterward, the extract was used for further separation
of PL classes, or for quantitative analysis.

23.2.2.2 Solid-Phase Extraction
SPE is the preferred technique to isolate the PL fraction from
total lipids. This technique is based on the principles of liquid
chromatography, in which strong but reversible interactions of
the analytes between a solid stationary phase and a mobile liquid
phase take place. Typical interactions are nonpolar ones between
C–H links of the analyte and those of the adsorbent, and polar
ones include the links created by hydrogen bonding and dipole–
dipole forces. In an SPE process, separation of lipid classes,
and the lipidic components of interest are retained in the adsorbent, which is packed in disposable extraction minicolumns.
The solid phase in the cartridge is usually made from an adsorbent support material, frequently silica or silica modified with
cyanopropyl, aminopropyl, or dihydroxypropoxypropyl groups.
Nowadays, SPE technology includes a prepacked SPE cartridge
and vacuum-assisted elution, which enables a rapid, efficient, and
high-recovery PL separation (Ruiz-Gutierrez and Perez-Camino,
2000). The liquid phase consists of organic solvents such as
methanol, chloroform, or hexane that are used to elute the PL
and other lipid fractions from the column. A correct separation
of lipid classes is important to obtain a reliable FA composition
of each fraction, since FA composition of lipid classes is very different from each other (Muriel et al., 2002) and coelution might
lead to wrong conclusions about the FA profile. Kaluzny et al.
(1985) separated NL, free FAs, and PLs by successive elution
with chloroform/isopropanol (2/1, v/v), 2% acetic acid in diethyl
ether, and methanol, respectively. However, this method seems to
be inaccurate to separate lipid fractions (Kim and Salem, 1990;
Pinkart et al., 1998; Bateman and Jenkins, 2001). Thus, different authors have proposed modifications of the Kaluzny method
aimed to obtain an adequate separation of PLs and NL and to
completely elute PLs (Pinkart et al., 1998; Ruiz-Gutierrez and
Perez-Camino, 2000). For example, Ruiz et al. (2004) optimized
an SPE method for the analysis of lipid fractions in muscle foods.
In this optimized method, PLs were eluted in two different fractions, the first one with 2.5 mL ethanol/chloroform (6/1, v/v) and
the second one with 2.5 mL of sodium acetate in methanol/chloroform (6/1, v/v).
Most recent studies carrying out SPE for PL isolation in
different food, such as duck, pork loin, or milk, used silica or
aminopropyl–silica columns, chloroform/2-propanol (2/1, v/v) to
elute NL, and two extraction solvents, first methanol and subsequently chloroform/methanol/water, to extract the PL fraction
(Wang et al., 2009; Donato et al., 2011; Narvaez-Rivas et al.,
2011; Garcia-Marquez et al., 2013). Gallier et al. (2010) have
tested three different SPE methods for the isolation of PLs in
milk samples (Bitman et al., 1984; Vaghela and Kilara, 1995;
Avalli and Contarini, 2005). These methods differ in the solvent
for eluting the different lipid fractions; for the NL fraction, the

tested solvents were hexane/ethyl ether (1/1, v/v), hexane/diethyl
ether (8/2, v/v), and hexane/diethylether (1/1, v/v) or chloroform/
isopropyl alcohol (2/1, v/v) and 2% (v/v) acetic acid in diethyl
ether. For the PL fraction, the eluting solvents were either methanol or methanol and chloroform/methanol/water. These authors
concluded that the most efficient method to recover milk PLs
was that using 40 mL of hexane/ethyl ether (1/1, v/v) for eluting NL, followed by the elution of the PLs with a 20 mL wash
of methanol followed by a 20 mL wash of chloroform/methanol/
water (3/5/2, v/v) (Bitman et al., 1984).

23.2.2.3 High-Performance Liquid Chromatography
Separation of major lipid classes is seldom carried out by HPLC,
even though the isolation of PLs can be accurately achieved
by this technique, usually utilizing normal stationary phases,
among which those enriched in hydroxyl groups have shown the
best results (Stith et al., 2000; Seppanen-Laakso et al., 2001).
The introduction of the ELSD brought a major advance in the
detection of lipid classes by HPLC. This detector is sensitive to
the mass of the vaporized analyte and it is not limited by the
absorption characteristic of the individual components and/or the
nature of the eluents. The only requirement is that the analyzed
compounds must be less volatile than the solvent. An optimized
HPLC-ELSD method for the analysis of lipid classes from human
plasma (Seppanen-Laakso et al., 2011) has been adapted for the
separation of major lipid classes in Iberian pig muscle (Perona
and Ruiz-Gutierrez, 2005), allowing the correct separation of
cholesteryl esters, TG, free cholesterol, monoglycerides, and PL.
However, these authors observed that the response of the ELSD
was different for various lipid classes and that the response is
dependent upon concentration. For accurate quantification, it is
imperative to use an external standard, using individual calibration curves for each analyzed compound. However, this technology is not so widespread currently.
The low PL concentrations present in vegetable oils require
a method for concentrating them before the HPLC analysis can
be run. This can be achieved by traditional column chromatography or by SPE. Thus, Nash and Frankel (1986) and Singleton
and Stikelather (1995) concentrated PLs in crude soybean oil
and peanut oil, respectively, by using SPE columns previous to
HPLC. Carelli et al. (1997) developed an SPE procedure using
a diol-phase cartridge to successfully recover the PL fraction,
and subsequently used HPLC to separate and quantify the
classes of PLs present in sunflower oil, which were found in a
wide range of concentrations (0.1%–1.2%). Their methodology
begins by conditioning the cartridge with methanol, chloroform,
and hexane, in that order. After having loaded the sample, the
first fraction eluted with chloroform is discarded. Afterward, PLs
are collected by eluting with methanol containing a solution of
ammonium.

23.3 Quantification of Total PL and PL Classes
The PL content can be approached in two perspectives: quantification of either total PLs or isolated PL classes. The total content
has been extensively performed by classical determination of the
amount of inorganic phosphorus after digestion of PL, normally
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with perchloric acid, following the method described by Barlett
(1959). The released inorganic phosphorus is thereafter analyzed
by reaction with ammonium molybdate to form phosphomolybdic acid, which is subsequently reduced, forming a blue compound that is determined spectrophotometrically. There have
been numerous modifications of this method (Marinetti, 1962;
Murphy and Riley, 1962; Christie, 1982), but all of them based on
the same concept. Some authors have reported interesting modifications to the original method. Thus, Van der Meeren et al.
(1988) developed a sensitive method based on an acid digestion
of large volumes in Kjeldahl flasks and spectrophotometrical
determination of the inorganic phosphate after neutralization;
using soybean lecithins, both the precision and accuracy of the
method were elaborated. Hartman et al. (1985) used saponification methods to liberate the phosphate from PLs, obtaining similar results with less hazardous chemicals.
More recently, two spectrophotometric methods, based on
the digestion of the sample and determination of phosphorus
or phosphate, have been developed. Szydlowska-Czerniak and
Szlyk (2003) used the determination of phosphorus by different
methods: vanadomolybdate (ammonium molybdate and ammonium metavanadate) at 460 nm, molybdenum blue (ammonium
molybdate and hydrazine sulfate) at 710 nm, and malachite green
(ammonium molybdate and malachite green) at 640 nm. These
procedures were applied to the quantification of total PLs in rapeseed and rapeseed oil. The last one showed the best results in terms
of sensitivity and precision. Other authors have also described the
precipitation of phosphate as quinolinium molybdophosphate and
further gravimetric determination (Gordon, 2005).
Whenever a digestion–spectrophotometric method is used,
there are several important considerations to be taken into
account: for the conversion of phosphorous content into PL content, the factor used is normally 25, but this is approximated and
depends on the PL class. For example, certain PL classes, such as
CL, comprise two phosphate groups, and thus contain 2 mol of
phosphorus per mole of lipid. Thus, Szydlowska-Czerniak et al.
(2003) used a conversion factor of 26, and Hartman et al. (1985)
used a whole range of conversion factors. Other consideration is
that the sample must be free of other phosphorous compounds,
for example, inorganic phosphate (Goh et al., 1984), so that the
use of free-phosphorous detergents for cleaning all the glassware
is crucial.
Besides, several methods without digestion or ashing have been
used to direct determination of total PL content in foods rich in
PLs (normally more than 150 ppm of P), such as gravimetric determination on rapeseed oil or nephelometric methods (Firestone,
2001). Morin and Prevot (1986) described a nephelometric method
for edible oils that implied two consecutive extractions: the first
one with acetic acid and subsequent reaction with the chromogenic
reagent, followed by a second extraction with chloroform. Totani
et al. (1982) applied this to crude oils, but carotenoids can interfere in this determination. Eryomin and Poznyakov (1989) developed a method based on the reaction of P with Victoria Blue R and
B dyes, although it only gave good results for certain classes of
PL. At any rate, these methods are tedious, time consuming, and
require care to obtain reproducible results.
Several instrumental methods aiming the quantification
of total PLs by the determination of total P content have also
been reported in the scientific literature: for example, analysis
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using atomic absorption spectrometry with a graphite furnace
(Prevot and Gente, 1977), in which the sample (oil) was previously diluted in methyl isobutyl ketone with a modifier matrix
(lanthanum salt) to achieve a better nebulization that improves
sensibility and reproducibility. Inductively coupled plasma–
atomic emission spectrometry (ICP-OES) is a type of emission
spectroscopy that uses the inductively coupled plasma to produce
excited atoms and ions that emit electromagnetic radiation at
wavelengths characteristic of a particular chemical element. It is
performed on digested samples or ashes; in this case, the sample
is dissolved and nebulized and entrained in the flow of plasma
support gas (argon). The gas is ionized by electromagnetic and
magnetic fields, and it collides with the sample molecules that
are broken up to their atoms, which then lose electrons and
recombine repeatedly in the plasma, giving off radiation at the
characteristic wavelengths of the elements involved. This technique has been applied to edible oils (Benzo et al., 2000) with
low PL concentration. The good results strongly rely on the calibration in the analysis set and also on whether the elements are
in solution form (not as fine particles). Another technique related
to ICP-OES is the inductively coupled plasma–mass spectrometry (ICP–MS), in which the sample is atomized and ionized
with inductively coupled plasma and then a mass spectrometer
(normally a quadrupole analyzer) is used to separate and quantify generated ions. It is a highly selective, accurate, and sensitive
technique for analyzing metal, and also several nonmetal atoms,
such as phosphorus, obtaining an element-depending response,
so that it is very selective. Normally, a separation step, such as
HPLC, is done prior to ICP–MS. It has been more typically used
in the analysis of other complex matrices, like cell membranes
(Kovacevic et al., 2004). However, all these other methods have
been far less frequently used with foods.
However, the Fourier transform infrared spectroscopy (FTIR), based on the measurement of the absorption by different functional groups (such as –OH or C=O) of the light in the
middle-infrared region, is an important nondestructive and fast
technique, with low or no consumption of chemicals. For quantification, the peak area is proportional to the concentrations,
when there is no overlap of characteristic peaks. This technique
has been applied for the quantification of total PL content in
pork intramuscular fat, previous extraction of the fat (Villé et al.,
1995), or for quantifying PLs in soy lecithin (Nzai and Proctor,
1998) and vegetable oil (Nzai and Proctor, 1999), in which the
interference of TGs and non-PL component was studied, the latter causing the main problems for the use of this technique.
With respect to the isolated PL classes, spots of separated PL
classes by TLC have been directly used for quantitative purposes
using a number of different procedures, such as densitometry,
after spraying with copper acetate (Fewster et al., 1969; Olsen
and Henderson, 1989; Cavalli et al., 2001), or laser-excited fluorescent detection, and subsequent integration of variable pixel
intensities (White et al., 1998). Some authors have even quantitatively analyzed the lipid constituents, including PC and PE, using
gravimetric analysis of fractions collected from column chromatography (Takama et al., 1999; Saito et al., 2005).
A widely used procedure for quantifying total PLs or PL classes
obtained by using any of the techniques explained later in this
chapter, is the derivatization of the obtained PL classes to methyl
esters of FAs and subsequent quantification of these derivatives
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using an internal standard and analysis by gas chromatography
(GC) (Shantha and Napolitano, 1998; Christie, 2003). This procedure has been used for studying changes in total polar lipids of
dry-cured ham (Andres et al., 2005) and dry-cured loin (Muriel
et al., 2007). The TLC coupled to a flame ionization detector
(Iatroscan) has been proved as a suitable method for the quantification of polar lipids. In this method, TLC is performed on
quartz rods coated with silica. The rods are then passed through
a flame ionization detector to quantify each lipid band (Gordon,
2005). This technique has been used for separation, identification, and quantification of lipid classes (including PL classes)
in beef (St. Angelo and James, 1993), duck breast (Baeza et al.,
1993), and fish (Gunnlaugsdottir and Ackman, 1993). Other
authors have described the use of an imaging detector system
(Tanaka et al., 2012), in which, after a bidimensional TLC of
extracted PLs from foodstuffs, the plate is sprayed with primuline, and after drying, an image of the fluorescence spots on the
plate is captured by the imaging system and used for quantifying.

23.4 PL Composition
Analysis of PL classes has become a widely used analytical technique among food scientists due to the growing interest in this
lipid fraction. A few years ago, the main methodology for PL
fractionation was TLC. However, nowadays, HPLC has overcome TLC as the preferred technique for this purpose (Vanhoutte
et al., 2004), and the latter is applied principally for validation
purposes, whereas SPE is seldom used nowadays. In TLC, SPE,
and HPLC with nondestructive detectors, after the separation of
PL classes, individual compounds can be recovered for analyzing their FA composition by GC. The analysis of molecular species of the PL classes is also widespread these days—HPLC-MS
being the preferred technique for this purpose. Other techniques
for the stereospecific analysis of PL classes, such as enzymatic
or nuclear magnetic resonance (NMR) methods, are not used as
extensively.

23.4.1 TLC and SPE
TLC is a simple, accurate, rapid, and rather inexpensive technique; however, it is time consuming and solvent intensive and
requires experienced and highly skilled operators to produce
reliable results (Liu et al., 2013). Qualitative and quantitative
analyses of PL classes can be assessed by TLC. To fractionate
PL classes by TLC, the PL fraction has to be separated previously. After running the mobile phase through the silica TLC
plate, the separated PL classes can be visualized by spraying
a nondestructive reagent. Then, the individual components are
scrapped off for being quantified, by determining the total phosphorus (Christie, 1982), or their FA composition can be further
analyzed.
Chloroform/methanol/water is the usual mobile phase for onedimensional TLC (Yoshida et al., 2010; Gladkowski et al., 2011;
Lei et al., 2012) and also for HP-TLC. By using one-dimensional
TLC, Lei et al. (2012) and Gładkowski et al. (2011) completed the
separation of PC and PE in fish and egg samples, respectively,
and Yoshida et al. (2010) fractionated PC, PE, and also PI in
beans. More PL classes (CL, PE, PC, PS + PI, SM, and LPC)

were separated in different fish species from the Mediterranean
Sea by using HP-TLC (Loukas et al., 2010). Zancada et al. (2013)
used two-dimensional TLC to separate individual PL classes in
ovine milk. These authors used chloroform/methanol/ammonia
(28% aq.)/water, 60/36/3.7/3.7 (v/v) in the ﬁrst dimension; then,
they exhaustively dried the plate under a vacuum and chloroform/methanol/acetic acid/water, 45/20/6/1 (v/v) was used in
the second dimension, allowing the correct fractionation of PC,
PE, and SM. However, PS and PI were poorly separated with the
two-dimensional system; instead, these PLs were finally separated by one-dimensional TLC using chloroform/methanol/acetic acid/water (50/37.5/3.5/2, v/v) as the solvent system. In fact,
the difficulty for separating PS and PI has also been reported
by other authors (Perez-Palacios et al., 2007b). PS is weakly
acidic whereas PI is strongly acidic (Christie, 2005). Owing to
this feature, the correct separation of PS and PI is difficult and,
thus, these two PLs are usually isolated together (Alasnier and
Gandemer, 1998; Sanchez and Lutz, 1998). In rice, 12 PL classes
were fractionated by two-dimensional TLC, developing the first
dimension with chloroform/methanol/ammonia (65/35/5, v/v),
and the second with chloroform/acetone/methanol/acetic acid/
water (10/4/2/2/1, v/v) (Liu et al., 2013).
SPE is perhaps less used for fractionation of PL classes than
TLC. The most used solid phases are those made of silica or
silica modified with cyanopropyl, aminopropyl, or dihydroxypropoxypropyl groups packed in a cartridge (Ruiz-Gutierrez and
Perez-Camino, 2000). To elute each PL class separately, different
liquid phases are used. They consist of organic solvents, which
differ in polarity, pH, solvent strength, and volume (Pietsch and
Reinhard, 1993; Perez-Palacios et al., 2007a). A recent work by
Fauland et al. (2013) reports an efficient SPE method for separation of PL classes from complex biological samples. They combined silica gel and aminopropyl-bonded silica gel cartridges for
obtaining four PL fractions (Figure 23.2). Perez-Palacios et al.
(2007a) used aminopropyl minicolumns (500 mg) to fractionate
major muscle PL classes (PC, PE, PS, and PI). For that, these
authors modified the method described by Banni et al. (2001) for
the elution of liver PL. Main changes were increased solvent volumes for PC, PE, and PS elution, and a different solvent mixture
to allow PI elution. In fact, there are common problems concerning the separation of acidic PLs in most SPE cartridges. Most
used cartridges, such as NH2-aminopropyl, are weak anionexchange phases. Their primary retention mechanism is mainly
based on the electrostatic attraction, retaining negatively charged
or anionic compounds. Secondary interaction depends on the
polarity of the compounds, that is, those compounds showing
higher polarity being more strongly retained than less polar
ones. These secondary interactions can cause incomplete elution. Therefore, the more polar the functional groups contained
in the PL, the more strong is the PL adsorbed into the stationary
phase (Perez-Palacios et al., 2007a). PI contains many hydroxyl
groups, and this could lead to a strong retention by the aminopropyl minicolumns. Thus, both the acidity and the polarity of
the eluting mixture of solvents influence the correct extraction of
the PL molecules from the stationary phase. Penet et al. (2006)
compared different solid phases and different mass ratios of lipid
to solvent for separating PL classes from marine bivalves. They
found better recoveries for most PLs using manually packed Si
cartridges hydrated with water, but these distorted the FA profile
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Precleaning step

Sample extract

SI-cartridge
500 mg/6 mL

Fractionation

Total lipid:
NL, PC, lyso-PC, PG, PS, CL, SM, PI, PA, PE

NH2-cartridge
200 mg/3 mL
Eluent pre
Eluent A
Eluent B1

NL
PC, lyso-PC, SM, PE

Eluent B2
Eluent C

SI-cartridge
200 mg/3 mL

PG, CL (58.9%)
Eluent A

PA, PS, PI, CL (38.9%)

Eluent D

PE

PC, lyso-PC, SM
Figure 23.2 Elution scheme of the SPE procedure. Eluent pre: petroleum ether/diethyl ether/acetic acid, 80/20/30 v/v/v; eluent A: chloroform/methanol 2:1 v/v; eluent B1: chloroform/methanol/28% ammonium hydroxide 4:1:0.1 v/v/w; eluent B2: chloroform/methanol 4:1 v/v + ammonium acetate (final
concentration 0.05 M); eluent C: chloroform/methanol 4:1 v/v + ammonium acetate (final concentration 0.2 M); and eluent D: methanol. (From Fauland, A.
et al. 2013. J. Sep. Sci. 36:744–751.)

of neutral lipids. NH2-aminopropyl gave good PL recoveries, but
some acidic PLs were retained in the cartridge.

23.4.2 High-Performance Liquid Chromatography
HPLC-ELSD is currently one of the most used techniques for
quantifying individual PL classes in food. Since ELSD is not a
destructive detector, this method also allows the recovering of
each PL class individually, for being further analyzed in terms
of FA composition. Nevertheless, for determining the molecular species of individual PL classes, HPLC-MS is the preferred
methodology.

23.4.2.1 PL Classes
Table 23.2 summarizes the existing HPLC techniques for the
fractionation of food PL classes. Most current studies on food
PLs aim to separate this lipid fraction into individual classes

by using HPLC-ELSD. However, the published methods differ
notably. In some cases, the whole crude lipid extract is directly
transferred into the HPLC injector (Ferioli and Caboni, 2010;
Pelillo et al., 2010; Perez-Palacios et al., 2010a,b; RodriguezAlcala and Fontecha, 2010; Montealegre et al., 2012), while the
separation of total PLs from the lipid extract is necessary in other
cases (Wang et al., 2009; Donato et al., 2011; Narvaez-Rivas
et al., 2011; Garcia-Marquez et al., 2013). Silica columns are
perhaps the most common ones; however, their length, internal
diameter, and particle diameter can vary from 100 to 250 mm,
from 2.1 to 4.6 mm, and from 2.1 to 5 µm, respectively (Wang
et al., 2009; Narvaez-Rivas et al., 2011; Garcia-Marquez et al.,
2013). A new separation methodology based on the use of a
hydrophilic interaction liquid chromatography column (HILIC)
has been applied for the fractionation of individual PL classes in
milk (Donato et al., 2011). This column shows higher sensitivity and improves peak shapes (Schwalbe-Herrmann et al., 2010;
Zhao et al., 2011). Furthermore, it allows shortening the sample
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Table 23.2
Summary of the Current Methods for the Separation of Individual PL Classes by HPLC
Technique

Column Characteristics

Mobile Phases

HPLC-ELSD

Silica (150 × 3 mm i.d.)
3 μm particle diameter

Chloroform:methanol:1 M formic acid,
neutralized to pH 3 with triethylamine

HPLC-ELSD

Silica (100 × 4.6 mm i.d.)
2.1 μm particle diameter

A: Chloroform:methanol:ammonia solution
(80:19.5:0.5, by vol.)
B: Chloroform:methanol:triethylamine:water
(69.53:25.58:0.49:4.40, by vol.)

HPLC-ELSD

Silica (100 × 4.6 mm i.d.)
2.1 μm particle diameter

HPLC-ELSD

HILIC (150 × 2.1 mm i.d.)
2.7 μm particle diameter

A: Chloroform:methanol:ammonia solution
(80:19.5:0.5, by vol.)
B: Chloroform:methanol:triethylamine:water
(69.53:25.58:0.49:4.40, by vol.)
A: Acetonitrile
B: Acetonitrile:water (2:1, by vol.)

HPLC-ELSD

Precolumn
silica (250 × 4.5 mm i.d.)
5 μm particle diameter

HPLC-ELSD

Silica (250 × 4.6 mm i.d.)
5 μm particle diameter

HPLC-ELSD

Silica (250 × 4.6 mm i.d.)
5 μm particle diameter

HPLC-ELSD

Silica (250 × 4.0 mm i.d.)
4 μm particle diameter

HPLC-ELSD

Silica (150 × 3.0 mm i.d.)
3 μm particle diameter

HPLC-ESI-MS/
MS

Silica (150 × 2.0 mm i.d.)
5 μm particle diameter

HPLC-ESI-MS

Aminopropyl (150 × 2.1 mm
i.d.)
3 µm particle diameter

HPLC-UV

Silica (250 × 4.0 mm i.d.)
4 μm particle diameter

HPLC-ESIqTOF-MS

HILIC (150 × 2.1 mm i.d.)
2.6 μm particle diameter

A: Chloroform:methanol:water (1 M formic
acid; TEA, pH 3) (87.5:12:0.5, by vol.)
B: Chloroform:methanol:water (1 M formic
acid; TEA, pH 3) (28:60:12, by vol.)
C: Isooctane:THF (99:1, by vol.)
D: 2-Propanol
A: Chloroform:methanol:ammonia solution
30% (80:19.5:0.5, by vol.)
B: Chloroform:methanol:water:ammonia
solution 30% (60/34/5.5/0.5, by vol.)
A: Chloroform:methanol:ammonia solution
30% (80:19.5:0.5, by vol.)
B: Chloroform:methanol:water:ammonia
solution 30% (60/34/5.5/0.5, by vol.)
A: n-Hexane:2-propanol (3:2, by vol.)
B: n-Hexane:2-propanol:25 mmol L−1
(NH4Ac) (120:80:11, by vol.)
C: n-Hexane:2-propanol:water (120:80:11,
by vol.)
A: Chloroform
B: Methanol
C: Triethylamine buffer (pH 3, 1 M formic
acid)
A: Hexanes:isopropanol with 0.5% formic
acid and 0.5% triethylamine (7:3 by vol.)
B: Isopropanol/water with 0.5% formic acid
and triethylamine 0.5% (92:8 by vol.)
A: 95:5 Acetonitrile/50 mM ammonium
acetate buffer, pH 5.6
B: 50:50 Acetonitrile/50 mM ammonium
acetate buffer, pH 5.6
A: n-Hexane:2-propanol (3:2, by vol.)
B: n-Hexane:2-propanol:25 mmol L−1
(NH4Ac) (120:80:11, by vol.)
C: n-Hexane:2-propanol:water (120:80:11,
by vol.)
A: Chloroform:methanol:ammonium formate
buffer 1 M (pH 3) (87.5:12:0.5) (by vol.)
B: Chloroform:methanol:ammonium formate
buffer 1 M (pH 3) (28:60:12) (by vol.)

Other Dataa

Reference

Oat
L
PG, PI, PE, PC, LPC
36 min
Subcutaneous fat of Iberian
pig
PL
CAR, PE, PS, PI, PC, SM,
LPC
30 min
Pork loin
PL
CAR, PE, PI, PC, SM, LPC
30 min
Milk
PL
PI, PS, PE, PC, SM
100 min
Milk
L
PE, PI, PS, PC, SM, LPC
59 min

Montealegre et al.
(2012)

Wheat
L
PG, PE, LPE, PI, PC, LPC
42 min
Raw chicken and patties
L
PG, PE, PI, PS, PC, SM,
LPC
42 min
Duck
PL
PC, PE, PI, PS, SM, LPC
72 min

Pelillo et al. (2010)

Narvaez-Rivas et al.
(2011)

Garcia-Marquez et al.
(2013)

Donato et al. (2011)

Rodriguez-Alcala et al.
(2010)

Feriolo and Caboni
(2010)

Wang et al. (2009)

Iberian ham
L
PC, PE, PS, PI
25 min
Yeast
L
PA, PC, PE, PS, PI
36 min
Infant formulas
PL
PC, PE, PI, PS, SM
20 min
Duck
PL
PC, PE, PI, PS, SM, LPC
72 min

Perez-Palacios et al.
(2010a,b)

Olive oil
PL
PG, PA, LPA, PI, PC, LPC
38 min

Verardo et al.
(doi: 10.1016/j.
foodres.2013.08.026)

Handerson et al. (2011)

Fong et al. (2013)

Wang et al. (2009)

(Continued)
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Table 23.2 (Continued)
Summary of the Current Methods for the Separation of Individual PL Classes by HPLC
Technique
HPLC-CAD

Column Characteristics
Diols (150 × 4.6 mm i.d.)
5 mm particle diameter

Mobile Phases

Other Dataa

A: Formic acid (13%, by vol.)
B: Hexane
C: 2-Propanol

Milk
PL
PC, LPC, PE, PS, PI
29 min

Reference
Kielbowicz et al. (2013)

Each indicated data are in one row in this order:
Sample
	 
Lipid fraction used (L: total lipids; FL: phospholipid fraction);
	 
Individual phospholipid separated (PC: phosphatidylcholine; PE: phosphatidylethanolamine; PS: phosphatidylserine; PI: phosphatidylinositol; LPC: lysophophatidylcholine; LPE: lysophosphatidylethanolamine; PG: phosphatidylglycerol; PA: phosphatidic acid; LPA: lysophosphatidic acid; CAR: cardiolipin; SM: sphingomyelin).
	 
Time of analysis.
a

	 

separation procedure, by directly injecting the final extract, with
no need for prior evaporation and reconstitution steps (Donato
et al., 2011). Almost all methods make use of gradient elution
with either a binary or ternary solvent system. Gradient elution is preferred owing to the wide range of polarity of muscle
PL classes. Starting with a solvent of low polarity and ending
with a solvent mixture of higher polarity allows a good separation of all PL classes. Most solvent systems use a combination
of chloroform/methanol combined with water, ammonia solution, or formic acid (Pelillo et al., 2010; Perez-Palacios et al.,
2010a,b; Rodriguez-Alcala et al., 2010; Narvaez-Rivas et al.,
2011; Montealegre et al., 2012; Garcia-Marquez et al., 2013). To
adjust the pH, triethylamine is normally added (Perez-Palacios
et al., 2010a,b; Rodriguez-Alcala et al., 2010; Montealegre et al.,
2012). Other commonly used solvents include hexane, 2-propanol, acetonitrile, or water (Wang et al., 2009; Donato et al., 2011).
Total running time as well as the separated PL classes vary from
one method to another; that is, in the method described by Wang
et al. (2009) for fractionating PC, PE, PI, PS, SM, and LPC in
duck, each run takes 72 min, whereas Garcia-Marquez et al.
(2013) accomplished the separation of one more PL (CL) in pork
loin using 30 min of elution program. In milk samples, Donato
et al. (2011) achieved the fractionation of PI, PS, PE, PC, and SM
in 100 min, while the method developed by Rodriguez-Alcala
et al. (2010) takes 59 min and enables the separation of PE, PI,
PS, PC, SM, and lyso-PC.
The use of HPLC coupled to UV or MS detectors is also commonly employed nowadays in the analysis of food PL classes.
Thus, Wang et al. (2009) separated PC and PE from duck samples
by HPLC-UV. These authors, comparing HPLC-UV and HPLCELSD, indicated that low quantities of PI, PS, SM, and lyso-PC
are only detectable by HPLC-ELSD, but they highlighted that it
seems to be not an ideal method for detecting the larger amounts
of PE and PC present in the duck meat sample.
Although the use of HPLC-MS is mainly focused on determining molecular species of PL classes, this technique has also
been applied for fractionation and identification of individual
PL classes. Thus, Fong et al. (2013) quantified PC, PE, PI, PS,
and SM in infant formulas by HPLC-MS/MS. HPLC coupled
to electrospray ionization (ESI) and MS detector has been used
for separation and identification of PA, PC, PE, PS, and PI in
yeast, the scan range m/z being of 100–900 (Henderson et al.,
2011). Lately, a method based on HPLC with ESI quadrupole

time-of-flight MS (HPLC-ESI-qTOF-MS) for fractionating PG,
PA, lyso-PA, PI, PC, and LPC in olive oil has been validated by
Verardo et al. (2013). A new rapid method for the quantitative
analysis of PC, lyso-PC, PE, PS, and PI in milk samples using
HPLC with charge aerosol detector (CAD) has been recently
described. It used a diol stationary phase with a mobile phase
consisting of formic acid (13%, v/v), hexane, and 2-propanol, and
the elution program took 29 min (Kielbowicz et al., 2013).
Finally, some attempts to separate PL classes by capillary
electrophoresis (CE) have also been successful. CE is considered
a “green” technique due to its low consumption of reagents and
solvents. It is characterized by the separation of charged analytes
with different migration rate in an electric field. Ingvardsen et al.
(1994) analyzed soybean PL classes by micellar electrokinetic
capillary chromatography (which can be considered a modified
CE), with UV detection. The capillary was standard and the buffer 75 mM NaCholate, 10 mM disodium hydrogenphosphate,
6 mM disodium tetraborate, and 30% 1-propanol, pH adjusted
to 8, 50°C, and 30 kV of voltage. The separation of PC, PE, PI,
and PS was optimal.

23.4.2.2 Molecular Species
Table 23.3 summarizes the existing HPLC methodology for the
analysis of molecular species of individual PL classes in food.
This analysis comprises a deeper knowledge about the complete
structure of the PL molecule: the acyl, alkyl, or alkenyl residues
in the sn-1 position, the acyl residue in the sn-2 position, and
the polar head in the sn-3 will be elucidated. For this purpose,
the most used methodology combines HPLC and MS detectors (Wang et al., 2009; Gallier et al., 2010; Donato et al., 2011;
Boselli et al., 2012; Henderson et al., 2011; Dugo et al., 2013).
The use of MS/MS detector offered the advantages of selective
fragmentation of target precursor ions, which helps in the identification of PL molecular species contained in samples of different origin. In particular, ESI-MS has shown to be a very useful
technique when dealing with PL analysis in food. Thus, most
methods for analyzing food PL molecular species used HPLCESI-MS/MS (Gallier et al., 2010; Donato et al., 2011; Boselli
et al., 2012; Henderson et al., 2012), with chloroform, methanol,
water, and acetonitrile constituting the solvent systems principally. Silica gel, C18, or HILIC columns are currently being used.
HILIC columns appear to be advantageous, since they allow the
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Table 23.3
Summary of Current Methods for Analyzing Molecular Species of Individual PL Classes in Food
Technique

Column

Mobile Phases

HPLC-ELSD-MS

C18 RP (250 × 4.6 mm i.d.)
5 µm particle diameter

A: Chloroform:methanol (1/17.5, by vol.)
B: Acetonitrile:water (1:1, by vol.)

HPLC-ESI-MS

HILIC (150 × 2.1 mm i.d.)
2.7 μm particle diameter

A: Acetonitrile
B: Acetonitrile:water (2:1, by vol.).

HPLC-ESI-MS/MS

Precolumn silica
(4 × 3.0 mm i.d.)
Silica (150 × 4.6 mm i.d.)
3 μm particle diameter
Silica column
(150 × 2.0 mm i.d.)
5 μm particle diameter

A: Chloroform:methanol:ammonia solution
(30%) (70:25:1, by vol.)
B: Chloroform:methanol:water:ammonia
solution (30%) (60:40:5.5:0.5, by vol.)
A: Hexanes:isopropanol with 0.5% formic acid
and 0.5% triethylamine (by vol.) (7:3)
B: Isopropanol/water with 0.5% formic acid and
triethylamine 0.5% (by vol.) (92:8)
Isocratic:
Methanol:dichloromethane (1:1, by vol.)

HPLC-ESI-MS/MS

HPLC-ESI-MS/MS

Direct infusion
ESI-MS/MS

LC-LC-MS

C18 (2.1 × 150 mm i.d.)
5 μm particle diameter

—

HILIC (15 cm × 2.1 mm)
2.7 µm particle diameter
C18 (15 cm × 4.6 mm)
2.7 µm particle diameter

—

A: Acetonitrile:ammonium formate (10 mM)
buffer, pH 5.5 (90:10, by vol.)
B: Acetonitrile:methanol:ammonium formate
(10 mM) buffer, pH 5.5 (55:35:10, by vol.)
A: Ammonium formate buffer (10 mM; pH
5.5):isopropanol:tetrahydrofuran (30:55:15)
B: Acetonitrile

Other Dataa
Duck
PL
PC, PE
45 min
Milk
PL
PI, PS, PE, PC, SM, LPC
100 min
Fish
L
PC, PE, PS, PI, pPE
30 min
Yeast
L
PA, PC, PE, PS, PI
36 min
Bakery products
L
LPC, PC, SM, LPE, PE,
PE-cer, ePE, PI, PS, PA
—
Fish
L
PC, PE, PS, PI, SM
—
Milk
L
PC, PE, PS, PI, LPC, SM
—

Reference
Wang et al.
(2009)

Donato et al.
(2011)

Boselli et al.
(2012)

Handerson et al.
(2011)

Gallier et al.
(2010)

Wang et al.
(2011)

Dugo et al.
(2013)

Each indicated data are in one row in this order:
Sample
	 
Lipid fraction used (L:total lipids; FL:phospholipid fraction);
	 
Individual phospholipid separated (PC: phosphatidylcholine; PE: phosphatidylethanolamine; PS: phosphatidylserine; PI: phosphatidylinositol; LPC: lysophophatidylcholine; LPE: lysophosphatidylethanolamine; PA: phosphatidic acid; SM: sphingomyelin; pPE: plasmalogen phosphatidylethanolamine;
PE-cer: phosphatidylethanolamine ceramide; ePE: ether phosphatidylethanolamine).
	 
Time of analysis.
a

	 

use of mobile phases with a higher proportion of organic solvents, which in turn provide larger diffusion constants of analytes during their migration through the column, and also show
a better accurate ionization efficiency when using ESI (Donato
et al., 2011). In addition, some authors have developed novel systems based on HPLC and MS detectors for characterizing PL
molecular species in food. A reconstructed HPLC-ELSD-MS
system was used to analyze PC and PE molecular species in duck
samples by Wang et al. (2009). The direct infusion combined
with ESI-MS/MS was proven to be an effective method for the
analysis of PC, PE, PS, PI, and SM molecular species from fish
muscle (Wang and Zhang, 2011). More recently, a novel comprehensive two-dimensional liquid chromatographic (LC × LC)
system, using HILIC in the first dimension and reversed-phase
LC (RP-LC) with a C18 column in the second dimension, in
combination with MS detection was developed (Dugo et al.,
2013). The capability of the investigated LC × LC approach was
demonstrated in the separation of PC, PE, PS, PI, LPC, and SM

molecular species in cow milk. The only drawback was the long
analysis time due to the stop-flow mode employed, even though
this is well compensated with the enhanced resolving power and
the greater amount of analyte information obtained.
Although ESI is perhaps the soft ionization technique most
commonly used in the field of lipid analysis, there is growing
evidence that matrix-assisted laser desorption and ionization
time-of-flight mass spectrometry (MALDI-TOF MS) represents
a suitable alternative (Schiller et al., 2004; Fuchs et al., 2010).
Although all PLs are detectable by MALDI-TOF MS, some lipid
classes, particularly those with quaternary amines such as PC,
are more sensitively detected than others, and these suppress
the signals of less sensitively detected PLs when complex mixtures are analyzed. To avoid this, Fuchs et al. (2007) developed
a method in which the PLs from egg yolk were first separated by
TLC, and subsequently the TLC spots were directly analyzed
by MALDI-TOF. Dannenberger et al. (2010) have analyzed PLs
from beef, either using total lipids or PL classes separated by
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TLC, and Calvano et al. (2009) used eluted PL fractions obtained
by SPE to further analyze them by MALDI-TOF.

23.4.3 Stereospecific Analysis
Apart from the wide use of HPLC for determining the acyl, alkyl,
or alkenyl residues in the sn-1 position and the acyl residue in the
sn-2 position of food PL classes by the analysis of the molecular
species, other analytical methods have also been applied for this
purpose.

23.4.3.1 Enzymatic Hydrolysis
This methodology is based on the specific enzymatic hydrolysis of one of the two ester bonds in the sn-1 and sn-2 positions
of the glycerol backbone, yielding the FA released from the
hydrolyzed position and the lyso-PLs containing the FA in the
remaining one. The hydrolysis can be carried out on the PL fraction or on each individual PL class. After enzymatic hydrolysis,
the two fractions are further isolated, allowing the analysis of
FAs in both positions (Perez-Palacios et al., 2006, 2007b). Most
recent studies have used phospholipase A2 from porcine pancreas (Simonetti et al., 2008; Gladkowski et al., 2011; Lei et al.,
2012), which hydrolyzes the ester bond in the sn-2 position of
PL. Phospholipase A2 from bee venom has also been used extensively for this purpose (Pacetti et al., 2005; Perez-Palacios et al.,
2006, 2007b). Calcium ions are essential for the reaction to take
place, which is also stimulated by diethyl ether. Gladkowski et al.
(2011) also used lipozyme from Mucormiehei, which cleavages
the ester bond in the sn-1 position. The stereospecific analysis
using either phospholipase A2 or lipozyme is shown in Figure
23.3. The isolation of the two fractions can be carried out by column extraction (Gladkowski et al., 2011) or by TLC (Simonetti
et al., 2008; Lei et al., 2012). Subsequently, the separated fractions are transesterified and analyzed by GC.

23.4.4 Nuclear Magnetic Resonance
High-resolution NMR spectroscopy has an exceptional performance in the chemical analyses of food, offering in a single
experiment an overview of a wide range of compounds present
in the food matrix. The technique is nondestructive in nature,
since no enzymatic or chemical manipulation is needed, and
furthermore, as NMR spectra give both quantitative chemical
composition and spatial specific information about the sample,
NMR has been applied for food analyses since the late 1980s
as documented in several reviews (Ablett, 1992; Gidley, 1992;
Belton et al., 1996; Mannina et al., 2012; Marcone et al., 2013).
Within the area of analysis of lipids, NMR spectroscopy has
also proven to be very useful. In addition to the FA composition, since the early 1990s, NMR spectroscopic data have been
extendedly used to supply information about lipid classes and
stereospecific positions of FAs esterified to the glycerol molecule in triacylglycerols and PLs (Aursand and Grasdalen, 1992).
Traditionally, 13C NMR has been used for the analysis of the acyl
stereospecificity of PLs from marine sources, including various
fish oils (Gunstone and Seth, 1994), tuna muscle (Medina and
Sacchi, 1994), and gadoid fish species (Falch et al., 2006; Standal
et al., 2010). A very simple approach has been used in most of
the work, where the PLs are measured only by adding organic
solvent (chloroform) to the lipid extract. This results in relatively
broad carbonyl PL signals due to molecular aggregation of PLs
in organic solvents. However, in the work by Medina and Sacchi
(1994), an alternative approach was investigated to avoid the
broad carbonyl signals in the 13C NMR spectra of skipjack tuna.
Hence, the PLs were hydrolyzed with phospholipase C before
the NMR analysis of the resulting diacylglycerols, avoiding any
interference of the phosphate polar head, but still resulting in a
stereospecific acyl distribution of the PLs.
Standal et al. (2010) combined multivariate data analysis
(chemometrics) and 13C NMR spectroscopy in an authentication
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Stereospecific analysis of PLs by cleavage of acyl chains in the sn-1 or sn-2 position using lipozyme or phospholipase A2, respectively.
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study with emphasis on fish species’ characteristic PL profiles,
where the stereospecific acyl distribution of PLs from muscle
lipids of different gadoid fish species found by 13C NMR could
discriminate among species.
Furthermore, 31P NMR spectroscopic analyses have been used
to separate and quantify PL classes, including subclasses due to
different FA residues; though unique information about the stereospecificity is not possible without combining with 13C NMR
spectroscopy. In cases in which the drawbacks of 13C NMR are
mainly caused by the complexity of the spectra and long relaxation times of the insensitive 13C nuclei, leading to crowded,
nonquantitative spectra, the main advantage of 31P NMR spectroscopic studies of PLs is the simplicity of the spectra, where
the unique chemical shift obtained for the single different positioned 31P nucleus in the different PL classes and furthermore,
the possibility to simply measure the 100% natural abundant 31P
in a quantitative way, results in specific identification and quantification of the PLs. Using this approach, various food or food
components have been studied to profile the PL composition,
including the determination of the PL classes in egg and rat liver
(Sotirhos et al., 1986), olive oil (Hatzakis et al., 2008), soybean
(Yao and Jung, 2010), and milk (Garcia et al., 2012). However,
NMR signals of the phosphorus nucleus in the main PL classes
in 31P NMR spectra are distributed over a rather narrow range of
approximately 2 ppm and therefore, signals from the different PL
classes often overlap. This can be avoided using two-dimensional
NMR techniques as nicely demonstrated in an NMR spectroscopic profiling of PLs in cheese and fish (Kaffarnik et al., 2013).

23.5 Practical Application to Food Analysis
Food industry and food research are the two main fields in which
the techniques described in this chapter can be useful. As far as
the industry is concerned, analysis of PL content or FA composition of PLs are routine tools for evaluating the technological
quality of ingredients, such as lecithin, or the final quality of
products, as it happens in the refining oil industry. On the contrary, food research laboratories have made an enormous effort
aiming to elucidate the relationship between different compositional and physical features of PLs and their technological,
sensory, and nutritional quality in different foods. Some of the
powerful equipments used for these latter purposes have been
incorporated to quality-control laboratories, in which rapid measurements are highly valued. Thus, techniques such as FT-IR
or NMR will probably constitute the future for quality-control
tests of PLs at the industry, while increasingly more powerful
MS will most likely enable food scientists to acquire a deeper
knowledge about PL composition and its exact implications in
different processes.

References
Ablett, S. 1992. Overview of NMR applications in food science.
Trends Food Sci. Tech. 3: 246–250.
Alasnier, C., and Gandemer, G. 1998. Fatty acid and aldehyde composition of individual phospholipid classes of rabbit skeletal
muscles is related to the metabolic type of the fibres. Meat Sci.
48:225–235.

Andres, A.I., Cava, R., Martin, D., Ventanas, J., and Ruiz, J. 2005.
Lipolysis in dry-cured ham: Influence of salt content and processing conditions. Food Chem. 90:523–533.
Asociation of Analytical Chemistry (AOAC). 1992. Fat in milk,
modified Mojonnier ether extraction method, Official Method
989.05.
Aubourg, S., Medina, I., and Perez-Martin, R. 1996. Polyunsaturated
fatty acids in tuna phospholipids: Distribution in the sn-2
location and changes during cooking. J. Agric. Food Chem.
44:585–589.
Aursand, M., and Grasdalen, H. 1992. Interpretation of the C-13NMR spectra of omega-3-fatty-acids and lipid extracted from
the white muscle of Atlantic salmon (Salmo salar). Chem.
Phys. Lipids 62:239–251.
Avalli, A., and Contarini, G. 2005. Determination of phospholipids in dairy products by SPE/HPLU/ELSD. J. Chromatogr. A
1071:185–190.
Baeza, E., Salichon, S.M., Marche, G., Wacreiner, N., Dominguez,
B., and Culioi, J. 2000. Effects of age and sex on the structural,
chemical and technological characteristics of mule duck meat.
Brit. Poult. Sci. 41:300–307.
Banni, S., Carta, G., Angioni, E. et al. 2001. Distribution of conjugated linoleic acid and metabolites in different lipid fraction in
the rat liver. J. Lipid Res. 42:1056–1061.
Barenholz, Y., and Thompson, T.E. 1980. Sphingomyelins in bilayers and biological membranes. Biochim. Biophys. Acta
604:129–158.
Barlett, G.R. 1959. Phosphorus assay in column chromatography. J.
Biol. Chem. 234:466–468.
Bateman, H.G., and Jenkins, T.C. 2001. Method for extraction and
separation by solid phase extraction of neutral lipid, free fatty
acids, and polar lipid from mixed microbial cultures. J. Agric.
Food Chem. 45:132–134.
Belton, P.S., Delgadillo, I., Holmes, E., Nicholls, A., Nicholson, J.K.,
and Spraul, M. 1996. Use of high-field H-1 NMR spectroscopy for the analysis of liquid foods. J. Agric. Food Chem.
44:1483–1487.
Benzo, Z., Murillo, M., Marcano, E., Gomez, C., Garaboto, A., and
Espinoza, A. 2000. Determination of phosphorus in edible oils
by inductively coupled plasma–atomic emission spectrometry
and oil-in-water emulsion of sample introduction. J. Am. Oil
Chem. Soc. 77:997–1000.
Bernhardt, T.G., Cannistraro, P.A., Bird, D.A., Doley, K.M., and
Laposata, M. 1996. Purification of fatty acid ethyl esters by
solid-phase extraction and high-performance liquid chromatography. J. Chromatogr. B 675:189–196.
Bitman, J., Wood, D.L., Mehta, N.R., Hamosh, P., and Hamosh, M.
1984. Comparison of the phospholipid-composition of breastmilk from mothers of term and preterm infants during lactation. Am. J. Clin. Nutr. 40:1103–1119.
Bligh, E.G., and Dyer, E.J. 1959. A rapid method of total lipid extraction and purification. Can. J. Biochem. Physiol. 37: 917–991.
Boselli, E., Pacetti, D., Lucci, P., and Frega, N.G. 2012.
Characterization of phospholipid molecular species in the
edible parts of bony fish and sellfish. J. Agric. Food Chem.
60:3234–3245.
Brockerhoff, H., Yurkowski, M., Hoyle, R., and Ackman, R. 1964.
Fatty acid distribution in lipids of marine plankton. J. Fish Res.
Board Can. 21:1379–1384.
Calvano, C.D., Jensen, O.N., and Zambonin, C.G. 2009. Selective
extraction of phospholipids from dairy products by micro-solid

www.ebook777.com

Free ebooks ==> www.ebook777.com
504
phase extraction based on titanium dioxide microcolumns followed by MALDI-TOF-MS analysis. Anal. Bioanal. Chem.
394:1453–1461.
Carelli, S., Cerrotti, A., and Sitia, A. 1997. Quantitative determination of phospholipids in sunflower oil. J. Am. Oil Chem. Soc.
74:511–514.
Cavalli, R.O., Tamtin, M., Lavens, P., and Sorgeloos, P. 2001.
Variations in lipid classes and fatty acid content in tissues of
wild Macrobrachium rosenbergii (de Man) females during
maturation. Aquaculture 193:311–324.
Cho, E., and Zeisel, S.H. 2006. Dietary choline and betaine assessed
by food-frequency questionnaire in relation to plasma total
homocysteine concentration in the Framingham Off spring
Study. Am. J. Clin. Nutr. 83:905–911.
Christie, W.W. 1982. Lipid Analysis: Isolation, Separation,
Identification and Structural Analysis of Lipids. Oxford:
Pergamon Press.
Christie, W.W. 2003. Lipid Analysis. Bridgewater, UK: The Oily
Press.
Christie, W.W. 2005. Lipid library. Available from http://www.lipid.co.uk/infores/lipids.html.
Codex Alimentarius Commission. 2002. http://www.codexalimentarius.net/
Commission Directive (EU) No. 81/712. 1981. Official Journal of the
European Communities. L 257.
Commission Regulation (EU) No. 1129/2011. 2011. Official Journal
of the European Union. L295.
Commission Regulation (EU) No. 231/2012. 2012. Official Journal
of the European Union L 83, pp:103.
Commission Regulation (EU) No. 882/2004. 2004. Official Journal
of the European Communities. L 165.
Dannenberger, D., Nuernberg, G., Scollan, N., Ender, K., and
Nuernberg, K. 2007. Diet alters the fatty acid composition of
individual phospholipid classes in beef muscle. J. Agric. Food
Chem. 55:452–460.
Dannenberger, D., Süßb, R., Teuber, K., Fuchs, B., Nuernberg, K.,
and Schille, J. 2010. The intact muscle lipid composition of
bulls: An investigation by MALDI-TOF MS and 31P NMR.
Chem. Physics Lipids, 163:157–164.
Donato, P., Cacciola, F., Cichello, F., Russo, M., Dugo, P., and
Mondello, L. 2011. Determination of phospholipids in milk
samples by means of hydrophilic interaction liquid chromatography coupled to evaporative light scattering and mass spectrometry detection. J. Chromatogr. A 1218:6476–6482.
Dugo, P., Fawzya, N., Cichello, F., Cacciola, F., Donato, P., and
Mondello, L. 2013. Stop-flow comprehensive two-dimensional liquid chromatography combined with mass spectrometric detection for phospholipid analysis. J. Chromatogr. A
1278:46–53.
Erickson, M.C. 2002. Lipid oxidation of muscle foods, in Food
Lipids. Chemistry, Nutrition, and Biotechnology, eds. C.C.
Akoh and D.B. Min. 365–411. New York: Marcel Dekker.
Erickson, M.C. 2007. Chemistry and function of phospholipids,
in Food Lipids. Chemistry, Nutrition, and Biotechnology,
eds. C.C. Akoh and D.B. Min. 39–62. New York: Marcel
Dekker.
Eryomin, V.A., and Poznyakov, S.P. 1989. Quantitative determination of phospholipids using dyes Victoria Blue R and Blue B.
Anal. Biochem. 180:186–191.
Falch, E., Storseth, T.R., and Aursand, A. 2006. Multi-component
analysis of marine lipids in fish gonads with emphasis on

Handbook of Food Analysis
phospholipids using high resolution NMR spectroscopy.
Chem. Phys. Lipids 144:4–16.
Fauland, A., Trotzmuller, M., Eberl, A., Afiuni-Zadeh, S., Kofeler,
H., Guo, X., and Lankmayr, E. 2013. An improved SPE
method for fractionation and identification of phospholipid. J.
Sep. Sci. 36:744–751.
FDA Federal Register Documents, Code of Federal Regulations &
Food, Drug, and Cosmetic Act. 2002. http://www.cfsan.fda.gov/
Ferioli, F., and Caboni, M.F. 2010. Composition of phospholipid
fraction in raw chicken meat and pre-cooked chicken patties:
Influence of feeding fat sources and processing technology.
Eur. Food Res. Technol. 231:117–126.
Fewster, M., Burns, B.J., and Mead, J.F. 1969. Quantitative densitometric TLC of lipids using copper acetate reagent. J.
Chromatogr. 43:120–126.
Firestone, D. 2001. Official Methods and Recommended Practices
of the American Oil Chemists’ Society, 5th ed. Champaign, IL:
American Oil Chemists’ Society.
Fogerty, A.C., Whitfield, F.B., Svornos, D., and Ford, G.L. 1991. The
composition of the fatty acids and aldehydes of the ethanolamine and choline phospholipids of various meats. Int. J. Food
Sci. Technol. 26:363–371.
Folch, J., Less, M., and Sloane, G.H. 1957. A simple method for the
isolation and purification of total lipids from animal tissues. J.
Biol. Chem. 226:497–509.
Fong, B., Ma, L., and Norris, C. 2013. Analysis of phospholipids
in infant formulas using high performance liquid chromatography−tandem mass spectrometry. J. Agric. Food Chem.
61:858−865.
Fuchs, B., Schiller, J., Süß, R., Schürenberg, M., and Suckau, D.
2007. A direct and simple method of coupling matrix-assisted
laser desorption and ionization time-of-flight mass spectrometry (MALDI-TOF MS) to thin-layer chromatography (TLC)
for the analysis of phospholipids from egg yolk. Anal. Bioanal.
Chem. 389:827–834.
Fuchs, B., SüB, R., and Schiller, J. 2010. An update of MALDITOF mass spectrometry in lipid research. Prog. Lip. Res.
49:450–475.
Gallier, S., Gragson, D., Cabral, C., Jimenez-Flores, R., and Everett,
D.W. 2010. Composition and fatty acid distribution of bovine
milk phospholipids from processed milk products. J. Agric.
Food Chem. 58:10503–10511.
Garcia, C., Lutz, N.W., Confort-Gouny, S., Cozzone, P.J., Armand,
M., and Bernard, M. 2012. Phospholipid fingerprints of milk
from different mammalians determined by P-31 NMR: Towards
specific interest in human health. Food Chem. 135:1777–1783.
Garcia-Marquez, I., Narvaez-Rivas, M., Gallardo, E., Cabeza, C.M.,
and Leon-Camacho, M. 2013. Changes in the phospholipid
fraction of intramuscular fat from pork loin (fresh and marinated) with different irradiation and packaging during storage.
Grasas y Aceites 64:7–14.
Gidley, M.J. 1992. High-resolution solid-state NMR of food materials. Trends Food Sci. Tech. 3:231–236.
Gładkowski, W., Kiełbowicz, G., Chojnacka, A., Gil, M., Trziszka,
T., Dobrzanski, Z., and Wawrzenczyk, C. 2011. Fatty acid
composition of egg yolk phospholipid fractions following
feed supplementation of Lohmann Brown hens with humic-fat
preparations. Food Chem. 126:1013–1018.
Goh, S.H., Tong, S.L., and Gee, P.T. 1984. Inorganic phosphate in
crude palm oil quantitative analysis and correlations with oil
quality parameters. J. Am. Oil Chem. Soc. 61:1601–1604.

Free ebooks ==> www.ebook777.com
505

Phospholipids
Gordon, M.H. 2005. Polar lipids, in Encyclopaedia of Analytical
Science, eds. P. Worsfold, A. Townshend, and C. Poole. 88–94.
Amsterdam, the Netherlands: Elsevier.
Gray, J.I., and Pearson, A.M. 1987. Rancidity and warmed-over flavour, in Advances in Meat Research, eds. A.M. Pearson and
T.R. Dutson. 221–269. New York: Van Nostrand Reinhold Co.
Gunnlaugsdottir, H., and Ackman, R.G. 1993. Three extraction
methods for determination of lipids in fish meal: Evaluation of
a hexane/isopropanol method as an alternative to chloroform
based methods. J. Sci. Food Agric. 61:235–240.
Gunstone, F.D., and Seth, S. 1994. A study of the distribution of
eicosapentaenoic acid and docosahexaenoic acid between the
α and β glycerol chains in fish oils by 13C-NMR spectroscopy.
Chem. Phys. Lipids 72:119–126.
Hartman, L., Lago, R.C.A., and Esteves, W. 1985. Determination of
phosphorus in Brazilian soya bean oils by the saponification
method. Fett. Wiss Technol. 87:458–460.
Hatzakis, E., Koidis, A., Boskou, D., and Dais, P. 2008. Determination
of phospholipids in olive oil by P-31 NMR spectroscopy. J.
Agric. Food Chem. 56:6232–6240.
Henderson, C.M., Lozada-Contreras, M., Naravane, Y., Longo, M.L.,
and Block, D.E. 2011. Analysis of major phospholipid species and ergosterol in fermenting industrial yeast strains using
atmospheric pressure ionization ion-trap mass spectrometry. J.
Agric. Food Chem. 59:12761–12770.
Igene, J.O. 1980. Role of triglycerides and phospholipids on development of rancidity in model meat systems during frozen storage. Food Chem. 5:263–276.
Ingvardsen, L., Michaelsen, S., and Scrensen, H. 1994. Analysis of
individual phospholipids by high-performance capillary electrophoresis. J. Am. Oil Chem. Soc. 71:183–188.
Josephson, D.B., Lindsay, R.C., and Stuiber, D.A. 1991. Volatile
carotenoid-related oxidation compounds contributing to
cooked salmon flavour. Food Sci. Technol.-LWT 24:424–432.
Kaffarnik, S., Ehlers, I., Grobner, G., Schleucher, J., and Vetter, W.
2013. Two-dimensional P-31,H-1 NMR spectroscopic profiling of phospholipids in cheese and fish. J. Agric. Food Chem.
61:7061–7069.
Kaluzny, M.A., Duncan, L.A., Merritt, M.V., and Epps, D.E. 1985.
Rapid separation of lipid classes in high yield and purity using
bonded phase columns. J. Lipid Res. 26:135–140.
Khan, M.A., and Shahidi, F. 2001. Tocopherols and phospholipids
enhance the oxidative stability of borage and evening primrose
triacylglycerols. J. Food Lipids 7:143–150.
Kielbowicz, G., Micek, P., and Wawrzenczyk, C. 2013. A new liquid
chromatography method with charge aerosol detector (CAD)
for the determination of phospholipid classes. Application to
milk phospholipids. Talanta 105:28–33.
Kim, H.Y., and Salem Jr., N. 1990. Separation of lipid classes by
solid phase extraction. J. Lipid Res. 31:2285–2289.
Kovacevic, M., Leber, R., Kohlweinb, S.D., and Goessler, W.
2004. Application of inductively coupled plasma mass spectrometry to phospholipid analysis. J. Anal. At. Spectrom.
19:80–84.
Lee, T.H., Menica-Huerta, J.M., Shih, C., Corey, E.J., Lewis, R.A.,
and Austen, K.F. 1984. Characterization and biologic properties of 5,12-dihydroxy derivatives of eicosapentaenoic acid,
including leukotriene B5 and the double lipoxygenase product.
J. Biol. Chem. 259:2389–2399.
Lei, L., Li, J., Li, G.-Y., Hu, J.-N., Tang, L., Liu, R., Fan, Y.-W., and
Deng, Z.-Y. 2012. Stereospecific analysis of triacylglycerol

and phospholipid fractions of five wild freshwater fish from
Poyang lake. J. Agric. Food Chem. 60:1857–1864.
Leray, C., Cazenave, J.P., and Gachet, C. 2002. Platelet phospholipids are differentially protected against oxidative degradation
by plasmalogens. Lipids 37:285–290.
Lindsay, R.C. 1991. Chemical basis of the quality of seafood flavors
and aromas. Mar. Technol. Soc. J. 25:16–22.
Liu, L., Waters, D.L.E., Rose, T.J., Bao, J., and King, G.J. 2013.
Phospholipids in rice: Significance in grain quality and health
benefits: A review. Food Chem. 139:1133–1145.
Lorenz, S., Buettner, A., Ender, K., Nurnberg, G., Papstein, H.J.,
Schieberle, P., and Nurnberg, K. 2002. Influence of keeping
system on the fatty acid composition in the longissimus dorsi
muscle of bulls and odorants formed after pressure-cooking.
Eur. Food Res. Technol. 214:112–118.
Loukas, V., Dimizas, C., Sinanoglou, V.J., and MiniadisMeimaroglou, S. 2010. EPA, DHA, cholesterol and phospholipid content in Pagruspagrus (cultured and wild),
Trachinusdraco and Triglalyra from Mediterranean Sea. Chem.
Phys. Lipids 163:292–299.
Mannina, L., Sobolev, A.P., and Viel, S. 2012. Liquid state 1H high
field NMR in food analysis. Prog. Nucl. Mag. Res. Sp. 66:1–39.
Marangoni, A.G., Palma, T., and Stanley, D.W. 1996. Membrane
effects in postharvest physiology. Postharvest Biol. Tec.
7:193–217.
Marcone, M.F., Wang, S., Albabish, W., Nie, S., Somnarain, D., and
Hill, A. 2013. Diverse food-based applications of nuclear magnetic resonance (NMR) technology. Food Res. Int. 51:729–747.
Marinetti, G.V. 1962. Chromatographic separation, identification and
analysis of phosphatides. J. Lipid Res. 3:1–20.
Medina, I., and Sacchi, R. 1994. Acyl stereospecific analysis of tuna
phospholipids via high-resolution C-13-NMR spectroscopy.
Chem. Phys. Lipids 70:53–61.
Milo, C., and Grosch, W. 1996. Changes in the odorants of boiled
salmon and cod as affected by the storage of the raw material.
J. Agric. Food Chem. 44:2366–2371.
Montealegre, C., Verardo, V., Gomez-Caravaca, A.M., Garcia-Ruiz,
C., Marina, M.L., and Fiorenza Caboni, M.F. 2012. Molecular
characterization of phospholipids by high-performance liquid
chromatography combined with an evaporative light scattering
detector, high-performance liquid chromatography combined
with mass spectrometry, and gas chromatography combined
with a flame ionization detector in different oat varieties. J.
Agric. Food Chem. 60:10963−10969.
Morin, O., and Prevot, A. 1986. Attempt at the nephelometric determination of phosphorus in some crude oils: Laboratory note.
Rev. Fr. Corps. Gras. 33:489–492.
Mottram, D.S. 1998. Flavour formation in meat and meat products: A
review. Food Chem. 62:415–424.
Muriel, E., Andres, A., Petron, M.J., Antequera, T., and Ruiz, J. 2007.
Lipolytic and oxidative changes in Iberian dry-cured loin.
Meat Sci. 75:315–323.
Muriel, E., Ruiz, J., Ventanas, J., and Antequera, T. 2002. Free-range
rearing increases (n-3) polyunsaturated fatty acids of neutral
and polar lipids in swine muscles. Food Chem. 78:219–225.
Muriel, M.E., Antequera, M.T., Petron, M.J., Andres, A.I., and Ruiz,
J. 2005. Stereospecific analysis of fresh and dry-cured muscle
phospholipids from Iberian pigs. Food Chem. 90:437–443.
Murphy, J., and Riley, J.P. 1962. A modified single solution method
for determination of phosphate in natural waters. Anal. Chem.
Acta 27:31–36.

www.ebook777.com

Free ebooks ==> www.ebook777.com
506
Nash, A.M., and Frankel, E.N. 1986. Limited extraction of soybeans
with hexane. J Am Oil Chem. Soc. 64:244–246.
Narvaez-Rivas, M., Gallardo, E., Rios, J.J., and Leon-Camacho,
M. 2011. A new high-performance liquid chromatographic
method with evaporative light scattering detector for the analysis of phospholipids. Application to Iberian pig subcutaneous
fat. J. Chromatogr. A 1218:3453–3458.
Nylander, T. 2004. Interactions between proteins and polar lipids, in
Food Emulsions, eds. S.E. Friberg, K. Larsson, and J. Sjöblom.
107–174. New York: Marcel Dekker.
Nzai, J.M., and Proctor, A. 1998. Determination of phospholipids
in vegetable oil by Fourier transform infrared spectroscopy. J.
Am. Oil Soc. 75:1281–1289.
Nzai, J.M., and Proctor, A. 1999. Soy lecithin phospholipid determination by Fourier transform infrared spectroscopy and the acid
digest/arseno-molybdate method: A comparative study. J. Am.
Oil Chem. Soc. 76:61–66.
Olsen, R.E., and Henderson, R.J. 1989. The rapid analysis of neutral
and polar marine lipids using double development HPTLC and
scanning densitometry. J. Exp. Mar. Biol. Ecol. 129:189–197.
Olsson, M.U., and Salem, N. 1997. Molecular species analysis of
phospholipids. J. Chromatogr. B 692:245–256.
Ordoñez, J.A., Hierro, E.M., Bruna, J.M., and de la Hoz, L. 1999.
Changes in the components of dry-fermented sausages during
ripening. Crit. Rev. Food Sci. Nutr. 39:329–367.
Pacetti, D., Hulan, H.W., Schreiner, M., Boselli, E., and Frega, N.G.
2005. Positional analysis of egg triacylglycerols and phospholipids from hens fed diets enriched with refined seal blubber
oil. J. Sci. Food Agric. 85:1703–1714.
Pelillo, M., Ferioli, F., Iafelice, G., Marconi, E., and Caboni, M.F.
2010. Characterisation of the phospholipid fraction of hulled
and naked tetraploid and hexaploid wheats. J. Cereal Sci.
51:120–126.
Penet, F., Pelletier, C.J., and Milley, J. 2006. Comparison of three
solid-phase extraction methods for fatty acid analysis of
lipid fractions in tissues of marine bivalves. J. Chromatogr. A
1137:127–137.
Perez-Palacios, T., Antequera, T., Muriel, E., Martin, D., and Ruiz, J.
2007b. Stereospecific analysis of phospholipid classes in skeletal muscle from rats fed different fat sources. J. Agric. Food
Chem. 55:6191–6197.
Perez-Palacios, T., Antequera, T., Muriel, E., and Ruiz, J. 2006.
Stereospecific analysis of phospholipid classes in rat muscle.
Eur. J. Lipid Sci. Technol.108:835–841.
Perez Palacios, T., Ruiz, J., and Antequera, T. 2007a. Improvement
of a solid phase extraction method for separation of muscle
phospholipids classes. Food Chem. 102:875–879.
Perez-Palacios, T., Ruiz, J., Dewettinck, K., Trung Le, T., and
Antequera, T. 2010a. Individual phospholipid classes from
Iberian pig meat as affected by diet. J. Agric. Food Chem.
58:1755–1760.
Perez-Palacios, T., Ruiz, J., Dewettinck, K., Trung Le, T., and
Antequera, T. 2010b. Muscle individual phospholipid classes
throughout the processing of dry-cured ham: Influence of precure freezing. Meat Sci. 84:431–436.
Perez-Palacios, T., Ruiz, J., Martin, D., Muriel, E., and Antequera, T.
2008. Comparison of different methods for total lipids quantification in meat and meat products. Food Chem. 110:1025–1029.
Perez-Palacios, T., Ruiz, J., Ferreira, I.M., Petisca, C., and Antequera,
T. 2012. Effect of solvent to sample ratio on total lipid extracted

Handbook of Food Analysis
and fatty acid composition in meat products within different fat
content. Meat Sci. 91: 369–373.
Perona, J.S., and Ruiz-Gutierrez, V. 2005. Quantitative lipid composition of Iberian pig muscle and adipose tissue by HPLC. J.
Liq. Chromatogr. Relat. Technol. 28:2445–2457.
Pietsch, A., and Reinhard, L.L. 1993. Rapid separation of the major
phospholipid classes on a single aminopropyl cartridge. Lipids
28:945–947.
Pikul, J., Leszczynski, D.E., and Kummerow, F.A. 1984. Relative
role of phospholipids, triacylglycerols and cholesterol esters
on malonaldehyde formation in fat extracted from chicken
meat. J. Food Sci. 49:704–708.
Pinkart, H.C., Devereux, R., and Chapman, P.J. 1998. Rapid separation of microbial lipids using solid phase extraction columns.
J. Microbiol. Meth. 34:9–15.
Pokorny, J. 2002. Phospholipids, in Chemical and Functional
Properties of Lipids, eds. Z.E. Sikorski and A. Kolakowska.
79–92. Boca Raton, USA: CRC Press.
Polvi, S.M., Ackman, R.G., Lall, S.P., and Saunders, R.L. 1991.
Stability of lipids and omega-3-fatty acids during frozen storage of Atlantic salmon. J. Food Process. Pres. 15:167–181.
Prevot, A., and Gente, M. 1997. Rapid determination of phosphorus
in fats by flameless atomic absorption. Rev. Fr. Corps. Gras.
24:493–496.
Rodriguez-Alcala, L.M., and Fontecha, J. 2010. Major lipid classes
separation of buttermilk, and cows, goats and ewes milk by
high performance liquid chromatography with an evaporative
light scattering detector focused on the phospholipid fraction.
J. Chromatogr. A 1217:3063–3066.
Rombaut, R., and Dewettinck, K. 2006. Properties, analysis and
puriﬁcation of milk polar lipids. Int. Dairy J. 16:1362–1373.
Ruiz, J., Antequera, T., Andres, A.I., Petron, M.J., and Muriel, E.
2004. Improvement of a solid phase extraction method for
analysis of lipid fractions in muscle foods. Anal. Chim. Acta
520:201–205.
Ruiz-Gutierrez, V., and Perez-Camino, M.C. 2000. Update on solidphase extraction for the analysis of lipid classes and related
compounds. J. Chromatogr. A 885:321–341.
Saito, H., Seike, Y., Ioka, H., Osako, K., Tanaka, M., Takashima,
A., Keriko, J.M., Kose, S., and Rodriguez, J.C. 2005. High
docosahexaenoic acid levels in both neutral and polar lipids
of a highly migratory fish: Thunnustonggol (Bleeker). Lipids
40:941–953.
Sanchez, V., and Lutz, M. 1998. Fatty acid composition of microsomal phospholipids in rats fed different oils and antioxidant
vitamins supplement. J. Nutr. Biochem. 9:155–163.
Scherz, H., and Senser, F. 2000. Food Composition and Nutrition
Tables, 6th ed. New York: CRC Press.
Schiller, J., Süß, R., Arnhold, J., Fuchs, B., Leßig, J., Müller, M.,
Petković, M., Spalteholz, H., Zschörnig, O., and Arnold, K.
2004. Matrix-assisted laser desorption and ionization time-offlight (MALDI-TOF) mass spectrometry in lipid and phospholipid research. Prog. Lipid Res. 43:449–488.
Schwalbe-Herrmann, M., Willmann, J., and Leibfritz, D. 2010.
Separation of phospholipid classes by hydrophilic interaction chromatography detected by electrospray ionization mass
spectrometry. J. Chromatogr. A 1217:5179–5183.
Seppanen-Laakso, T., Laakso, I., Vanhanen, H., Kiviranta, K.,
Lehtimäki, T., and Hiltunen, R. 2001. Major human plasma
lipid classes determined by quantitative high performance

Free ebooks ==> www.ebook777.com
507

Phospholipids
liquid chromatography, their variation and associations with
phospholipids fatty acids. J. Chromatogr. B 7542:437–445.
Shantha, N.C., and Napolitano, G.E. 1998. Lipid analysis using thin
layer chromatography and the Iatroscan, in Lipid Analysis
of Fats and Oils, ed. J.R. Hamilton. London, UK: Blackie
Academic and Professional.
Sherma, J., and Jain, R. 2000. Planar chromatography in clinical
chemistry, in Encyclopedia of Analytical Chemistry, ed. R.A.
Meyers. 1583–1603. Chichester, UK: Wiley.
Simonetti, M.S., Blasi, F., Bosi, A., Maurizi, A., Cossignani, L.,
and Damiani, P. 2008. Stereospecific analysis of triacylglycerol and phospholipid fractions of four freshwater fish species: Salmotrutta, Ictaluruspunctatus, Ictalurusmelas and
Micropterussalmoides. Food Chem. 110:199–206.
Sindelar, P.J., Zhizhong, G., Dallner, G., and Ernster, L. 1999. The
protective role of plasmalogens in iron-induced lipid peroxidation. Free Radic. Biol. Med. 26:318–324.
Singleton, J.A., and Stikelather, L.F. 1995. High performance liquidchromatography analysis of peanut phospholipids. 1. Injection
system for simultaneous concentration and separation of phospholipids. J Am Oil Chem. Soc. 72:481–483.
Sotirhos, N., Herslöf, B., and Kenne, L. 1986. Quantitative analysis
of phospholipids by 31P-NMR. J. Lipid Res. 27:386–392.
St. Angelo, A.J., and James, C. 1993. Analysis of lipids from cooked
beef by thin layer chromatography with flame ionization detection. J. Am. Oil Chem. Soc. 70:1245–1250.
Standal, I.B., Axelson, D.E., and Aursand, M. 2010. C-13 NMR as
a tool for authentication of different gadoid fish species with
emphasis on phospholipid profiles. Food Chem. 121:608–615.
Stith, B.J., Hall, J., Ayres, P., Waggoner, L., Moore, J.D., and Shaw,
W.A. 2000. Quantification of major classes of Xenopus
phospholipids by high performance liquid chromatography with evaporative light scattering detection. J. Lipid Res.
419:1448–1454.
Subbanagounder, G., Leitinger, N., Schwenke, D.C. et al. 2000.
Determinants of bioactivity of oxidized phospholipids: Speciﬁc
oxidized fatty acyl groups at the sn-2 position. Arterioscler.
Thromb. Vasc. Biol. 20:2248–2254.
Suzumura, M. 2005. Phospholipids in marine environments: A
review. Talanta 66:422–434.
Szydlowska-Czerniak, A., and Szlyk, E. 2003. Spectrophotometric
determination of total phosphorus in rape seeds and oils at various stages of technological process: Calculation of phospholipids and non-hydratable phospholipids contents in rapeseed
oil. Food Chem. 81:613–619.
Takama, K., Suzuki, T., Yoshida, K., Arai, H., and Mitsui, T. 1999.
Phosphatidylcholine levels and their fatty acid compositions
in teleost tissues and squid muscle. Comp. Biochem. Phys. B
124:109–116.
Tanaka, T., Kassai, A., Ohmoto, M., Morito, K., Kashiwada, Y.,
Takaishi, Y., Urikura, M., Morishige, J., Satouchi, K., and
Tokumura, A. 2012. Quantification of phosphatidic acid in
foodstuffs using a thin-layer-chromatography-imaging technique. J. Agric. Food Chem. 60:4156–4161.
Totani, Y., Pretorius, H.E., and du Plessis, L.U. 1982. Extraction of
phospholipids from plant oils and colorimetric determination
of total phosphorus. J. Am. Oil. Chem. Soc. 59:162–163.
Utzmann, C.M., and Lederer, M.D. 2001. Independent synthesis of
aminophospholipid-linked Maillard products. Carbohydr. Res.
325:157–168.

Vaghela, M.N., and Kilara, A.A. 1995. Rapid method for extraction
of total lipids from whey-protein concentrates and separation
of lipid classes with solid-phase extraction. J. Am. Oil Chem.
Soc. 72:1117–1121.
Van der Meeren, P., Vanderdeelen, J., and Baert, L. 1988.
Quantification of phospholipid phosphorus in submicromolar
concentrations. Bull. Soc. Chim. Belg. 97:413–418.
Van Nieuwenhuyzen, W. 2010. Lecithin and other phospholipids, in
Surfactants from Renewable Resources, eds. M. Kjellin and I.
Johansson. 191–212. New York: John Wiley & Sons.
Van Nieuwenhuyzen, W., and Tomas, M.C. 2008. Update on vegetable lecithin and phospholipid technologies. Eur. J. Lipid Sci.
Technol. 110:472–486.
Vanhoutte, B., Rombaut, R., Van der Meeren, P., and Dewettinck,
K. 2004. In Phospholipids, Handbook of Food Analysis, ed.
L.M.L. Nollet. 349–382. Boca Raton: CRC Press.
Ventanas, S., Estevez, M., Delgado, C.L., and Ruiz, J. 2006.
Phospholipid oxidation, non-enzymatic browning development and volatile compounds generation in model systems
containing liposomes from porcine Longissimus dorsi and
selected amino acids. Eur. Food Res. Technol. 225:665–675.
Verardo, V., Gomez-Caravaca, A.M., Montealegre, C., SeguraCarretero, A., Caboni, M.F., Fernandez-Gutierrez, A., and
Bendini, A. 2013. Optimization of a solid phase extraction
method and hydrophilic interaction liquid chromatography
coupled to mass spectrometry for the determination of
phospholipids in virgin olive oil. Food Res. Int. 54:2083–2090.
Villé, H., Maes, G., De Schrijver, R., Spincemaille, G., Rombouts,
G., and Geers, R. 1995. Determination of phospholipid content of intramuscular fat by Fourier transform infrared spectroscopy. Meat Sci. 41:283–291.
Wang, D., Xu, W., Xu, X., Zhou, G., Zhu, Y., Li, C., and Yang,
M. 2009.Determination of intramuscular phospholipid
classes and molecular species in Gaoyou duck. Food Chem.
112:150–155.
Wang, Y., and Zhang, H. 2011. Tracking phospholipid profiling of
muscle from Ctennopharyngodon idellus during storage by
shotgun lipidomics. J. Agric. Food Chem. 59:11635–11642.
Weihrauch, J.L., and Son, Y.S. 1983. The phospholipid content of
foods. J. Am. Oil Chem. Soc. 60:1971–1978.
Wenk, C., Leonhardt, M., and Scheeder, M.R.L. 2000. Monogastric
nutrition and potential for improving muscle quality, in
Antioxidants in Muscle Foods: Nutritional Strategies to
Improve Quality, eds. E.A. Decker, C. Faustman, and C.J.
Lopez-Bote. 199–228. New York: Wiley-Interscience.
White, T., Bursten, S., Federighi, D., Lewis, R.A., and Nudelman, E.
1998. High resolution separation and quantification of neutral
lipid and phospholipid species in mammalian cells and sera
by multi one dimensional thin layer chromatography. Anal.
Biochem. 258:109–117.
William, C.M., and Maunder, K. 1992. Effect of dietary fatty acid
composition on inositol-, choline- and ethanolamine-phospholipids of mammary tissue and erythrocytes in the rat. Brit. J.
Nutr. 68:183–193.
Yao, L., and Jung, S. 2010. P-31 NMR phospholipid profiling of soybean emulsion recovered from aqueous extraction. J. Agric.
Food Chem. 58:4866–4872.
Yoshida, H., and Takagi, S. 1997. Microwave roasting and positional
distribution of fatty acids of phospholipids in soybean (Glycine
max L.). J. Am. Oil Chem. Soc. 74:915–921.

www.ebook777.com

Free ebooks ==> www.ebook777.com
508
Yoshida, H., Yoshida, N., Tomiyama, Y., and Mizushina, Y. 2010.
Fatty acid characteristics of triacylglycerols and phospholipids in adzuki beans (Vigna angularis). Food Sci. Technol. Res.
16:209–214.
Zancada, L., Perez-Diez, F., Sanchez-Juanes, F., Alonso, J.M.,
Garcia-Pardo, L.A., and Hueso, P. 2013. Phospholipid classes
and fatty acid composition of ewe’s and goat’s milk. Grasas y
Aceites 64:304–310.

Handbook of Food Analysis
Zhao, Y.Y., Xiong, Y., and Curtis, J.M. 2011. Measurement of phospholipids by hydrophilic interaction liquid chromatography
coupled to tandem mass spectrometry: The determination of
choline containing compounds in foods. J. Chromatogr. A
1218:5470–5479.
Zoeller, R.A., Morand, O.H., and Ratz, C.H.R. 1999. A possible role
for plasmalogens in protecting animal cells against photosensitized killing. J. Biol. Chem. 23:11590–11596.

Free ebooks ==> www.ebook777.com

24
Carbohydrates and Starch
Miguel Peris-Tortajada
Contents
24.1 Introduction.................................................................................................................................................................................509
24.1.1 Definition, Characteristics, and Properties....................................................................................................................509
24.1.2 Why Analyze for Carbohydrate Content?...................................................................................................................... 510
24.1.3 Regulations..................................................................................................................................................................... 511
24.2 Sample Preparation..................................................................................................................................................................... 511
24.2.1 For Nonchromatographic Analytical Methods.............................................................................................................. 511
24.2.2 For Chromatography and Related Techniques............................................................................................................... 512
24.3 Methods of Analysis................................................................................................................................................................... 513
24.3.1 Traditional Methods....................................................................................................................................................... 514
24.3.1.1 Physical Methods of Analysis......................................................................................................................... 514
24.3.1.2 Chemical Methods of Analysis....................................................................................................................... 515
24.3.2 Modern Methods............................................................................................................................................................ 517
24.3.2.1 Near-Infrared Reflectance.............................................................................................................................. 517
24.3.2.2 Chromatography............................................................................................................................................. 517
24.3.2.3 Biochemical Methods of Analysis..................................................................................................................523
24.3.2.4 Flow Injection Analysis..................................................................................................................................524
24.3.2.5 Capillary Electrophoresis...............................................................................................................................527
24.3.2.6 Sensors............................................................................................................................................................528
24.3.2.7 Other Techniques............................................................................................................................................530
24.3.3 Future Developments......................................................................................................................................................530
References............................................................................................................................................................................................. 531

24.1.1 Definition, Characteristics, and Properties

24.1 Introduction
Carbohydrates occur widely in foodstuffs. That is why knowledge of their qualitative and quantitative distribution in fruits,
vegetables, honey, alcoholic and soft drinks, dairy products,
meat and meat derivatives, and other natural matrices is essential, since they are involved in very important characteristics,
such as flavor, maturity, quality, authenticity, storage conditions
(sugars in their raw state diminish rapidly during storage at room
temperature), and so on. Therefore, the analysis of food carbohydrates has been dealt with and reviewed by several authors in
the last few years, as books or as chapters of books or as scientific papers in different journals [1–6]. This chapter then aims at
compiling and updating the existing methods for the determination of carbohydrates in foods. As an additional contribution, and
given its importance in many foodstuffs, special attention has
also been devoted to the analysis of starch [7,8], albeit through
specific, detailed remarks in each section of the chapter, instead
of as an independent section.

Carbohydrates are one of the major classes of food components
along with lipids and proteins. Although they are theoretically a
well-defined group of compounds, some confusion often happens
as to what constitutes a carbohydrate and what does not. Some
definitions are (a) primary oxidation products of polyvalent alcohols, namely, polyhydroxy-aldehydes or polyhydroxy-ketones;
(b) compounds containing carbon, hydrogen, and oxygen only
and in which hydrogen and oxygen are in the same proportions
as in water; and (c) compounds that contain carbon, hydrogen,
and oxygen with the empirical formula (CH2O)n, n being 5 or
6 but including some compounds deficient in oxygen and others containing nitrogen and sulfur. Fortunately, relatively recent
regulations (see further) have contributed to clarify this situation.
Table 24.1 summarizes several different classifications of carbohydrates for the purpose of food analysis.
For its part, and from a nutritional point of view, starch
[9,10] can be divided into glycogenic (“available”) and resistant starch, which is not absorbed in the small intestine. Starch
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Table 24.1
Different Classifications of Food Carbohydrates
Group

Contributors

Total soluble
carbohydrates
Total carbohydrates
Reducing sugars
Available carbohydrates
Aldehyde or ketone
Pentose, hexose, heptose

Glucose, fructose, galactose, lactose, maltose,
sucrose
Those mentioned above plus starch, gums,
pectins, cellulose, and hemicellulose
Glucose, fructose, galactose, lactose, maltose
All except fiber-type compounds

consists primarily of two components, amylose and amylopectin.
Amylose is a linear or very lightly branched polymer consisting of several thousand (1 → 4)-α-d-linked d-glucose units with
molecular masses ranging from 2 × 105 to 2 × 106. Amylopectin
is a much larger, highly branched polymer consisting of relatively short segments of (1 → 4)-α-d-linked d-glucan units
connected by (1 → 6)-α-d-glycosidic linkages, with molecular
masses ranging from 107 to 5 × 108. Plant starches typically contain 20%–30% amylose, but the amylose may range from 0% to
80%. In potato and some other species, a small fraction (<1%) of
the glucose residues in amylopectin are phosphorylated.
All foods, with few exceptions, contain carbohydrates, which
may vary in form from a simple monosaccharide to a more complex polysaccharide. The primary end-use of starch is also in
food products. Table 24.2 summarizes the most important food
carbohydrates along with their characteristics. It also briefly
describes where they are usually found. Carbohydrates (sugars)
are a major source of energy for the human body and their varied
functional properties are utilized by the food industry to enhance,
for instance, the palatability, acceptability and shelf-life of foodstuffs. There is thus a continuing need to monitor levels of carbo
hydrates in foods in order to predict and control the properties of
the food as well as the interactions of the components.

Although all sugars have similar densities in the dry state,
they differ significantly in other physicochemical properties. For
instance, viscosity increases with increasing molecular weight,
whereas osmotic pressure logically decreases. As for the crystallinity of sugars, it governs their textural characteristics as well
as the sweetness-impact response, since hydrogen bonding is
responsible for the packing of sugar molecules in the crystal cell
and subsequently for their solubility, availability for taste receptors, and notably low vapor pressures. This last property determines the high melting points of these substances. However, their
crystalline lattices are so strong that they often decompose without melting, thus originating an array of pyrolysis products, such
as those giving rise to sweet, syrupy, and caramel-type odors.
The dissolution of sugars in water is determined by the way
the sugar molecules disturb the solvent structure. This depends
mainly on the hydration shell surrounding each molecule, which
probably affects its taste characteristics.
Sweetness appears to be associated with sugars, although their
sweetening power is really very low compared to most of the
intense sweeteners. This characteristic depends on molecular structure and is determined specifically by the configuration at a single
chiral center in the sugar molecule. Therefore, only one change
in configuration at one carbon atom may make a sweet molecule
tasteless, or even bitter. Additionally, sweetness is modified by the
presence of other compounds; for example, when a carbohydrate is
mixed with a bitter substance (e.g., quinine sulfate), the bitterness
depresses the sweetness and conversely. In a similar way, the sweetness of sucrose is depressed by the sourness of citric acid.

24.1.2 Why Analyze for Carbohydrate Content?
Nowadays, the assay of carbohydrates is a very important criterion for the quality control of drinks and foodstuffs, especially in
dietary products. Other reasons for their determination include:
Monitoring of food-labeling claims
Analysis of sweeteners, bulking agents, and fat substitutes

Table 24.2
Most Important Food Carbohydrates
Name

Structure

Redox
Characteristics

Glucose

Monosaccharide

Reducing

Fructose

Monosaccharide

Reducing

Galactose
Sorbitol

Monosaccharide
Monosaccharide

Reducing
Nonreducing

Sucrose
Lactose

Disaccharide (glucose + fructose)
Disaccharide (glucose + galactose)

Nonreducing
Reducing

Maltose
Raffinose
Starch

Disaccharide (glucose + glucose)
Trisaccharide (glucose + fructose + galactose)
Polysaccharide (n times glucose)

Reducing
Nonreducing
Nonreducing

Remarks
Naturally very widespread in foods
Also present in glucose syrups and invert sugars
Found in most foods in small amounts
Higher concentrations in honey and fruit
Scarcely found in the free state in foods
Reduction product of glucose
Used mainly in foods for diabetics
Widely used in foods
Found naturally only in milk and dairy products
Used as a dusting powder for some baked goods
Found mainly in glucose syrups and malt extract
Found naturally
Used in foods as a filler and thickening agent
Naturally present in many foods
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Establishing authenticity
Fermentation monitoring in the production of alcoholic
beverages
The analysis of carbohydrates frequently involves not only the
determination of the total amount of sugar present in the sample
but often the identity, configuration, and conformation of the carbohydrate components as well. Therefore, since the interest of the
food analyst in the analysis of carbohydrates is principally in their
identification—foods usually contain a mixture of them and often
their derivatives—and quantitative evaluation, some knowledge
of the type of carbohydrate is required. Various excellent reviews
have been written on the subject and the reader is directed to these
for more detailed information [11,12]. In any case, some simple
qualitative tests may additionally be carried out.

24.1.3 Regulations
Two well-known international institutions, the Food and
Agriculture Organization (FAO) and the World Health
Organization (WHO) held a joint expert consultation on carbohydrates [13], during which some important recommendations
were issued, among them several concerning the analysis of food
carbohydrates, namely:
• The terminology used to describe carbohydrates should
be standardized by primarily classifying them by
molecular size (degree of polymerization or DP) into
sugars (DP 1–2), oligosaccharides (DP 3–9) and polysaccharides (DP 10+). Further subdivision can be made
on the basis of monosaccharide composition.
• Food analysis laboratories should measure total carbohydrates in the diet as the sum of the individual carbohydrates and not “by difference.”
• The analysis and labeling of dietary carbohydrate, for
whatever purpose, should be based on the chemical
divisions recommended. Additional groupings such as
polyols, resistant starch, nondigestible oligosaccharides
and dietary fiber can be used, provided the included
components are clearly defined.
The Association of Official Analytical Chemists (AOAC) has
adopted several methods for official action in the determination
of carbohydrates in most foodstuffs. The reader is then directed
to its last compendium of official methods [14] to update the official, recommended procedures. Depending on the type of food
to be analyzed, a determined method is proposed, some of them
with certain modifications with respect to the original procedure.
On the other hand, the American Association of Cereal Chemists
(AACC) has also approved standard methods for the determination of carbohydrates in cereals and derivatives. They have been
revised and updated [15], and are to be applied to nearly all products containing sugars. Similar action has been also taken by the
International Association for Cereal Science and Technology.
It should be remarked that, nowadays, the concentration of
carbohydrates must be given in almost all products labels [16] as
well as in some front-of-pack labeling if they are not naturally in
the product [17].

24.2 Sample Preparation
Regardless of the food product—and prior to the analysis—the
sugars in the food sample must be dissolved in water (extraction)
and separation or fractionation of food components may be necessary to remove interfering substances (cleanup).
Some factors will condition the choice of the cleanup procedure, namely: (a) the extraction solvent (usually water) employed
in the previous stage, (b) the concentration of the carbohydrates
present in relation to potential interfering compounds, and
(c) the complexity of the analyzed food. Additionally, the nature
of these interferents and the need to minimize the loss of analyte
during the cleanup will also become key aspects to be considered. In any case, and regardless of the final method chosen, it is
essential that the percentage recovery of the cleanup procedure
is determined. The most frequently utilized procedures can be
divided into two groups, according to the analytical methodology used later for quantitation.

24.2.1 For Nonchromatographic
Analytical Methods
For a general purpose, perhaps the most widely utilized method
consists of using clarifying (clearing) agents, whose function is
to eliminate colored compounds (which might interfere with the
passage of light through the solution), all optically active nonsugar substances (tannins, glycosides, and amino acids) and
other potentially interfering constituents (proteins, fatty acids,
etc.). These clarifying agents should affect neither the type nor
the composition of sugars in the final solution. In case of using
reduction methods, it is also essential to remove colloidal materials (proteins) which would prevent the proper growth of Cu2O
precipitate, and obviously, non-sugar, copper-reducing materials. Moreover, any excess of clarifying agent must be removed to
avoid undesirable interferences.
Rapid filtration, minimum error, and efficiency of clarification
are the main factors to be taken into account in the selection
of clearing agents. In any case, the minimum reagents should
be used, their amounts being governed by the intensity of color
and the quantity of organic materials. Table 24.3 summarizes the
clarifying agents most frequently used in carbohydrate analysis.
Another alternative, solvent precipitation, is often used when
the extraction solvent chosen has been water alone, since in this
case polar compounds such as salts and amino acids and salts
may contaminate the extract. Precipitation with an appropriate
solvent, for example, a mixture of acetate buffer/acetonitrile [18]
is then required. Water-soluble macromolecules also interfere
and may be removed to a considerable extent by simple precipitation with an organic solvent, for example, ethanol. Nevertheless
it may be problematic, since a proportion of the carbohydrates of
interest may become absorbed to the precipitated material, which
will be subsequently lost. On the other hand, the sugars must be
sufficiently soluble in the solvent used to avoid their precipitation
from the solution.
Acetonitrile precipitation has been the subject of some papers
dealing with the analysis of mono- and disaccharides in milk
and dairy products, oligosaccharides in soybeans and general
methods for sugars in foods. Aqueous ethanol has also been
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Table 24.3
Food sample

Clarifying Agents Most Commonly Used in Sugar Analysis
Name
Alumina cream

Major
Applications

Fructose-rich
products, for
example,
honey
Lead acetate
Plant extracts,
syrups, fruit
and vegetable
products,
nonalcoholic
beverages
In nearly all
Zinc ferrocyanide
[ZnAc2 + K3Fe(CN)6] products
Activated charcoal
In nearly all
products
Ion-exchange resin
White potatoes,
fresh leafy
plant materials
Phosphotungstic acid
Milk, cheese
extracts

Dry (if necessary)

Remarks
Not very efficient for highly
colored solutions
Recommendable for colloidal
suspensions
Neutral form used when
alumina cream fails to clarify
sufficiently. Basic form
unsuitable for solutions of
reducing sugars because of
precipitation
Good general clearing agent
Tends to adsorb sugars. Useful
for qualitative analysis
Used to remove potential acidic
or basic interfering substances

Dried sample
Extract with n-hexane
centrifuge
Extract
discard

Residue
Dry
Extract with 80% methanol
centrifuge

Extract
sugars

Residue
Gelatinize in boiling water
incubate with acetate
buffer (pH 4.8) and
amyloglucosidase
centrifuge

If large amounts of reducing
substances are present,
dilution may be required

frequently utilized in the extraction of lipids as undesirable components along with the carbohydrates. A further treatment with
chloroform will free the hydroalcoholic extract from the lipids.
In the particular case when starch is to be analyzed, Figure 24.1
summarizes the procedure utilized. The food is first extracted
with 80% hot ethanol to eliminate low-molecular-weight sugars,
followed by hot ethanolic KOH to remove interfering proteins
and fats. As a last step, the food is reextracted with 80% hot
ethanol and then heated to gelatinize the starch. The resulting
glucose is then determined as described later.

Supernatant

Residue
Dietary fiber

Starch
determination
as glucose

24.2.2 For Chromatography and Related Techniques

Figure 24.1 General schematic flowchart for sample pretreatment in the
determination of starch in foodstuffs.

Assuming that the reader knows the basic principles of chromatography (especially HPLC), it is well known that the presence
of some high- and low-molecular-weight ionic species in the food
material (and hence in its aqueous alcoholic extract) may seriously interfere in the chromatographic process. For example,
the risk of overlapping peaks increases when salts and/or amino
acids occur in the sample, since some of them under certain chromatographic conditions may elute very near to a carbohydrate of
interest [19]. On the other hand, proteins can become irreversibly bound to the columns resulting in a very rapid deterioration
of performance. In most of these cases, the use of a mixed-bed
ion-exchange resin permits the complete removal of all these
interfering species with no loss of carbohydrates. Nonetheless,
it has been observed that some ion exchangers tend to adsorb
sugars thus yielding low recoveries and decreasing the efficiency
of this process. Care must then be taken if they are to be used.
Ion-exchange cleanup methods have been used most commonly
with fruit-based products such as wines or juices where not only
proteins or amino acids but also organic acids are removed.
However, particular samples, for example, fermentation juices

need a more complex preparation because of the presence of
many degradation products.
Apart from ion exchange, the use of a chemically modified
silica (e.g., C18) has also become a common chromatographic
procedure for extract cleanup, either in an open column or, as
usually preferred, in the form of a Sep-Pak cartridge attached to
the end of a syringe. In this last way, once the aqueous carbohydrate extract is forced through the cartridge any nonhydrophilic
molecules (including proteins) will be retained and the carbohydrates will pass straight through. No decrease in their concentration will then take place in the extract. This method has
been advantageously employed when complex extracts are to be
obtained from direct extraction, as is the case of cereal products.
Despite its relatively high cost, this technique is straightforward
with a considerable simplicity and excellent yields with regard
to carbohydrate recovery. Unfortunately, these cartridges have
a limited useful life, since even their washing with hydrophobic
solvents cannot, in the long run, avoid the irreversible binding of
macromolecules.
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Table 24.5

 ample Pretreatment in HPLC Determination of Various
S
Carbohydrates in Different Foods

Major Methods of Carbohydrate Analysis

Carbohydrate

Sample
Pretreatment

Matrix

Method

Application Field

Physical
Refractometry
Polarimetry
Hydrometry

Total soluble carbohydrates
All soluble carbohydrates
Total soluble carbohydrates

Glu, Fru, Gal, Lac, Suc

Dairy products

Y

Glu, Fru, Suc

Cola drink

D

Xyl, Ara, Glu, Fru, Lac, Suc

Chocolate

E, D, F

Glu, Fru, Suc

Orange juice

D, F

Chemical

Glu, Fru, Suc

Vodka

D

Glu

Sugarless chewing gum

E, D, F

Glu, Fru, Suc

Potato extract

C, D, F

Xyl, Ara, Man, Glu, Fru, Gal

Coffee

E, D, F

Classical (Titration/Gravimetry)
Copper reduction
Reducing sugars, sucrose
Ferricyanide
Reducing sugars
Iodometric
Glucose, lactose, galactose, and maltose

Glu, Fru, Lac, Suc

Baby food

Y

Glu = glucose; Fru = fructose; Xyl = xylose; Ara = arabinose; Gal = galactose; Lac = lactose; Man = mannose; Suc = sucrose; C = comminution;
D = dilution; Y = dialysis; E = extraction; F = filtration; S = sonication.

Provided that the eluent utilized is compatible with both the
cleanup and the chromatographic separation, ion-exchange
can be employed in a guard column placed in-line between
the injector and the analytical column. This type of column
should remove all interfering compounds (which may give rise
to overlapping peaks in the chromatogram) without decreasing
the final resolution. Anyway, the use of guard columns is especially recommended when extracts from complex foods are to
be analyzed.
The technique of column switching may be considered as multidimensional chromatography, according to which the eluate
from the HPLC column (containing the analytes) is switched to
a second column where further separation takes place. In this
method, different column types are used, their selectivities being
also different. One typical example would involve the utilization of a column with a separation based on gel filtration (different molecular sizes) followed by the elution of the remaining
low-molecular-weight carbohydrates by means of a partition
column. Nonetheless, this case is far from being ideal mainly
for two reasons, namely: (a) dilution of the carbohydrate solution resulting from the first elution turns out to be unavoidable,
which will obviously affect both the resolution and the final sensitivity; (b) contamination of the first column (gel-filtration) as a
consequence of adsorption. Fortunately, the automation of this
procedure that has been reached so far guarantees, to a certain
extent, its success.
Table 24.4 shows a selection of sample pretreatment procedures in HPLC determination of various carbohydrates in different foods.

24.3 Methods of Analysis
Table 24.5 summarizes the most common methods for carbohydrate determination in foods, which will be described in the
subsequent pages. Special attention must be paid to the AOAC
official methods for the analysis of sugars and starches in foodstuffs [14].

Colorimetric
Nelson–Somogyi
Picric acid
Dinitrosalicylate
Phenol-sulfuric
Anthrone
Clegg-anthrone
Neocuproine
Triphenyltetrazolium

Reducing sugars
Reducing sugars, sucrose
Reducing sugars
All soluble carbohydrates
Free hexoses
Hexoses
Reducing sugars
Reducing sugars

Automatic
Flow injection analysis (FIA)

A great deal of carbohydrates

Physicochemical
Near-infrared reflectance (NIR)
Liquid chromatography (HPLC)
Gas chromatography (GC)
Capillary electrophoresis (CE)

Most carbohydrates
Nearly all soluble carbohydrates
Nearly all soluble carbohydrates
Most carbohydrates

Biochemical
Enzymes

Most carbohydrates

In the case of quantitative analysis of starch, both destructive and nondestructive methods have been proposed, most
current procedures being based on enzymatic degradation and
specific determination of liberated glucose by any of the methodologies shown later. Table 24.6 provides some examples of
Table 24.6
Examples of Recommended Methods for Starch Analysis
According to the Type of Food Analyzed
Food
Baking powder
Cacao products
Cereals
Confectionery
Food dressings
Fruits
Meat
Peanut butter
Prepared mustard
Roasted coffee
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Method
Redox titration of starch hydrolyzate
Redox titration of starch hydrolyzate
Colorimetry of starch hydrolyzate
Redox titration of starch hydrolyzate
Redox titration of starch hydrolyzate
Iodine–iodide (qualitative)
Redox titration of starch hydrolyzate
Gravimetry
Redox titration of starch hydrolyzate
Redox titration of starch hydrolyzate
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recommended methods for starch analysis according to the type
of food analyzed.
Resistant starch is poorly soluble in water and methods aiming
at a total starch analysis employ an initial 2 M potassium hydroxide or dimethylsulfoxide solvent treatment to disperse crystalline
starch fractions that would otherwise remain unhydrolyzed [20].
Methods for measuring resistant starch are still in their infancy
and must still be tested in formal collaborative studies, like those
which have taken place for establishing the repeatability and reproducibility of some enzymatic procedures [21]. They aim at simulating normal starch digestion in the small intestine. A key step
is to mimic the normal disintegration of the food which occurs
during chewing. One method makes use of a standardized milling/
homogenization technique, whereas others utilize standardized
chewing by volunteers. These approaches have been evaluated
with a limited number of food matrices, although a certain amount
of research work is currently in progress in this direction.

24.3.1 Traditional Methods
Classically, carbohydrates in foods were determined “by difference” after knowing the content of the other food components.
However, this has now become a redundant practice, since the
food industry demands more and more information on these versatile substances. Obviously, the accuracy of the “by difference”
method depends on the determination of the other food components and does not make any distinction between available and
nonavailable carbohydrates. The complete analysis of foodstuffs
may require the determination of several groups of compounds,
for example, simple sugars, reducing sugars, polysaccharides,
and fiber, all of which may play an important role in the quality
of the product. Developed to meet these demands, physical and
chemical methods for carbohydrate analysis are well established
and are still a common practice in many laboratories.

24.3.1.1 Physical Methods of Analysis
Physical methods generally determine some overall feature of
the sugars in the food, such as total carbohydrates. In addition
to being used in routine analysis, they may be utilized for the
on-line monitoring of certain manufacturing processes, since
these techniques are usually nondestructive. Nevertheless, the
results obtained may be affected by other compounds in the food
contributing to the particular measurement. For example, proteins occasionally affect reducing sugar determinations or amino
acids may contribute to optical rotation readings.

24.3.1.1.1 Refractometry
The ratio of the speed of the light in a vacuum to its speed in a
substance is referred to as the refractive index of the substance.
This speed is related to the temperature, composition, concentration, and purity of the substance. The index of refraction depends
on the density of a liquid and thus on the concentration of the
solute in the solution [22]. Therefore, the refractive index can be
used to determine the concentration of carbohydrate solutions
and the corresponding instruments (refractometers) may be calibrated with the refractive index or directly with sugar concentration scales [23]. For example, they are often calibrated in Brix,
a parameter that is numerically equivalent to % sucrose w/w; in
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this case, these instruments are utilized only with sucrose solu
tions. When only refractive index scales are available, tables are
required to obtain carbohydrate concentration. Modern refractometers are electronically controlled and (theoretically) free
from operator error, unlike older instruments which undoubtedly
needed a certain dexterity for their use. Measurements are usu
ally made at 20°C using the sodium D line as the light source.
Sucrose is most frequently used as the calibration medium for
the instruments and the readings expressed as % sugar w/w “as
sucrose” in the food. Obviously, such instruments are only accurate for pure sucrose solutions [24], although they are also widely
used for foods containing other sugars such as glucose syrups
or invert sugar, since the reading obtained may be corrected if
required; usually the reading is used as a reference value to the
sugar content (total soluble solids) of the solution. Corrections
should also be applied if solutes other than carbohydrates occur,
provided that their contribution to the reading is significant.
Finally, as mentioned above, the refractive index is heavily influenced by changes of temperature and wavelength of the light
source; thus control is necessary. Nevertheless this drawback
has been overcome by modern instruments, since their reading is
temperature-compensated.

24.3.1.1.2 Polarimetry
Compounds having a chiral center (e.g., an asymmetric carbon
atom) have the ability to rotate the plane of polarization of polarized light and the optical rotation is the angle through which the
light is rotated when the light passes through a solution of the
optically active compound. This is usually measured at 20°C
using light from a sodium lamp (λ = 589 nm corresponding to
the sodium D line). All sugars are optically active to a greater
or lesser extent depending on structural considerations [25] and
angular rotation is dependent on the concentration of the solution,
the length of the light path, the wavelength of the light source and
the temperature. This rotation may be positive (+) or negative (−).
Detailed descriptions of the instruments used (polarimeters) are
given in the literature.
Specific rotation [α ]TD is defined as follows:
[α ]TD =

100 α
lc

(24.1)

where
T = temperature (°C)
D = light from sodium D line (λ = 589 nm)
α = observed angular rotation
l = light path length in decimeters (dm)
c = concentration of carbohydrate (g/l00 mL or % w/v)
Specific rotation depends on the wavelength of the light source
used and increases with decreasing wavelength. Different operators may obtain different results using the same polarimeter. This
operator error can be eliminated through practice or by using more
sophisticated instruments in which the optical rotation is shown
on a digital display rather than depending on the observer first
matching two areas for shade and then obtaining a reading from
a scale observed down a telescope, with its related difficulties.
On the other hand, although specific rotation is theoretically a
constant for a particular carbohydrate, it slightly varies for some
sugars depending on the concentration used for the measurement.
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24.3.1.1.3 Hydrometry

Changes in Specific Rotation with Concentration

Hydrometry is seldom utilized for the greatest accuracy. Rather,
its usefulness depends on the ease with which determinations
of reasonable precision can be obtained. This method is then
applied to the analysis of carbohydrate solutions (not to foods
as such) provided that the precision of a refractometer is not
required [30]. Hydrometers are utilized to measure densities of
liquids and are commercially available in a wide variety of scales
and ranges, although the range of reading is generally small. For
this reason, a set of hydrometers is always at the operator’s disposal in every laboratory. They are often calibrated in weight %
sucrose and the readings of these hydrometers are referred to as
Brix. Hydrometers graduated in degrees Baumé are also used,
particularly when molasses or syrups containing both sucrose
and glucose are concerned. Additionally, other applications may
require other readings.
Readings may be affected by several important factors such
as temperature, surface tension, and the presence of surface
films. Temperature affects density and hence the readings; therefore, a careful control of this variable is required for accurate
results. Tables of corrections to be applied for temperatures other
than 20°C are available. In general, tables showing the relation
between density and % sucrose apply only to pure sugar solutions. However, much of the material that naturally occurs with
sucrose has been found to have a similar density and these tables
are used with relatively small error when working with mixtures
of carbohydrate solutions. Table 24.9 shows a comparison of densities of 10% w/w solutions of several common sugars.
Effects of surface tension result from the downward force on
the stem exerted by the meniscus. The liquid adhering above the
general liquid level has the same effect as adding to the mass of
the hydrometer. Accordingly, two liquids having the same density
but different surface tensions will give different readings. Hence
it is necessary to specify the liquid for which a hydrometer is
intended. Spontaneous formation of surface films may also cause
problems. In such cases, frequent stirring or an overflow arrangement to renew the surface are required for precise readings.

Specific Rotation and Concentration (g mL−1)
Carbohydrate
Glucosea
Sucrose
a

0.01

0.1

0.2

+52.383
+66.464

+52.711
+66.519

+53.108
+66.542

Glucose values are at mutarotational equilibrium (see text).

Glucose and sucrose have been taken as examples in Table 24.7
[26].
The temperature and the presence of inorganic species are two
factors to be taken into account since they may also influence
optical and specific rotations. The presence of inorganic species
usually presents less of a problem. All foods contain metal ions
and these will affect the optical rotation of the sugar solution to
a greater or lesser extent depending on the species, although the
effect is predictably greater at higher salt concentrations, which
are not usually found in foods.
Temperature may cause more serious inaccuracies in measurements and must therefore be controlled. For example, with an
invert sugar solution (glucose + fructose) using sodium light,
specific rotation is 0 at 90°C and −20 at 20°C.
Attention must also be paid to the phenomenon called “mutarotation” [27], which takes place when freshly prepared solutions
of some sugars change their optical rotation over a period of time
until a constant value is reached. It is caused by the existence of
α and ß forms of the carbohydrate which constitute an equilibrium when one isomer is dissolved in water. Ammonia catalyzes
this reaction and so does the heating to boiling of the solution,
although mutarotation is essentially complete after 16–18 h.
Additionally, when open chain and ring structures attain equilibrium involving both pyranose and furanose forms, changes in
optical rotation are also observed.
Table 24.8 shows some examples of applications of polarimetry in carbohydrate analysis.
Experimental details of the methods described above, details
of polarimeters and variations on the general principles of polarimetry such as saccharimetry may be found in the literature [28].
This technique has also been applied to the analysis of starch,
sample pretreatment consisting of either the Ewers acid hydrolysis or the CaCl2 dissolution method; the latter is deemed advantageous for ease of use [29].

24.3.1.2 Chemical Methods of Analysis
Unlike physical procedures, chemical methods are able to determine more specific features, for example, reducing groups.
Chemical analyses of foods in the past were frequently concerned with single sample analysis but more recently automated

Table 24.8
Several Cases of Practical Applications of Polarimetry in Sugar Analysis
Determination

Calculations

Single carbohydrate in solution

cx(% w/V) = αsol⋅100/αx⋅M⋅100

Sucrose in the presence of other
carbohydrates
Sucrose and one other carbohydrate

cs(% w/V) = αb.i – αa.i./Q
cx(% w/V) = 100 αsol – αs⋅cs/αx

Remarks
For example, fructose, glucose, sucrose. M = grams of solid sample in
100 mL of solution
Clerget–Herzfeld method. Optical rotation of the solution is measured
before and after inversion (enzymatic or acidic hydrolysis)
Concentration of sucrose previously determined by the Clerget–
Herzfeld method. Then, αsol = αs + αx

Abbreviations: cx = concentration of the carbohydrate; αsol = optical rotation of the solution; αx = specific rotation of the carbohydrate; cs = concentration of sucrose; αb.i. = specific rotation before inversion; αa.i. = specific rotation after inversion; Q = inversion divisor factor (depends on the clarifying agents used and the method of inversion); αs = specific rotation of sucrose. Path length = 1 dm assumed in all instances.
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Table 24.9
Comparison of Densities (20/4°C) of
Different Sugar Solutions (10% w/w)
Carbohydrate

Density

Glucose
Fructose
Galactose
Sucrose
Maltose
Lactose
Raffinose

1.0377
1.0385
1.0379
1.0381
1.0386
1.0376
1.0375

methods have been developed to meet the requirements for multiple food analyses. However, chemical methods also have certain
drawbacks insofar as they are destructive and time-consuming.
They may also suffer from additional problems such as involvement of other biological components with related structures.
Both quantitative and qualitative analyses may be required for
carbohydrates in foods. Although the former are usually of greater
importance, the qualitative determination of carbohydrates in
foods can provide valuable information on possible interactions
of occurring compounds; for instance, the presence of glucose
may be indicative of browning problems. Nevertheless, qualitative methods of analysis are widely described in most organic
chemistry books [31–33] and will therefore be omitted in this
chapter.
Carbohydrates usually have characteristic structural features
which can be utilized as a basis for identification or chemical
analysis. Free ketone or aldehyde groups have reducing properties and are able to reduce alkaline solutions of metal (principally copper) salts to the free metal or to the oxide. Alternatively,
a specific feature in the structure may exist, as with the amylose
portion of starch and its helical structure which, with I2, produces
a blue color. Lack of specific groups can similarly provide some
information; for example, lack of reducing power suggests the
presence of nonreducing sugars, perhaps sucrose. A wide selection of chemical methods for carbohydrate analysis is currently
available, although only those suitable for food will be described.
These are fewer in number and are usually restricted to the determination of reducing sugars, sucrose and starch. In general, two
groups may be considered: methods based on reducing properties
(classical methods) and those involving colorimetric reactions.

24.3.1.2.1 Classical Methods
What we know as “classical methods” are related to the determination of reducing sugars. Lane and Eynon’s titration method
has customarily been used for this purpose [14]. Equally to other
methods, it involves the reaction of reducing sugars with an
alkaline Cu2+ complex solution. Unfortunately, it is not without
limitations and a great deal of biological compounds interfere,
although many of the drawbacks were eliminated through some
modifications carried out by Khan [34] after a careful study of
this method. The main reaction is based on the reduction of
the cupric salt to cuprous oxide by the weak carbonyl group.
Alternatively, other methods involved other metallic cations
such as silver or mercury. By far the most widely used alkaline
copper salt solution is Fehling’s solution (or more precisely

Soxhlet’s modification), which actually consists of a mixture of
two reagents, namely, CuSO4 solution (Fehling A) and NaOH
and sodium potassium tartrate solutions (Fehling B) in equal
proportions. When the mixed Fehling’s solution is boiled with
a reducing sugar, the blue color (cupric tartrate) is discharged
and a red precipitate forms (Cu2O). According to the Lane and
Eynon titration, the titration of the Fehling’s solution with the
sample containing the reducing sugar takes place in a two-stage
process. First, the bulk of the carbohydrate solution is added,
then the remainder (usually less than 1 mL) is added dropwise.
Owing to the fact that the end point is not easy to be observed, an
internal redox indicator is commonly used toward the end of the
titration—methylene blue being the usual choice. By reference
to standard tables, the concentration of various reducing sugars
can be determined. Different tables are necessary for each reducing sugar since each one of these carbohydrates is degraded differently under the alkaline conditions of the reaction. Moreover,
the official methodology clearly states that the different reducing sugars differ in their reducing power. Nevertheless in the
late 1970s, the method was modified by the Laboratory of the
Government Chemist [35], London, to avoid the use of tables.
The Lane and Eynon titrimetric procedure is the cornerstone
of an empirical method developed to provide quantitative results
and requires standardized experimental conditions according to
which a volume of carbohydrate solution is titrated against either
10 or 25 mL of Fehling’s solution. Important variables such as the
concentration of reactants, heating time and temperature affect the
results and must therefore be carefully controlled. Additionally,
sugar solutions must be near neutral and neutralization is necessary after acid inversion; on the other hand, no other potentially
interfering agents (i.e., reducing substances) should be present.
Although the Lane and Eynon titration only determines reducing sugars, a simple modification enables it to measure sucrose.
After the initial determination of reducing sugars, a sample of
the sugar solution is hydrolyzed using either hydrochloric acid
or invertase. This converts sucrose into a mixture of glucose and
fructose (invert sugar) and by remeasuring reducing sugars the
percentage of sucrose can be calculated.
Alternatively, the cuprous oxide may be filtered off after the
reaction is complete and further treated as in a conventional
gravimetric procedure.
The basic method has also slightly been changed by making
use of alkaline copper citrate rather than tartrate, with sodium
carbonate providing the alkaline environment. It is then known
as the Luff–Schoorl method. The modification is as follows: an
excess of the reagent is added to the carbohydrate solution and,
after the reduction reaction is complete, the excess copper citrate
is reacted with excess KI and the liberated iodine is titrated
with Na2S2O3 using starch as an indicator near the end point.
By subtraction of a blank, the amount of copper solution reacted
with the sugar solution can be obtained. This procedure has the
advantage that fructose, glucose, and invert sugar are calculated
from identical tables.
In the Munson and Walker method [36], a known volume of
carbohydrate solution is heated under standard conditions with
excess Fehling’s solution. The Cu2O precipitate filtered off may
be washed, dried, and weighed giving percentage sugar by gravimetric calculation or alternatively titrated against either Na2S2O3
or KMnO4 after being dissolved in an appropriate solvent. In the
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first case, the oxide is dissolved in HNO3 where it is oxidized to
cupric nitrate. Excess potassium iodide is added and the equivalent amount of iodide undergoes oxidation to iodine, which is
then titrated with Na2S2O3 as mentioned above [37]. If the alternative of the permanganate titration is chosen, the precipitate is
dissolved in acidified Fe2(SO4)3 and then the Cu+ ions reduce the
ferric iron to ferrous, which is finally titrated with permanganate.
Occasionally, this method gives rise to unexpectedly low results
because of the oxidation of Fe2+ under the acidic conditions,
although this loss can be reduced if the ferric sulfate is acidified
after addition of the Cu2O.
In case of iodometric titrations [38], iodine oxidizes aldoses
rather than ketoses at alkaline pH values, I2 being transformed
into IO− and excess iodine titrated with thiosulfate. The reaction
is nearly stoichiometric and may be used to determine glucose,
lactose, and galactose in the presence of fructose.
Reducing sugars may also react with alkaline Fe(CN)3−
6 (above
pH 10.5) if heated forming a ferrocyanide derivative, which reacts
with Fe3+ salts to give rise to Prussian blue. Then the excess ferricyanide can oxidize potassium iodide to produce iodine, which
is titrated with sodium thiosulfate [39].
Jacobs reported other methods that may be utilized to determine reducing monosaccharides in the presence of reducing
disaccharides, and fruc
tose when aldoses and sucrose occur
[40]. Some authors have also proposed an alternative to measuring copper oxide based on the determination of unreacted copper using a copper ion selective electrode; previously, a known
excess of copper salt and reducing sugar were allowed to react.
This procedure has been successfully applied to the determination of reducing sugars in several foodstuffs such as fruit juices
and marmalade [41].
Finally, the literature reports other modifications of the basic
method [42] including an electrogravimetric procedure according to which the copper oxide is dissolved in HNO3 and deposited on a platinum electrode, whose weight gain is related to the
reducing sugar content of the sample solution.

24.3.1.2.2 Colorimetric Methods
Copper(I) ions form with neocuproine (2,9-dimethyl-1,10-phenanthroline) an orange water-insoluble complex in the pH range
3–10, which is soluble in ethanol on brief shaking [43]. The socalled Neocuproine method is then based on the reduction of
the CuII-neocuproine reagent (prepared by mixing an aqueous
copper(II) sulfate solution with an ethanolic neocuproine solution) by reducing sugars, the resulting product (CuI-complex)
showing maximum absorption at 457 nm. The reaction of copper
with neocuproine is specific and the determination is unaffected
by the presence of many elements.
According to the anthrone method, most carbohydrates—
above all hexoses—react with anthrone (9,10-dihydro-9-oxoanthracene) under acidic conditions (concentrated H2SO4)
to produce a blue/green color [44]. The reaction takes place
between the dehydration products of the sugar, furfural and
hydroxy methyl furfural, forming condensation products with
the anthrone. The reagent is most stable in strong (not quite
concentrated) acid. The method is also able to determine different carbohydrates by merely changing the acid concentration
and the temperature of heating. A modification to the standard
technique, known as the Clegg-anthrone method, is based on the

previous digestion of the food with perchloric acid. Thereafter,
any disaccharides, trisaccharides, and higher oligomers will be
hydrolyzed to their component reducing sugars and these react
with the anthrone reagent [45].
The Nelson–Somogyi method [46,47] carries out the determination of reducing sugars using arsenomolybdate/copper reagent.
Copper(II) ions are initially reduced to the cuprous form by heating with the carbohydrate solution and the resulting Cu+ further
reduces the arsenomolybdate to molybdenum blue, which is then
spectrophotometrically measured at 820 nm. Several species are
known to interfere with the determination, for example, ammonium ions. Previously, Shaffer and Somogyi used an iodimetric
procedure to determine reducing sugars [48].
Another typical colorimetric assay, the phenol-sulfuric method
[49], involves two stages: dehydration of sugars to furfural and
hydroxy methyl furfural with concentrated H2SO4 and condensation of these substances with phenol to produce a yellow color, its
intensity being proportional to the carbohydrate concentration.
This method has a high sensitivity and is therefore utilized to
analyze eluates from paper chromatograms, for example, where
microgram quantities of sugar occur. The results obtained are
given as total carbohydrates although different sugars give rise to
different intensities of color depending on the way in which they
are dehydrated by the acid.
Reducing sugars also react with 3,5-dinitrosalicylate in alkaline solution giving red/brown colors which may be measured
colorimetrically [50] or with picric acid in alkaline solution to
produce red picramates which can also be monitored spectrophotometrically. The latter is known as the picric acid method [51].
Finally, 2,3,5-triphenyltetrazolium chloride or bromide may
react with reducing sugars at pH values above 12.5 to yield a
pink/violet/blue color (depending on the sugar) as a result of the
formation of triphenylformazon [52].

24.3.2 Modern Methods
Table 24.10 summarizes a comparison of modern instrumental
techniques applied in the determination of food carbohydrates,
which will be discussed in this section.

24.3.2.1 Near-Infrared Reflectance
Spectroscopic measurements in the near-infrared region of the
electromagnetic spectrum have often been used in qualitative
and quantitative analysis of both simple and complex carbohydrates (including starch) in a wide range of foodstuffs [53] since
1970s. This technique (which relies effectively upon chemometrics) is straightforward with a great potential, given its advantages in terms of the minimal sample preparation required prior
to the spectroscopic measurement.
A detailed description of the technique and especially its applications in the analysis of food carbohydrates can be found in the
bibliographic references at the end of the chapter [7,8], to which
the reader is directed if background information is required.

24.3.2.2 Chromatography
Numerous books, reviews, and papers have been written on this
subject and its application in food analysis [1,2,5,54,55]. The
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Table 24.10
Comparison of Modern Instrumental Techniques Applied in the Determination of Food Carbohydrates
Technique
NIR
GFC
IEC
PC
GC
FIA
CE
MALDI MS
SSI

Advantages

Disadvantages

Minimal sample preparation
Easy characterization of starch and other polysaccharides
Use of water as eluent
Good peak resolution
Higher sensitivity than HPLC
Recommendable for process monitoring; good sampling frequencies
and low sample and reagent consumption
High speed of analysis, resolution, and efficiency
Very interesting for measurement of protein–carbohydrate complexes
Ideal for thermally unstable carbohydrates; low detection limits

Expertise on chemometrics is required
Relatively long analysis times
Long analysis times
Short lifetime of stationary phases
Derivatization required
Some experimental parameters need to be often optimized
The determination of starch is not sufficiently developed
Relatively poor reproducibility of signals
Complex instrumentation

NIR = near-infrared reflectance; GFC = gel filtration chromatography; IEC = ion-exchange chromatography; PC = partition chromatography;
GC = gas chromatography; FIA = flow injection analysis; CE = capillary electrophoresis; MALDI MS = matrix-assisted laser desorption/ionization
mass spectrometry; SSI = sonic spray ionization.

earlier methods of paper chromatography (PC) and thin-layer
chromatography (TLC) have now largely been replaced by highperformance liquid chromatography (HPLC) and gas chromatography (GC) which, in general, provide more rapid analyses
with greater precision and specificity. Neither PC nor TLC are
suited to automation and their resolution and speed of analysis
are usually lower than that attained by HPLC and GC techniques.
Nevertheless, it must be borne in mind that for multiple samples,
where only qualitative or semi-quantitative data are required, PC
or TLC may still be the most suitable option [56].
Table 24.11 shows the various factors involved in the comparison between HPLC and GC methods, although the method of
choice may ultimately depend on the nature of the sample [57]. A
detailed review [58] illustrates the pros and the cons of both types
of chromatography when applied to the determination of sugars
in the same matrix by separate methods, simultaneous analysis
of one extract with a single injection, either by GC with a single
detector (FID or MS) or by HPLC, with single or dual (UV, RI)
detectors. The general conclusion was that GC gave better selectivity, higher sensitivity, and a wider range of compounds analyzed, but that, in simpler (in fact more frequent) cases, where
only two or three compounds were to be determined, HPLC of
the underivatized samples was preferable. In global terms, a survey of the literature reveals that reports are weighted in favor of
HPLC methods, although GC continues to have a place in food
carbohydrate analysis.
Table 24.11
Comparison between HPLC and GC for Carbohydrate Analysis
HPLC
• More suitable for the determination of
medium- and high-molecular-weight
polysaccharides
• Shorter (50%) analysis times
• Higher recoveries of greater accuracy
• Directly applicable to sugar samples

GC
• Far more sensitive

• Allows separation of α
and β anomers
• Preferable for
monosaccharides
• Derivatization required

Both techniques need careful sample treatment. In HPLC, this
stage involves extraction (100% efficient or at least of known efficiency) and cleanup (interfering compounds must be removed but
not the analyte); GC requires the use of dual solid-phase columns
[59], hexamethyldisilizane and o-trifluoroacetyl [60], and other
procedures for extraction purposes, as well as derivatization of
the sugars (preparation of a volatile derivative in quantitative
yield). In this last case, the bibliography indicates the predominance of the o-trimethylsilyl (TMS) derivatives for carbohydrate
analysis, although both acetates and trifluoroacetates have also
been used.

24.3.2.2.1 High-Performance Liquid Chromatography
The chronology of the development of the different modes
of liquid chromatography (which will be commented on next)
employed for carbohydrate analysis in foodstuffs began with
gel filtration, followed by ion exchange, and finally by partition
(bonded phases) [2]. Table 24.12 summarizes the main developments in this field [61].
Gel filtration was the first successful column separation,
although time-consuming analyses and poor resolution have
always been two major drawbacks, especially taking into account
that the earliest gels (usually Sephadex or Bio-Gel) applied to
carbohydrate analysis were nonrigid and thus could not be used
under high-resolution conditions. Nevertheless, the situation
changes significantly when simple or very heterogeneous (in
terms of molecular size) carbohydrate mixtures are to be chromatographed; in this case, satisfactory results can be obtained.
On the other hand, long analysis times can be shortened by utilizing a wide range of commercially available rigid gel-filtration
media, which permit higher flow rates and pressures. Advantage
has been taken of this procedure, most notably in the characterization of starch and other polysaccharides [62].
Both anion- and cation-exchange resins have traditionally
been utilized in carbohydrate analysis. The former is based on
the fact that, in strong alkaline mobile phases, sugar anions are
separated on a positively charged strong anion-exchange resin.
Subtle differences in pKa values (see Table 24.13) of the hydroxyl
groups of the carbohydrates allow for an efficient separation of
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Table 24.12
Major Types of Chromatographic Separations in Sugar
Analysis (According to the Stationary Phase)
Bare silica gel
In situ amine impregnated silica gel
Amine- or amide-bonded phases
Diol- and polyol-bonded silica gel
Anion exchangers
Cation exchangers
Octadecyl bonded phases
Copper silicate gel
Cyclodextrin bonded phases
Hydroxyapatite covered silica
Graphitized carbon

low-molecular-weight saccharides. Owing to the extreme alkaline conditions only polymeric anion-exchange columns (usually
based on polystyrene-divinylbenzene resins) are suitable for carbohydrate separation. The retention time of sugars is inversely
correlated with the pKa value and increases significantly with
molecular weight. Under those circumstances, the elution order
on such anion-exchange columns is generally as follows: sugar
alcohols elute first, followed by mono-, di-, tri-, and higher oligosaccharides. However, ion-exchange chromatography has
recently been superseded by the use of partition systems, mainly
because of the fact that the former involves long analysis times
as well as the need to operate the column at high temperatures,
whereas the latter improves the separation of higher molecularweight oligosaccharides.
Typical applications of ion exchange in sugar analysis include:
(a) complexation of borates, which accentuates ionic interactions
with the exchanger; (b) use of hydroorganic eluents, especially
acetonitrile/water, with rigid, fine particulate anion columns; (c)
use of basic eluents, since most carbohydrates are weak acids,
see Table 24.13, with pKa values of 12–13; (d) complexation with
cations, Pb2+, Ca2+, and Ag+ being the most frequently employed;
and (e) the use of cation exchangers in a heavy metal form, for
example, Aminex HPX-85.
New advances in the development of ion-exchange resins have
made possible their use at higher flow rates with a consequent
reduction in analysis time. On the other hand, ion-exchange
Table 24.13
Dissociation Constants of Major Mono- and
Disaccharides in Water at 25°C
Compound
Glucose
Fructose
Galactose
Sorbitol
Mannose
Arabinose
Xylose
Ribose
Sucrose
Lactose
Maltose

pKa
12.28
12.03
12.35
13.60
12.08
12.43
12.29
12.21
12.51
11.98
11.94

systems can readily separate glucose, mannose, and galactose,
which is a problem area with partition systems. Finally, another
important advantage of “ion-exchange” over partition systems is
that the former normally uses water as the eluent, which avoids
all the potential toxicity problems associated with the use of acetonitrile in the latter.
In spite of the recent popularity of HILIC (hydrophilic interaction liquid chromatography), its interaction mechanisms are
still not fully understood [63], the most common mobile phases
must be mostly organic [64,65], and the stationary phases are
not compatible with high-temperature elution. Alternatively, a
graphitized carbon column has gained importance in carbohydrate determination in foods [66]. This column is compatible
with high-temperature liquid chromatography (HTLC) using
pure water as the mobile phase considerably reducing the time of
analysis [67–69] since the use of high temperatures (i.e., >100°C)
gives rise to the shortening of the analytes retention times [70]
without degradation in resolution. This is achieved thanks to
the increase in the analytes diffusion coefficients caused by the
reduction in the mobile phase viscosity [71].
Moreover, by raising the temperature of the column, it is possible to use only water as the mobile phase, thus avoiding the
use of organic solvents (an environmentally friendly technique).
Nevertheless, one of the drawbacks of HTLC is that most of the
stationary phases are degraded when they are subjected to high
temperatures. Fortunately, there are some columns available in
the market that are stable at temperatures above 150°C [68].
Partition systems (partition chromatography) employing polar
bonded-phases are now the cornerstone of HPLC analysis of
carbohydrates in foodstuffs. In this case, the emergence of stationary phases with low dispersion silica microparticles gave a
spectacular start to the use of this separation procedure. Aminebonded silica gels are the most frequently utilized systems for
mono- and oligosaccharide separations, silica being usually
bonded by a primary amine and, to a lesser extent, by secondary and tertiary amines. However, care must be taken to avoid or
minimize the formation of Schiff bases between reducing sugars and the amino moieties. Additionally, the lifetime of these
amino-bonded phases remains quite short because of a certain
degree of phase hydrolysis, although this problem may be greatly
overcome by making use of trifunctional-silane (e.g., 3-aminopropyltriethoxysilane) bonded phases or, alternatively, an eluent
recycling system to extend the column life [72]. In addition to
facilitating good steric accessibility to the amino group, the propyl spacer arm may also provide the phase with some hydrophobic character, which, under certain eluent conditions, can give
rise to unexpected elution sequences. This behavior is, however,
rarely found with carbohydrates unless they are derivatized to
increase their hydrophobicity.
Theoretically, a wide range of polar mobile phases could
be used with these polar amino-bonded phases, water being a
major component to ensure adequate solubility of the sugars.
Nonetheless, the eluent is usually an acetonitrile/water mixture,
the relative proportions of which can alter the retention times (the
less complex the carbohydrate molecule is, the more percentage
of acetonitrile is required). This is especially surprising if we
consider the following aspects: (a) in terms of polarity, solutions
of aqueous methanol of equivalent eluting power can be prepared but providing higher solubility for monosaccharides, (b)
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aqueous solutions of acetonitrile are toxic and in confined spaces
can produce explosive vapors (no vessel containing acetonitrile
should be left open to the atmosphere, including those for waste
solvent). Efforts have been made to find a suitable alternative eluent, including ethyl acetate/ethanol/water and dichloromethane/
methanol [73], but none of them has shown any improvement
over aqueous acetonitrile.
Several new phases applied to maltosaccharide analysis which
seem to be promising have been described in the literature, for
instance, a silica phase covered with polymeric polyamine resin
or an entirely polymeric resin containing an amide function
[74]. In any case, partition chromatography is mainly restricted
to the utilization of polar-bonded phases as described above.
Nevertheless, there have been a certain number of applications of
reversed-phase chromatography, which permit relatively simple
separations to be achieved. Octadecyl-bonded silica phases are
the most widely used, although few applications involve carbohydrate analysis. Its interest lies rather in the analysis of derivated
sugars, where the selectivity increases.
Attention should also be given to ligand-exchange chromatography for the separation of monosaccharides, disaccharides,
and oligosaccharides up to 11 glucose units long. The principle
behind this technique is that each of the hydroxyls on a sugar
molecule carry a very slight negative charge. The hydroxyl group
on the anomeric carbon can be deprotonated and have a strong
negative charge. It is the interaction between these negative
charges on the sugar molecule and the positive charge contributed by the metal ion secured to the resin surface that causes the
sugars to be retained and thus separated. Ligand exchange resins
are highly sulfonated cation exchange resins that have group 1,
2 or transition series metals loaded on. The sulfonic acid groups
on the resin tightly hold the metal ions via an ionic attraction so
that it is not released during analysis or through the life of the
column. It is this metal ion that provides the positive charge that
interacts with the negative charge on the sugar.
During analysis, the carbohydrates are introduced onto the
column, where they are attracted to the metals via an ionic interaction; thus they become weakly bound to the metal ion on the
resin. Water will also have a weak ionic interaction with the metals on the column, so the water will exchange with the sugars on
the metal sites. This ionic adsorption and desorption occurs for
the sugars through the column. Since the ionic charge is different for every sugar, separation of the sugars occurs. Selectivity is

easily controlled by the resin type, the metal selected, and other
factors such as the temperature and mobile phase.
Finally, in spite of the fact that adsorption chromatography
is not generally associated with carbohydrate analysis, some
applications are found in the literature where silica gel has been
employed either directly or indirectly (after modification of the
phase or the analytes). The use of silica gel for this purpose
involves a polar eluent such as ethylformate/EtOH/H2O (6:2:1,
v/v/v) and has been applied to the chromatographic separation of
some mono- and disaccharides.
Precolumn derivatization has been a widely used resource in
adsorption chromatography of carbohydrates, although it alters
their related properties and in some cases their detectability.
The derivatization allows the use of scarcely polar eluents, for
example, hexane/ethyl acetate (2:1, v/v) since it greatly reduces
the polarity of the carbohydrates. Another important advantage
is the fact that these derivatives are straightforward with a high
absorption in the ultraviolet region and thus a higher sensitivity is
achieved with respect to the use of refractive index detectors. On
the negative side, one of the most outstanding features of HPLC
in carbohydrate analysis when compared to GC, the possibility
of avoiding derivatization, disappears.
Other proposals include the introduction of an amine into the
eluent so that, unlike in bonded phases, preparation of the amino
phase takes place in situ. This competes advantageously in terms
of degradation of the column, since with this procedure, columns
may be immediately repaired by recoating and therefore losses in
performance are minimized and even avoided.
As far as detection is concerned (see Table 24.14 for a comparison of the different methods utilized), it has always been a
problematic issue in HPLC analysis of carbohydrates. For many
years, only the refractive index detector could be used without
significant problems, since other alternatives such as fluorescence and UV-V detectors required a previous derivatization of
the sugars (they do not fluoresce and only absorb at low wavelengths). Derivatization techniques, either pre- or post-column,
were thus nearly a “must” in this field. Fortunately, new detection
systems have been proposed in the last two decades and these
have partially solved the difficulties, although detection still
remains far from ideal.
Colorimetric and ultraviolet detection in sugar analysis need
to resort to derivatization techniques because these compounds
are colorless and do not have easily exploitable UV chromophore

Table 24.14
Comparison of Major Detectors Used in HPLC Determination of Food Carbohydrates
Detector
RI
UV-V
ELS
PA
PL

Advantages

Drawbacks

It is universal
The derivatization required favors separation of sugars
from interfering compounds
High sensitivity and flexibility; independence of
temperature changes
Low detection limits; compatibility with gradient elution
High selectivity in case of complex food extracts

It is nonspecific, responses being altered by several experimental factors
Carbohydrates are colorless and lack UV chromophore groups

RI = refractive index;
PL = polarimetry.

FL = fluorescence;

UV-V = ultraviolet-visible;

The complex nature of response curves can adversely effect quantitation
including reproducibility and accuracy
Response heavily depends on the nature of the carbohydrate
Lesser sensitivity
ELS = evaporative

light

scattering;

PA = pulsed

amperometry;

Free ebooks ==> www.ebook777.com
521

Carbohydrates and Starch
RC
CC

P

D

IV
R
E
Figure 24.2 Configuration used for postcolumn derivatization detection
in HPLC. E = eluent; P = HPLC pump; IV = injection valve; CC = chromatographic column; R = pump reagent; RC = reaction coil; D = detector.

groups. Postcolumn reactions are then required to produce
derivatives for detection in the visible and UV region. Different
colorimetric methods have been utilized, many of which are
based on the reaction of orcinol in concentrated sulfuric acid.
Another alternative is the use of tetrazolium blue as a reagent
for detecting reducing sugars, although sorbitol, sucrose, or raffinose (nonreducing properties) would demand a preliminary
hydrolysis. This growing trend toward the use of derivatization
procedures can be partly explained by the increased demands
for a sensitive and selective detector for carbohydrates (given the
low sensitivity of the refractometric detection) and there is no
doubt that it may continue in the near future. Figure 24.2 shows
a scheme of the configuration used for postcolumn derivatization
detection.
An alternative approach, which additionally favors the separation of sugars from interfering compounds, is the precolumn
formation of the derivatives; in this case, trace sugar detection
is sometimes possible, as nmol or pmol orders are approached.
Examples include the use of dansylhydrazine (with either fluorimetric or colorimetric detection) and 1-phenyl-3-methyl-5-pyrazolone (UV absorption or electrochemical detection).
The refractive index detector is still the most widely used
detection method for carbohydrates, in spite of its lack of sensitivity. It has the advantage of being universal and some of its
drawbacks can be avoided by suitable sample preparation. This
low sensitivity does not offer a big problem in most foodstuffs,
since carbohydrates often occur as major components and levels of individual sugars down to 0%–5% may be quantified.
Nonetheless, the situation dramatically changes when trace
amounts are present, due to the fact that the refractometric detector is nonspecific and its response may be altered by (a) changes
in environmental conditions, such as temperature, pressure, composition, and even levels of dissolved air, (b) any dissolved solute (e.g., salt) that will produce a peak irrespective of its nature,
which may appear near a carbohydrate of interest giving rise to
confusing peak assignments. Furthermore, its principle of operation with a reference cell for the mobile phase rules out any possibility of making use of gradient elution. On the other hand, the
response factor depends on the nature of the solute [75] as well
as on the flow rate of the eluent.
As a consequence of all these factors, some steps must be
taken when using the refractive index detector, namely: (a) solvent delivery must be degassed and pulse-free, (b) the composition of the mobile phase should remain constant during a single
run (isocratic elution), (c) the detector must be carefully thermostated, and (d) the temperature of the column must also be
kept constant, since a variation may affect the equilibrium of the

solvent components between both phases and therefore the composition of the eluate from the column.
Some firms are now introducing more sensitive refractometric detectors, most of them based on interference effects with an
increase in sensitivity. They offer low detection limits and some
of them have even been adapted for gradient elution, which was a
major disadvantage of this type of detector, especially in the case
of complex mixtures or for mixtures containing carbohydrates
with a wide range of molecular weights, as in glucose syrups.
Nevertheless, they are still very susceptible to environmental
changes.
It is commonly accepted among chromatographists that ultraviolet detection does not offer significant advantages over the
refractometric detector. One of the main problems is that most
other organic components encountered in foodstuffs also absorb
at the monitoring wavelength at which carbohydrates show an
acceptable absorbance (190–210 nm), as well as the usual eluents. Therefore, on the one hand, the sample extract must be
completely purified, since the slightest interference can render
chromatograms unusable. On the other, only aqueous acetonitrile of a suitable grade can meet the transparency requirements
in this region of the spectrum. Obviously, because of this high
absorbance of organic compounds, it is difficult or even impossible to use elution gradients if a certain sensitivity is required,
since a considerable shift in baseline would be unavoidable.
It should also be noted that, in the case of direct UV detection, molar response factors depends on the nature of the eluted
carbohydrates, the limit of detection of simple sugars varying
from 1 to 12 μg.
The evaporative light scattering detector (ELSD), also known
as “the mass detector,” is gaining popularity in today’s HPLC; it
offers sensitive detection of any sample that is less volatile than
the mobile phase. ELSD is an evaporative analyzer in which the
mobile phase is removed by nebulization and evaporation prior to
the determination of nonvolatile carbohydrates by light scattering. Unlike the refractive index detector, it allows gradient elution
(eluent is removed before detection) and is more sensitive. The
detection limit can go up to a few tens of nanograms injected.
Another important advantage over the above-mentioned detection systems is that the detector response varies very little with
the nature of the carbohydrate. Additionally, it is straightforward
with a great flexibility of use given the absence of baseline drift
and its rapid equilibration. And last but not least, it is not sensitive to temperature changes nor to variations in the mobile phase
flow. The former may be of great importance to prevent the possibility of thermal degradation of the sugars. In this sense, evaporation temperatures as low as 35°C have successfully been tested.
It should also be remarked that the hyphenation HTLC-ELSD
has shown to be a good alternative to the existing methods for the
determination of mono- and disaccharides in food samples (e.g.,
oranges and mandarins) with very good results in terms of analysis time, S/N (signal-to-noise ratio), and limits of detection [76].
Electrochemical detectors in HPLC have encountered many
applications in the analysis of foodstuffs. Nonetheless, although
single potential instruments provide excellent S/N values and
selectivity, they are not recommendable for sugar detection
since electrochemical reaction products contaminate the surface of the electrode by depositing on it. Fortunately, the use of
a pulsed amperometric detector (PAD) overcomes this problem
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and allows specific electrochemical detection without derivatization, by direct oxidation on a gold electrode in a highly alkaline
medium. It is based on a three-step potential cycle lasting a few
fractions of a second; the –OH groups can be oxidized at the first
potential, the gold electrode surface is then oxidized to remove
reaction products and then finally reduced to its initial state by
the application of the third voltage.
This detection system is coupled with anion exchange chromatography [77,78], which has the same alkaline pH requirements.
The sensitivity of PAD is considerably higher than that yielded
using the refractometric detector, the detection limit being of the
order of 10 pmol. On the other hand, its response also depends
heavily on the nature of the carbohydrate. All in all, this technique requires no sample derivatization and is compatible with
gradient elution; this and other features make anion exchange
chromatography with PAD especially suitable for the analysis of
starch and complex food carbohydrates [79,80], as well as for the
determination of sugars in fermentation broths corresponding to
the production of alcoholic beverages such as beer or wine [81].
The polarimetric detector takes advantage of the optical activity of carbohydrates. The high selectivity of this procedure is
advised for use especially in the case of complex food extracts
where other components would interfere with ultraviolet or
refractive index detection. However, a major disadvantage is its
lesser sensitivity. The use of immobilized enzymes with detection by fluorescence or electrochemistry has also been applied in
fermentation juices and other particular cases [82].
Indirect conductimetry with a mobile phase containing polyolborate complexes allows a detection limit of 10−5 mol of carbohydrate. A lower sensitivity is reached with the moving-wire
detector (transport by wire and detection by flame ionization),
although it allows gradient elution. Detection by radioactivity
has also been described in very specific applications.
Finally, other detectors have been proposed in the literature
for the liquid chromatographic determination of sugars in foodstuffs, such as Fourier transform infrared spectroscopy [83] and
charge aerosol detector (CAD) [84,85]. The latter is based on the
nebulization of the solution leaving the column and the evaporation of the mobile phase as the aerosol goes through a heated
tube, but unlike the ELSD, it measures charged particle flux.

24.3.2.2.2 Gas Chromatography
GC methods have been applied to a wide range of determinations of both naturally occurring carbohydrates and those added
during food manufacture. The first essential requirement for carbohydrate analysis by GC is the preparation of a volatile derivative in quantitative yield. A second requirement is that a mixture
of derivatives, for example, monosaccharides, be completely
resolved upon analysis. This is further complicated by the presence of up to five forms of a saccharide due to anomeric and ring
isomerizations, giving multiple peaks upon chromatography.
Even in cases where complete resolution is obtained, quantitation of the chromatogram requires measurement and summation
of all the peaks thus increasing the overall error in the determination. The preliminary modifications of saccharides designed to
produce single peaks for each saccharide and the range of volatile derivatives are summarized in Table 24.15.
Nevertheless, there is no universally applicable procedure for
preparation of carbohydrates for GC which is suited to all types

Handbook of Food Analysis
Table 24.15
Volatile Derivatives for GC Analysis of Food Carbohydrates
and Their Reduced or Oximated Modifications
Preliminary Conversion
1. Reduction to alditol
2. Formation of oxime (also methoxime)
Volatile Derivatives
1. o-Methyl
2. o-Acetyl
3. o-Trifluoroacetyl (TFA)
4. o-Trimethylsilyl (TMS)

of samples and all possible carbohydrate mixtures. The various
possibilities have advantages and disadvantages depending upon
the analysis.
As regards detection systems, in most carbohydrate analyses
carried out using GC, the flame ionization detector (FID) has
been used, although mass spectrometry (MS) has also found
interesting applications [86]. FID enables submicrogram levels
to be measured and allows determination of sample components
down to well below 1%. Alternatively, extremely small samples
can be used where the quantities of carbohydrates isolated are
very limited. High sensitivity is thus the major advantage of GC
procedures compared to those employing HPLC. In many cases,
even the sensitivity of thermal conductivity detectors (0.01–0.001
times the sensitivity of a FID) would be adequate. In this sense,
wort, beer, and brewing syrup carbohydrates have successfully
been determined as their TMS derivatives using thermal conductivity detection. The determination of carbohydrates as acetates
or TFA derivatives presents no detection problems, but combustion of TMS derivatives produces silica, which accumulates on
the ion collector of the FID. Although this is less of a problem
with more recent FID designs, a gradual decrease in detector response occurs. Hence, a greater error of quantitation will
occur when external standard methods are employed and more
frequent detector calibration becomes necessary. The quantitation of oligosaccharides may offer greater problems since the
FID response decreases markedly with increase in molecular
weight. Given that the molecular weight of glucose TMS derivative is 540 and this increases to 2430 for the hexasaccharide, a
decrease in response is not unexpected. The response for the latter is about 0.5 relative to glucose, but this is probably dependent
on the actual amount chromatographed since decomposition and
adsorption may also be important factors. Hence, accurate quantitation requires that samples and calibration standards are of
similar concentrations.
In the analysis of food carbohydrates, it is unlikely that
greater sensitivity than that obtained by use of the FID will be
required. However, in some cases, much greater sensitivity can
be achieved by the use of selective detectors; for instance, the use
of the nitrogen-selective alkali FID for the determination of peat
monosaccharides as TMS oximes. Analyses of submicrogram
quantities were performed with improved selectivity and sensitivity. Another example is the combination of a glass capillary
column and an electron capture detector for analysis of monosaccharides as their TFA derivatives.
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Table 24.16
Examples of Applications of High-Performance Liquid Chromatography in Carbohydrate Analysis
Carbohydrate
1,3,4
1,2,3
1,2,5
1,2,5,6
1,2,5
1,5,7
1,2,4,5,6
1
1,2

Matrix

Extraction
80% CH3CN
H2O
95% EtOH
H2O
H2O
70% EtOH
H2O
H2O
80% EtOH

Milk
Coffee
Fruit
Vegetables
Fruit juice
Yogurt
Beverages, cereals, cream
Starch hydrolyzates
Melon

Stationary Phase

Mobile Phase

Aminex HPX 87-C
Spherisorb-NH2
Aminex HP-87
μ-Bondapak carbohydrate
Brownlee amine column
Spherisorb-NH2
μ-Bondapak carbohydrate
Dextropak
Radial Pak silica (25:75) + TEPA

H2O (80°C)
H2O/CH3CN (16:84)
0.01% CaCl2 (85°C)
H2O/CH3CN (25:75)
H2O/CH3CN (15:85)
H2O/CH3CN (36:64)
H2O/CH3CN (20:80)
H2O
H2O/CH3CN

Detector
RID
MD
RID
RID
UVS (λ = 190 nm)
RID
RID
RID
RID

1 = glucose; 2 = fructose; 3 = galactose; 4 = lactose; 5 = sucrose; 6 = maltose; 7 = raffinose; TEPA = triethylenephosphoramide; RID = refractive index
detector; MD = mass detector; UVS = ultraviolet spectrophotometer.

Finally, and as every chromatographist knows, the coelution
effect of matrix compounds other than the analyte(s) often hinders its peak integration. To overcome this challenge, hyphenated techniques have become widespread in laboratory practice.
Some of these techniques have been recently reviewed [87,88],
with special attention given to an effective on-line interface for
thin-layer chromatography-mass spectrometry, on-line coupling
thin-layer chromatography-gas chromatography, and HPLC-MS.
Major applications of these hyphenated techniques to the quantitative evaluation of sugars in foodstuffs are presented.
Tables 24.16 and 24.17 show a selection of some of the most
important applications of HPLC and GC to carbohydrate analysis in foods [2,54,55,89]. In general, HPLC methods are preferred
for the analysis of syrups, honeys, and food products containing
major amounts of carbohydrates, for example, jams, biscuits,
and confectionery products, whereas the greater sensitivity of
GC methods can be used to advantage for the determination of

carbohydrates where they may be present in only minor or trace
amounts. In this sense, GC methods may also be utilized in the
analysis of minor and trace carbohydrates present in admixture with the major sugar(s), such as glucose and fructose. On
the other hand, it should also be noted that the chromatographic
determination of starch is sometimes carried out after a previous enzymatic hydrolysis to glucose [90]. Further details may be
found in the specialized literature [89].

24.3.2.3 Biochemical Methods of Analysis
These procedures are based on the use of enzymes or on microbial assays using yeasts to ferment sugars such as sucrose or glucose. The latter methods are not so widely used although they
do have some applications in the food industry, for example, in
glucose syrup analysis. Enzymatic methods are in theory very
specific, but in practice, their specificity depends on the purity

Table 24.17
Examples of Applications of Gas Chromatography in Carbohydrate Analysis
Carbohydrate

Matrix

1,2,3

Olive fruits

1,6

Glucose syrup

1,3

Bread

1,2,5,6

Honey

1,3

Milk

4,5,6

Bun mix

1,2

Syrups

1,3,5,7

Soybean

Stationary Phase

Temperature

Detector

3% SP-2380 on 100/120 mesh
Supelco Simplicity-1
1% OV-101 on 100/120 mesh
HP Chromosorb G
3% SP-2330 on 100/120 mesh
Supelcoport
2% OV-101 on 100/120 mesh
HP Chromosorb G
10% E-30 on 100/120 mesh
Diatomite CQ
2% OV-101 on 100/120 mesh
HP Chromosorb G
1% OV-101 on 100/120 mesh
Gas Chrom Q
3% OV-1 on 80/100 mesh
Chromosorb W

100–290°C

FID

120–350°C

FID

215°C

FID

120–300°C

FID

100–230°C

FID

120–300°C

FID

125–330°C

FID

100–320°C

FID

1 = glucose; 2 = fructose; 3 = galactose; 4 = lactose; 5 = sucrose; 6 = maltose; 7 = raffinose; FID = flame
ionization detector.
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of the enzymes used. For food analyses, where there are many
different carbohydrates present, very pure enzymes are required
to preclude interfering compounds. However, enzymes have been
used indirectly in food analysis for many years, for example, as
hydrolyzing agents. Probably the best known of these cases is
in the determination of sucrose, where invertase is utilized to
hydrolyze this disaccharide into its constituents. Enzymic determinations require very small quantities of material and sampling
is therefore important. Great care must be taken and cleanliness
assured in the assays or the results may not be reliable.
In food analysis, enzymes are used mainly in two ways:
1. In the analysis itself, the reaction products being quantified, for example, by electrochemical or spectrophotometric methods
2. To break down a substrate, the reaction products being
determined by conventional (chemical or physical)
means
The first type is of greatest importance and is an area where a
great deal of development work is being carried out to extend the
list of sugars capable of being analyzed by this means. Unlike
many chemical and physical methods, enzymic methods represent a specific, sensitive, rapid, and reproducible means of measuring food carbohydrates, although costs may be higher than for
conventional techniques. Nevertheless, the use of immobilization techniques contributes to make this type of analysis cheaper.
Since enzymes are so specific, there is no need for elaborate
cleaning-up procedures to remove interfering compounds. Trace
metals may, however, cause problems. For instance, heavy metal
ions (Hg, Pb) and oxidizing agents (for –SH groups) can inactivate enzymes whereas other trace metals may act as enzyme
activators. These interactions may be important when reaction
rate methods are used to measure sugars.
Enzymic assays for quantitative carbohydrate analysis can be
carried out according to the following alternatives [42]:
1. Determine the rate of reaction where the initial rate
is proportional to the substrate concentration. Since
the rate is affected by temperature, pH, and reaction
medium, strict control is necessary to obtain meaningful results. In this procedure, standards are usually
run with each sample to eliminate errors to below 3%,
although automation easily lowers this limit further.
2. Determine an end-product of the enzyme–substrate
interaction. The end product should be produced stoichiometrically from the carbohydrate to be measured
and the reaction should preferably go to completion. If
it does not, the concentrations of the reactants may be
changed or end-products may be removed to allow the
reaction to proceed. Alternatively, equilibrium products
may be measured and reference made to a calibration
graph to obtain the concentration of the carbohydrate.
End-products may be measured either directly or combined with a suitable indicator or dye to produce a
colored complex which is then monitored spectrophotometrically. Examples of direct measurements include
NADH production as a result of an oxidation reaction
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and optical rotation changes after invertase has been
added to a sucrose solution. An example of the other
case (indirect method) could be the formation of the
colored complex in glucose determination by using
β-d-glucose oxidase/peroxidase.
Table 24.18 shows major examples of the use of enzymes in
carbohydrate analysis [1,23]. Regarding less common sugars,
analytical procedures are cited in the literature [91], so are full
experimental details for the above-mentioned enzymatic techniques [92,93]. On the other hand, Table 24.19 summarizes the
most important specific assays for the analysis of major sugars.
Test kits are also commercially available for the enzymatic
determination of starch in foodstuffs such as bread and bakery
goods, cereal products, dietetic food, flour, meat products (sausages, hamburger, meat balls), potatoes, and the determination
of partially hydrolyzed starch (glucose-syrup, starch-sugar) in
beverages and jam. As regards resistant and digestible starch,
their simultaneous determination in foods and food products has
also been dealt with [94], this approach being mainly based on
a previous work [95] that studied the analysis of resistant starch
in detail. The procedure for the determination of the digestible
starch fraction is then optimized. It consists of three steps: the
removal of digestible starch, the hydrolysis of products, and the
quantification of digestible starch as released glucose by using
a glucose-oxidase/peroxidase kit for the determination of glucose. Stomach and intestine physiological conditions (pH, transit
time) are simulated approximately. The method was evaluated
by the analysis of the starch content in wheat flour, spaghetti,
lentils, beans, peas, and potatoes. Some variables, such as the
employment of sodium azide, and incubation time of α-amylase
and amyloglucosidase amount, which might affect the levels of
digestible and resistant starch, were also evaluated and discussed.
Combined instrumental-enzymic methods have also been
developed for the analysis of food sugars, especially glucose,
galactose, sucrose, lactose, and starch [96]. In particular, a quick
method whereby hydrogen peroxide is measured by electrochemical oxidation at a platinum electrode is currently a common
practice [97]. Alternatively, oxygen uptake by sugar solutions can
also be determined. The general reaction is
Carbohydrate + O2 ↔ Oxidized carbohydrate + H2O2
where an immobilized oxidase enzyme, contained within a suitable membrane support, is used. Each sugar requires a different
enzyme/membrane and the content of resulting hydrogen peroxide is proportional to the sugar concentration. The oxygen is
provided by the buffer solution in which the reaction takes place.
Finally, the use of biosensors [98,99], especially those incorporating oxidases, has decisively contributed to the growing success
of the enzymatic determination of carbohydrates such as glucose,
sucrose, lactose, and starch in a wide range of foods [100].

24.3.2.4 Flow Injection Analysis
Flow injection analysis (FIA) [101] requires relatively inexpensive
materials for its excellent performance and has been the basis of
a large number of methods for the analysis of carbohydrates [102,
103], most notably reducing sugars, whose determination is a
common analytical practice in many laboratories and industries.
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Table 24.18
Examples of the Use of Enzymes in Carbohydrate Analysis
Carbohydrate
Glucose

Fructose

Galactose
Sorbitol
Sucrose

Lactose

Reaction
Glucose + O2 ↔ Gluconic acid + H2O2
H2O2 + Indicator/Dye acceptor ↔ color + H2O2

Lactose ↔ Glucoseb + Galactosec
Lactose + O2 ↔ H2O + Modified substrate

Maltose ↔ Glucoseb
Raffinose ↔ Sucrosed + Galactosec

Starch

Starch ↔ Glucose b
Starch ↔ ß-d-Glucose
ß-d-Glucose ↔ H2O

b
c
d

UV-V

Glucose + ATP ↔ Glucose-6-phosphate
Glucose-6-phosphate + NADP ↔ 6-Phosphogluconate + NADPH
Glucose + O2 ↔ Gluconic acid + H2O2
Fructose + ATP ↔ Fructose-6-phosphate
Fructose-6-phosphate ↔ Glucose-6-phosphate
Glucose-6-phosphate + NADP ↔ 6-Phosphogluconate + NADPH
Fructose ↔ H2O2 + By-product
d-Galactose + NAD+ ↔ Galactonic acid + NADH
d-Galactose ↔ Galactonic acid + H2O2
Sorbitol ↔ Fructosea
Sorbitol + O2 + NAD+ ↔ Fructose + NADH
Sucrose ↔ Glucose + Fructose
Glucose + Fructose + ATP ↔ Hexose-6-phosphate
Fructose-6-phosphate ↔ Glucose-6-phosphate
Glucose-6-phosphate + NADP ↔ 6-Phosphogluconate + NADPH
Sucrose ↔ α-Glucose + Fructose
α-Glucose ↔ ß-Glucose ↔ H2O

Maltose
Raffinose

a

Detection

UV-V

Interferences
Galactose
Mannose
Ascorbic acid
Proteins

Electrochemical
UV-V
Fluorimetry
Electrochemical

Xylitol
UV-V

UV–V
Electrochemical

UV-V
Electrochemical

Glucose
Fructose
Raffinose
Mellibiose
Glucose
Fructose
Erythrose
Glycerol
Mannose
Sucrose
Melibiose
Stachyose

Determined as previously described for fructose.
Determined as previously described for glucose.
Determined as previously described for galactose.
Determined as previously described for sucrose.

The analysis of these compounds is often required during the
production process and quality control of several foods. There
is a special problem due to the heterogeneity of composition and
concentration of carbohydrates in foods and the different reactivities of sugars. The evaluation of sugar content by means of a
global index additionally causes difficulty of interpretation, since
the use of a given standard (glucose, fructose, etc.) influences the
results, and complicates comparisons.
Three automatic flow injection methods have been proposed
and described [104] for the determination of reducing sugars in
wine based on classical reactions (the picric acid method, the
Cu II-neocuproine method and the Nelson–Somogyi method,
all of them already mentioned above). The first one presents
a dual-channel configuration, with pH being adjusted with
NaOH at a confluence point. The same manifold is utilized
for the Cu II-neocuproine method (Figure 24.3), whereas the

automation of the Nelson–Somogyi method makes use of a
reversed FIA system, in which the sample flows continuously
and then is mixed with the NaOH stream. In all cases, since the
reduction of sugars requires drastic conditions for sufficiently
fast development, the reactor in which the chemical reaction
takes place is immersed in a thermostatic bath at a suitably
high temperature. The usefulness of these methods was tested
by applying them to red and white wines, the results obtained
being in good agreement with those provided by a batch standard method.
All these FIA methods proposed are straightforward with
good sampling frequencies (over 40 samples per hour) and
low sample and reagent consumption, and require affordable
instrumentation.
Peris-Tortajada et al. [105] enlarged this last work by successfully applying the CuII-neocuproine method to the determination
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Table 24.19
Summary of Specific Enzymatic Assays for the Analysis of Carbohydrates
Carbohydrate
Glucose

Immobilized Enzyme

Detection Principle
O2 or H2O2 probe
H2O2 probe; long-term, in vivo
Amperometric carbon probe

GOD; membrane
GOD; membrane
GOD + mediator
Concanavalin A + fluorescein-labeled dextran
Luciferase; reactor
GOD; reactor
GOD; membrane
GOD; membrane
GOD; reactor

Optical fiber, fluorimetric (affinity sensor)
Luminometer
Enthalpimetric
ISFET
Micro-O2 sensor
Colorimetric or chemiluminiscence
Colorimetric

ADH + GOD; nylon tubing
GOD + POD; reactor
GOD; membrane
GOD; reactor
GOD; membrane

F probe

GOD + POD; dry reagent

Externally buffered O2 probe
O2 probe, bedside monitoring
H2O2 electrode, needle-type probe
Colorimetric

GOD + catalase; reactor

Enthalpimetric; continuous monitoring

Lactose

Lactase + GOD; membrane

O2 probe

Maltose

Glucan 1,4-glucosidase +GOD + POD; membrane

H2O2 probe

Sucrose

Invertase + GOD; membrane

H2O2 probe

Invertase + mutarotase + GOD; membrane
Invertase; reactor

O2 probe
Enthalpimetric, continuous monitoring

Abbreviations: GOD = glucose oxidase; ISFET = ion-sensitive field-effect transistor; ADH = alcohol dehydrogenase;
POD = peroxidase.

of reducing sugars in different food samples using a flow injection system. Two different sugars (glucose and fructose) were
used as standards. Additionally, a dialysis procedure was assayed
to avoid tedious decolorizations with charcoal, three types of
membranes being tested for this purpose. The use of a dialysis
unit (inserted between the injection valve and the reactor) also
makes this method suitable for adaptation to on-line analysis.
Another interesting use of FIA in carbohydrate analysis is the
discrimination between the monosaccharide and disaccharide
fractions in sugar-rich foods such as fruit juice, jam, syrup, and
honey, with a view to detecting adulteration without the need for
expensive instrumentation or skilled operators. The sample, in
alkaline medium, is directly introduced into a flow system and

passed through an activated carbon column for its decolorization; then, a small volume is injected into the derivatizing reagent
stream to start the analytical reaction. The two fractions are discriminated on the basis of the different colors of the derivatives
formed [106].
FIA has also been applied to the on-line determination of
reducing sugars in the course of alcoholic fermentation processes
[107,108], with the intention of designing a fully automated system of analysis. This type of process usually takes a long time
(over 20 days in many cases), so that its continuous monitoring
is critical to avoid deviations caused by microbiological contamination or system malfunctions. In this sense, the level of
sugars in the fermentation broth is considered a key parameter

Sample

Cu(II)-neocuproine

R
IV

NaOH

D
TB

w

P
Figure 24.3 Flow injection configuration for the determination of reducing sugars according to the CuII-neocuproine method. (P = peristaltic pump;
IV = injection valve; TB = water thermostatic bath; R = reactor; D = UV-V spectrophotometric detector; W = waste).
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24.3.2.5 Capillary Electrophoresis
Over the last 20 years, capillary electrophoresis (CE) has gone
from being a laboratory novelty to being a valid tool for routine sugar analysis. Several features including speed of analysis,
high resolution, and efficiency account for the present acceleration in the acceptance of this technique; nevertheless, it has not
been developed to the same degree as, for instance, in the case

80

20

Glucose

40

Sorbitol

Sucrose
Maltitol

60

Fructose

Absorbance (mAU)

and the neocuproine method was utilized for this purpose. The
sample is injected into the Cu(II)-neocuproine stream and later
merged with a basic (NaOH) stream, the reaction product being
spectrophotometrically monitored at 460 nm. A step forward in
this field was the design and implementation of an expert system [109] that controls the process of analysis (peristaltic pump,
electrovalves, injector, detector), decides with which frequency
determinations are to be carried out, and enables the treatment
of results [110,111]. This knowledge-based system compares the
results obtained in the determination of reducing sugars with the
expected values in accordance with a fermentation model. If any
of those results does not follow the logical sequence, the corresponding rules will be applied and the analysis will be repeated
with suitable modifications to the status of some of the devices
involved in the analysis system. As for the analysis frequency,
for instance, when the content of sugars decreases drastically (in
the first two days of the process), the expert system makes the
determination to be carried out every 2 h, whereas by the end of
the fermentation, it takes place only four times during the day,
since the variation is then scarce.
Another interesting approach concerning FIA is the determination of starch in bakery products [112]. A fully automated
method was developed based on the standard procedure involving leaching of sugars from the sample, hydrolysis of the analyte,
and colorimetric determination of the hydrolysis products (sugars) by the neocuproine method. A focused microwave digester
is used as a peripheral for a robotic station in order to expedite
analyses by accelerating the hydrolysis step. The station is connected to the flow injection manifold, which minimizes the
dilution and derivatization times, thus achieving a considerable
decrease in analysis times.
Starch has also been determined using a FIA system composed of an immobilized glucoamylase reactor followed by
pulsed amperometric detection of the glucose produced.
Amyloglucosidase, immobilized onto porous silica and packed
into a short stainless-steel column, is capable of nearly quantitative (98%) conversion of the starch to glucose. The sensitivity
of pulsed amperometric detection for soluble starch is increased
26-fold by first passing the starch through the immobilized glucoamylase reactor. The proposed method turned out to be simple,
rapid, and sensitive for starch [113]. Additionally, the half-life
of the immobilized glucoamylase was estimated to be over 500
days, which means that the reactor can be used during reasonably
long periods of time.
Finally, different scientists have been working on the automation of the above-mentioned enzymatic determinations of some
carbohydrates (mainly glucose, fructose, lactose, maltose, and
sucrose) by means of this technique [114–116]. Several biosensors have also been designed—even commercialized—on this
basis [117].
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Figure 24.4 CE separation of carbohydrates in pickled ume apricot.
Experimental conditions: capillary, fused-silica 50 μm i.d. × 80.5 cm
(72 cm effective length); background electrolyte, 20 mM PDC, pH 12.1;
injection, 6 s at 50 mbar; applied potential, −25 kV. injection, 6 s at 50 mbar;
temperature, 20°C. (Reprinted from T. Soga, M. Serwe, Determination of
carbohydrates in food samples by capillary electrophoresis with indirect UV
detection. Food Chemistry, 69: 339–344. 2000.)

of proteins, mainly because of the lack of functional groups
containing chromophores and charges. A primer on carbohydrate separations by high-performance capillary electrophoresis
(HPCE) [118,119] and a detailed review [120] were the starting
point in 1994. Since then, several papers and books have dealt
with the application of HPCE to carbohydrate analysis in foods
[121,122], most notably in juices, beverages, and other types of
food [123–129]. As an example, Figure 24.4 shows the application of capillary electrophoresis to the determination of sugars in
pickled ume apricot.
High electric fields are used in CE to force ionic solutes to
migrate through a buffer- or gel-filled capillary. The injected
species are separated along the tube on the basis of charge, size,
or both, and are subsequently detected near the capillary end, by
means of different techniques such as amperometry, UV spectroscopy, laser-based refractive index measurement, or laserinduced fluorescence (LIF), the latter being the most sensitive
detection method. The various forms of CE, most notably capillary zone electrophoresis (CZE) and capillary gel electrophoresis
(CGE), have been successfully demonstrated in the analysis of
food carbohydrates.
Only some saccharides possess charged functional groups in
their structures, which would allow their differential electromigration and eventually separation. Therefore, the separation of
“neutral” carbohydrates by HPCE often requires the in situ conversion of these polyhydroxy compounds into a charged species
via (a) complex formation with other ions such as borate and metal
cations, and (b) ionization of the hydroxyl groups of the sugars at
extremely high pH using highly alkaline pH electrolyte solutions.
As far as detection is concerned, most carbohydrates lack
chromophores in their structures, a condition that hinders their
detection at low concentrations. To circumvent this impediment,
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several detection strategies have been developed [130], including indirect UV and fluorescence detection, electrochemical
detection, dynamic labeling via complexation with absorbing or
fluorescing ions, and precolumn derivatization with a suitable
chromophore and/or fluorophore. More recently, other detection modes such as capacitively coupled contactless conductivity
(C4D) have also been used for the analysis of food carbohydrates
by capillary electrophoresis, for example, the detection of adulterations in instant coffee by the addition of coffee husks and
corn [131].
As in the case of other instrumental techniques, carbohydrate
separations fall into several broad categories, including simple
sugars, oligosaccharides, and polysaccharides. Simple sugars at
relatively high concentrations have been separated as the anionic
borate complexes using CE with UV absorbance detection.
Oligosaccharide–borate complexes have also been separated, but
derivatization with UV-absorbing or fluorescent labels is required
for detection. The derivatization procedures are lengthy (4–24 h),
and detection of the larger polysaccharides is problematic since
only one label is typically introduced per molecule. Separations
based on borate complexation appear to be limited to a maximum molecular mass of ca. 30,000 since borate complexes of
larger molecules acquire a constant mass-to-charge ratio and are
not resolved. Only recently are CE separations of larger polysaccharides being reported. On the other hand, glycoproteins may
be separated as intact molecules, or the sugars may be released
prior to separation. Complex carbohydrates such as glycosoaminoglycans (GAGs) are usually broken down with enzymes to
disaccharides prior to separation. The analytical problems to be
solved involve both separation and detection. Anyway, it is useful
to determine if more complex detection schemes are required,
since high sensitivity may not be an issue for many applications.
Simple sugars can be separated in complexing borate electrolytes with direct detection at 195 nm. In the absence of borate,
the molar absorptivities are too low to be useful. A 50 mM
borate background electrolyte (BGE) in a bare silica capillary
maintained at 60°C provides the best results [132]. The limits of
detection are estimated to be around 0.5 mM, which is not very
sensitive. Carbohydrates with an unsaturated uronic acid residue
absorb more strongly at 232 nm [120].
In the absence of borate, high pH is required to partially ionize
the sugars, since the pKa of most simple sugars is between 12 and
13. An exception is found for sulfated disaccharides, which can
be separated under acidic conditions [120]. Other complexation
chemistries can be employed to improve detection. For GAGs
such as heparin, the addition of 5 mM Cu(II) to the BGE (20 mM
phosphate, pH 3.5, 240 nm detection) dramatically improves the
detection of the extremely microheterogeneous intact heparin
molecules. Large polysaccharides such as starches, are easily
detected at 560 nm as the starch–iodine complex [133], which
consists of a helix of sugar residues surrounding a linear I 5− core.
Unlike borate complexation, iodine binding is a cooperative
interaction, which exhibits strong chain-length dependence in
both complexation and optical properties.
Indirect detection can yield superior sensitivity compared with
direct detection. At very high pH, the predominance of hydroxide
obscures indirect detection [134]. At pH 12.2, the optimal compromise is found. A detection limit of 50 μM was reported [135]
using 25-μm-i.d. capillaries with 12 mM riboflavin as the indirect
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reagent and 63 mM lithium hydroxide to adjust pH. The narrowbore capillary was required to overcome the heating effects from
the high-pH electrolyte. Indirect fluorescence detection [136,137]
using lasers further lowers the detection limit, since the concentration of the indirect reagent can be kept very low.
Derivatization techniques improve detection by the addition of
a good chromophore or fluorophore. This is particularly important when determining the carbohydrate profiles of glycoproteins.
Simultaneously, electrophoresis can be improved as well, since
negative charges can accompany the derivatizing reagent. The
highly mobile ANTS (8-aminonaphthalene-1,3,6-trisulfonate)
derivatives are advantageous from the standpoint of short analysis
time and reduction or elimination of wall effects. Aminopyridine
is neutral at the separation pH, whereas the monosulfonate naphthalene derivative contains only one negative charge. Another
reagent, 8-aminopyrene-1,3,6-trisulfonate (APTS), has proved
simpler to use, since the derivative is absorbed at the wavelength
of the argon-ion laser. In addition, the molar absorptivity and
fluorescence quantum yield of the reagent is superior to that of
ANTS. A helium–cadmium laser was required for excitation of
ANTS, and that laser is not part of a commercial system.
For those CE systems with a UV detector, 4-aminobenzoic
acid ethyl ester reacts with many sugars. Separations are performed with 200 mM boric acid titrated to pH 10.5, with detection at 305 nm. The detection limit is an order of magnitude
improved compared with that for indirect detection.
Major examples of applications of capillary electrophoresis
to carbohydrate analysis, including buffer recipes and detection methods, are given in Tables 24.20 and 24.21, and detailed
compilations are shown in the literature [130,138,139]. It should
be noted that several applications utilize micellar electrokinetic
capillary chromatography as the mode of separation.
It is also to be remarked that CE of food starches using iodinecontaining buffers provides a simple, rapid method for separation
and detection of the principal starch components. In contrast to
other approaches, for CE of sugars, time-consuming derivatization steps are avoided, and separations can be carried out in
unmodified silica capillaries using commonly available detectors.
The method can be utilized with relatively low-molecular-mass
oligosaccharides as well as high-molecular-mass polysaccharides, which cannot be resolved using borate complexation.

24.3.2.6 Sensors
Over the last few years, several types of sensors have been developed, and even in some cases commercialized, for the analysis of
carbohydrates in different matrices including foodstuffs.
The performance of carbohydrate sensors based on pH alteration relies on three components: diversity of boronic acids, pH
indicators, and proper buffer conditions. Boronic acids form
reversible cyclic ester complexes with diols in carbohydrates
[140]. Both boronic acid/ester undergo Lewis acid–base reaction
with water as a conjugate acid, but boronic ester tends to be more
acidic than the corresponding boronic acid form. Therefore,
a series of boronic acid derivatives can generate a distinct pH
change pattern depending on the binding affinity to target sugars together with the buffer capacity, and the pH profile can be
distinguished by a color change pattern of pH indicators. In this
sense, a recent development configured a pH indicators and
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Table 24.20
Selected Examples of CE Applications to the Analysis of Carbohydrates in Foods
Carbohydrate

Matrix

Glu, Fru,
Gal, Suc

Honey

Ara, Gal

Wine

Sample Pretreatment

Conditions

Strong dilution with buffer

Buffer: 100 mM NaOH
Capillary: 25 μm ID × 11 cm, silica
Amperometric detection at constant potential

Dilution with water and sonication for 15 min

Buffer: 300 mM diethylamine
Capillary: 50 μm ID× 70 cm, silica

Glu, Fru

Electrospray ionization mass spectrometric detection
Glu, Fru

Refreshing drinks

Sonication for 5 min and dilution with electrolyte

Buffer: 100 mM NaOH/LiOH; Field: 143 V cm−1
Capillary: 50 μm ID × 70 cm, silica and Teflon
Amperometric detection at constant potential

Glu, Fru

Dairy products

Extraction and dilution with water

Buffer: 55 mM NaOH
Capillary: 25 μm ID × 50–57 cm, silica

Lac, Gal

Indirect UV detection at 254 nm
Raf, Sta,

Legume seeds

Extraction with CH3OH/H2O 7:3

Buffer: 100 mM borate (pH 9.9); Field: 139 V cm−1
Capillary: 50 μm ID × 72 cm

Ver

T: 50°C ; UV detection at 195 nm
Glu, Fru

Fruit juices

Sonication for 5 min and dilution with buffer

Buffer: 6 mM sorbate (pH 12.2)
Capillary: 50 μm ID × 70 cm, silica and Teflon
Indirect UV detection at 256 nm

Glu = glucose; Fru = fructose; Lac = lactose; Ara = arabinose; Gal = galactose; Suc = sucrose; Raf = raffinose; Sta = stachyose; Ver = verbascose.

Table 24.21
Experimental Conditions in Major Applications of Capillary Electrophoresis to Carbohydrate
Analysis
Analyte

Electrolyte

Detection

Aminosugars, CBQCA derivative
Dextran oligosaccharides, ANTS-labeled

10 mM borate, 10 mM SDS
100 mM Tris-borate, pH 8.65

LIF
LIF

Gangliosides

100 mM borate, pH 9.4, 16.5 mM α-CD

UV, 200 nm

Heparin oligosaccharides

(a) 10 mM borate, 50 mM SDS

UV, 200, 232 nm

(b) 20 mM phosphate, pH 3.5
Mono-, di-, tri-, and tetrasaccharides

50 mM borate, pH 9.3

UV, 195 nm

Monosaccharides

12 mM riboflavin, 63 mM LiOH

Indirect, 267 nm

1 mM coumarin 343, pH 11.5

Indirect LIF

Monosaccharides, APTS-labeled

100 mM borate, pH 10.2

LIF

Monosaccharides, N-2-pyridylglycamines

200 mM borate, pH 10.5

UV, 240 nm

Monosaccharides

6 mM sorbate, pH 12.2

Indirect, 256 nm

Oligosaccharides, tetramethylrhodamine

(a) 20 mM borate, 100 mM SDS

LIF

(b) 10 mM phosphate, borate,
phenylboronic acid, 10 mM SDS

LIF

Oligosaccharides, ANTS-labeled

50 mM phosphate, pH 2.5

Phosphorylated sugars

5 mM adenosine monophosphate

Indirect, 259 nm

100 mM boric acid, pH 7.3
Polysaccharides (dextrans, amyloses)

1 mM fluorescein, pH 11.5

Indirect LIF

Sialiooligosaccharides, alditol
Sialiooligosaccharides, ANDSA derivatives

200 mM borate, pH 9.6, 100 mM SDS
75 mM borate, pH 10

LIF

CBQCA = 3-(p-carboxybenzoyi)quinioline-2-carboxyaldehyde-7-aminonaphthalene-1,3-disulfonic
acid;
LIF = laser-induced fluorescence; SDS = sodium dodecyl sulfate; CD = cyclodextrin; ANTS = 8-aminonaphthalene-1,3,6-trisulfonate; APTS = 8-aminopyrene-1,3,6-trisulfonate.
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boronic acids ensemble array with extended diversity of boronic
acids, and applied the probe selection process to optimize the
system for quantitative dose–responses of glucose, fructose, and
sucrose from soft drinks [141].
Fiber-optic (micro)sensors for mono- and disaccharides have
been regarded as one of the most desirable devices in the field
of food analysis. In most cases, glucose is sensed via an enzymatic reaction, but nonenzymatic methods have been reported
more recently [142]. A substantial improvement is accomplished
by placing a carbohydrate-sensitive hydrogel at the end of optical fiber that acts as a Fabry–Perot cavity [143]. Glucose-sensing
capability is introduced by incorporating boronic acid groups
into an acrylamide-based hydrogel, as summarized in a review
[144]. The interaction between glucose and boronic acid induces
swelling and a change in the length of the gel that can be detected
by interferometry. The signal change at a level of 2.5 mM glucose
is −1760 nm per mM. Selectivity is a big issue in boronic acidbased sensors, but in this case, mannose, sucrose, fructose, and
galactose only displayed a response of ~10% of that of glucose.
The composition (and thus the chemical properties) of wine
grapes steadily change during ripening, and the quantification of
saccharidic constituents were studied [145] using NIR fiber-optic
sensors that can be regarded as a miniaturized FTIR spectrometer. Given the complexity of such data, mathematical models,
chemometrics, and PLS must be applied. At the end, such sensors can provide abundant information on food process monitoring, quality control, and safety control.
Another type of electrochemical sensor for carbohydrate analysis is prepared by using graphene, due to its excellent electrical
conductivity and electrocatalytic activity. For example, a recent
graphene–copper nanoparticle composite paste electrode was
successfully applied to the determination of mannitol, sucrose,
lactose, glucose, and fructose in milk, peach, and banana [146].
The advantages of this type of sensor includes higher sensitivity, satisfactory stability, surface renewability, bulk modification,
and low expense of fabrication.
Finally, special attention should also be paid to the development of particle-based fluorescence resonance energy transfer
(FRET) biosensors [147]. The sensing approach is based on
FRET between fluorescein (donor)-labeled lectin molecules,
adsorbed on the surface of micrometric polymeric beads, and
polymeric dextran molecules labeled with Texas Red (acceptor).
The FRET signal of the sensor decreases in the presence of carbohydrates that inhibit the binding of Texas Red-labeled dextran
molecules to the lectinic binding sites. These FRET sensors can
discriminate between carbohydrates and glycoproteins based
on their binding affinity to the FRET sensing particles and are
used for quantitative analysis of carbohydrates in aqueous food
samples.

24.3.2.7 Other Techniques
Apart from the above-mentioned leading analysis techniques for
food carbohydrates, other developments are also to be noted. For
instance, the use of matrix-assisted laser desorption/ionization
mass spectrometry (MALDI MS) in the analysis of neutral and
acidic carbohydrates in foods such as milk and beer [148]. This
technique is also employed to measure protein–carbohydrate
complexes.
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Some work is also in progress with regard to sonic spray ionization (SSI), a liquid chromatography-mass spectrometry interfacing technique in which a liquid flow is sprayed from the tip of
a capillary under atmospheric pressure with a gas flow coaxial
to the capillary. In contrast to the electrospray or atmospheric
pressure chemical ionization techniques, SSI forms charged
droplets without heating the capillary or applying an electric
field to the tip of the sprayer. Therefore, it is ideally suited for the
analysis of thermally unstable compounds such as carbohydrates
[149]. Furthermore, ionization without additional high voltages
increases the flexibility in the choice of mobile phases. SSI is
proving to be very useful in the determination of small saccharides, oligo- and polysaccharides, a very high sensitivity being
achieved. Detection limits are usually in the range of a few hundreds picograms for typical sugars (sucrose, maltose, galactose,
raffinose, etc.).
Finally, surface plasmon resonance (SPR), a technique that
has been extensively developed during the last two decades, has
received increasing attention for the detection of carbohydrates
as well as their conjugates with proteins and lipids [150]. It monitors biospecific interactions that occur on a surface of a metal
layer between the immobilized ligand and the free analyte, by
measuring the changes in the resonance angle due to an increase
of the mass concentration of the analyte in the vicinity of the
surface. Although, in general, in terms of sensitivity SPR is
restricted to the determination of large molecules such as starch
and other polysaccharides, recent improvements in instrumentation have enabled detection of smaller carbohydrates, including
oligosaccharides and even monosaccharides. The application of
modern SPR analyzers to the quantification of sugars in foodstuffs is therefore a challenging task.

24.3.3 Future Developments
The future of carbohydrate analysis undoubtedly belongs to analytical techniques such as capillary electrophoresis, chromatography (most notably HPLC), enzymatic assays, and FIA, some of
them having close relationships to others.
While as a technique, capillary electrophoresis is still in a
state of evolution, it is clear from the above-mentioned references that it possesses an impressive potential in the analysis of
carbohydrates from complex matrices, such as food. It is apparent that the speed, efficiency, automation, reduced sample size,
and flexibility in separation mechanism provided by the many
modes of analysis—including capillary electrochromatography
(CEC)—are attributes of CE which are driving many chemists to
further explore its unique capabilities in the field of carbohydrate
analysis in foods. The existing literature corroborates this assertion by showing significant advances in separation and detection
approaches of derivatized and underivatized sugars [139]. As for
starch, much work is still required to optimize separations and
improve reproducibility, although the use of iodine complexation
to impart charge and permit detection of starch components in
foods appears to be a very promising approach as a simple, rapid
method.
Considerable progress has been made in high-performance liquid chromatography in such a way that it is now routinely and reliably used for quantitative analysis of food carbohydrates. Some
separations still remain to be improved, but the development of
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new bonded phases with various organic loadings (mainly from
different amino alkyl silanes) together with the establishment of
the mass detector as an alternative to refractive index monitoring
will offer much scope in improving the resolution of carbohydrates. Nevertheless, refractive index detectors are not expected
to become “old-fashioned,” provided that manufacturers succeed
in reducing their noise level, so that greater sensitivity could be
achieved. In this sense, a trend toward yoctomole detection is
to be foreseen, especially in the case of complex carbohydrate
analysis.
An interesting approach for the direct determination of a
variety of sugars in carbohydrate-rich foods is the coupling of
FIA systems to an HPLC chromatograph [151]. The method
is based on postcolumn derivatization of reducing sugars with
p-aminobenzoic acidhydrazide in an alkaline medium following
elution from the chromatographic column with an acetonitrile/
water gradient as the mobile phase. The manifold allows nonreducing sugars to be hydrolyzed prior to insertion into the chromatograph, thus making them compatible with the derivatization
reaction and with continuous decolorization of the sample on an
activated carbon column.
As far as gas chromatography is concerned, it is apparent that
this technique has a useful and continuing role in the analysis of
sugars in foodstuffs, and will go on offering some advantages
over HPLC methods, particularly with regard to sensitivity.
The growing success in the application of GC procedures will
depend on careful selection of preliminary and volatile derivatives, and the use of a suitable internal standard at an appropriate
concentration. Some present research work also aims at trying
to avoid or minimize the appearance of multiple peaks for the
TMS derivatized food carbohydrates, which are generally caused
by sample contamination, decomposition, or degradation in the
injector. Lowering the temperature may be proposed as a solution, while, for quantitation purposes, summing the area of multiple peaks can achieve a satisfactory result.
On the other hand, a large number of highly purified enzymes
is now commercially available for the specific detection and
quantification of different food sugars, be they mono- or disaccharides or even polysaccharides. As foods become more complex and new sugars and their derivatives are used in their
formulation, there is no doubt that enzymatic methods will be
increasingly used to determine specific compounds. The widespread use of immobilized enzymes, including their use in
enzyme electrodes should allow the continuous assay of these
essential components of foods, not only for the purpose of classical at-line analysis, but also with a view to on-line and in-line
monitoring of food production processes. The latter is already
a well-established analytical procedure and the growing availability of biosensors will open a promising path. Additionally,
the increasing stability of many enzymes that can be achieved
by cross-linking and immobilization techniques will extend the
range of such determinations.
Flow injection analysis is expected to consolidate its leading
position in the field of automated analysis, and the determination
of food carbohydrates (especially reducing sugars) will not be an
exception. Its coupling to enzymatic assays is likely to become a
common analytical practice in most quality control laboratories,
given its superb performances in terms of rapidity, precision, and
accuracy. Some firms have been working in the development of

FIA-based instrumentation especially designed for carbohydrate
analysis in several types of samples, including wines and other
sugar-rich products. Future experiments will also be aimed at
extending the application of flow injection methods to other
matrices such as dairy products and to the detection of both
reducing and nonreducing sugars hydrolyzable to reducing saccharides by insertion of a solid-phase catalytic reactor.
The coupling of artificial intelligence techniques to FIA systems is also revolutionizing the automation of the on-line determination of reducing sugars. Nevertheless, the aforementioned
expert system proposed for the monitoring of grape must fermentations had a monolithic configuration that lacks flexibility, in the
sense that it is not able to grow or adapt itself to new requirements
in an easy way. Additionally, the great deal of cables connecting
the different parts of the process make it more expensive and
complex in comparison with the possibility of using a communication network. Therefore, the utilization of computer networks
offers the opportunity of interchanging information with all connected nodes; it even permits the remote access from computers
located very far from the places where the analysis is being performed. Finally, a centralized expert system is not fault-tolerant,
and any failure affects the whole system. Current work is then
in progress to design and implement a distributed expert system,
whose configuration is based on the use of independent nodes
connected by means of a control area network. This may be an
interesting way to overcome the commented limitations shown
by a centralized knowledge-based system.
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25.1 Introduction
In food control, analysis of alcohols includes a specific group
of components that include the so-called low-molecular-weight
alcohols (i.e., methanol and ethanol), higher aliphatic alcohols,
or higher molecular-weight alcohols (i.e., propanol, butanol,
pentanol, and hexanol and their corresponding isomers). In this
last group, some of the so-called higher alcohols are included,
that is, those containing from 4 to 10 atoms of carbon, although
C8, C9, and C10 alcohols also belong to the fatty alcohols group,
that is, those in which the carbon skeleton contains from 8 to
20 atoms of carbon. All these alcohols have one hydroxyl moiety (monohydric alcohols), but in foods, dihydric alcohols and
trihydric alcohols can also be found. Other kinds of alcohols

are sugar alcohols or polyols. Sugar alcohols have the general
formula H(HCHO)n+1H. They are hydrogenated form of carbohydrates, whose carbonyl group has been reduced to an alcohol
group. The most abundant compounds in foods are aliphatic
alcohols, but there are other sorts of compounds in smaller
quantities such as cycloaliphatic and aromatic alcohols, among
them, complex alcohols such as phenols, terpenic mono- and
dialcohol, as, for example, sterols and vitamin E. Even though
these latter compounds have at least one alcohol group, they
have chemical properties quite different to other typical alcohols, and for that reason, they will not be treated in this chapter.
Alcohols can be analyzed in food and beverages to control the
production process of a product, for quality control of the end
product, or because some products have toxicologically limited
contents. Some of these compounds belong to the group of the
535
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main components in some samples (i.e., ethanol in spirits); others,
in contrast, are present at much lower levels, for example, those
products involved in the aromatic profile or aromagram. The variability in the physicochemical properties makes them difficult to
analyze using only one analytical technique. Traditionally, lower
monohydric alcohols are better determined by gas chromatography (GC) as they are volatile, while liquid column chromatography (LC) suits best for the separation of higher free alcohols.
Additionally, nowadays, other analytical techniques can also be
employed for the determination of alcohols. The most frequently
used techniques for alcohol determination will be commented on
in this chapter in the following sections.

25.2 Alcohols Present in Food
Alcoholic beverages are probably the food that presents higher
content in alcohol. Ethanol is unquestionably the most important
alcohol in alcoholic beverages. It is formed by the fermentation
of carbohydrates in grains and grapes, but it has a very important
influence on taste and mouth feel. During the brewing, maturing, or distillation process of alcoholic beverages, organic compounds others than ethanol, such as aldehydes, organic acids,
higher or lower order alcohols, and esters, can also be formed in
wine, beer, and spirits. However, their concentration is typically
lower than 1% by volume. Among these compounds, methanol
(methyl alcohol) is of special interest because it may cause blindness and even death (Ashok et al. 2013). The methanol limit
depends on the type of beverage, for example, in neutral alcohol,
the maximum methanol content of 50 g/hL of 100% vol. alcohol
(p.a.), wine and brandy 200 g/hL p.a., and fruit spirits dependent on type of fruit ranging from 1000 to 1500 g/hL p.a. (Union
2008). Methanol found in wines is generated from the enzymatic
breakdown of pectins presented in the fermentable substrate.
This compound usually appears in small quantities in alcoholic
beverages, but some distilled alcoholic beverages produced from
potato and red fruits such as cherries and plums can contain
greater amounts (Pieper et al. 1980).
Alcohols with more than two atoms of carbon are commonly
called fusel alcohols or higher alcohols. The term “fusel” is a
German word that means bad liquor. It has been known that
these alcohols are formed by yeast metabolism from amino
acids and therefore are normal constituents naturally found
in all alcoholic beverages derived from sugars of agricultural
origin (Lachenmeier et al. 2008). They may be present in low
concentration and are responsible for the aroma in food and beverages. The major higher alcohols found in alcoholic beverages
are 1-propanol, 1-butanol, 2-butanol, iso-butanol, and isoamyl
alcohol (3-ethyl-1-butanol) (García-Martín et al. 2010). All of
them are key aromatic compounds in alcoholic beverages (Juan
et al. 2012). Those compounds and longer ones are also important in food. Thus, for example, the aroma of mushrooms originates from the 1-octen-3-ol alcohol; this compound is a mold
metabolite from the degradation of lipids and it is also one of
those responsible for cork taint. These compounds can migrate
to bottled wine, changing its organoleptic properties and undermining its quality (Ezquerro and Tena 2005), and is one of the
main volatile compounds formed during the storage of the fish
muscle (Iglesias and Medina 2008). Furfuryl alcohol is one of
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the volatile main products of the Maillard reaction, for example,
it is an indicator of roasting in hazelnuts (Nicolotti et al. 2013).
Linalool (e.g., Lavanda genus) is characteristic of many essential
oils (Bicchi et al. 2005) and some basil varieties (O. basilicum),
the European type (Italian, French, or sweet basil) considered
to be the highest quality and producing the finest odor, are rich
in a combination of linalool with other compounds (Vieira and
Simon 2006). Citrus and thyme honeys are characterized by
higher amounts of linalool derivatives (Castro-Vázquez et al.
2009), and linalool is also present in pineapple flesh (MonteroCalderón et al. 2010).
Isoamyl alcohol has an aroma described as bitter and burnt and
is a very abundant aromatic compound in beer (Liu et al. 2005),
wines (Liu et al. 2005), and vinegars (Guerrero et al. 2008).
Benzyl alcohol and 1-phenylethanol were reported as major compounds in Grecian chestnut catkins (Alissandrakis et al. 2011)
but were absent or appeared in a lower percentage in Corsican
chestnut catkins (Yang et al. 2012).
Higher alcohols are normally included in the functional class
of additives as they are considered flavoring agents, but recently,
concerns have been raised about the levels of fusel alcohols in
surrogate alcohol (i.e., illicit or home-produced alcoholic beverages) that might lead to an increased incidence of liver diseases
in regions where there is a high consumption of such beverages (JECFA 1997). Interestingly, current European legislation
provides only a maximum limit for the sum of higher alcohols
in neutral alcohol of 0.5 g/hL (Union 2008). In the study by
Lachenmeier et al. (2008), after considering various aspects,
they concluded that a good guideline for the maximum level
of higher alcohols in alcoholic beverages and surrogate alcohol
products could be 1000 g/hL of pure alcohol for the sum of all
higher alcohols. This level was found higher than the concentrations usually found in both legal alcoholic beverages and surrogate alcohols.
On the other hand, the most prominent polyol in wines by far
is glycerol (Paredes et al. 2006). Its contribution to the sensory
properties is well known and depends on concentration. As
regards beer and wine, ethanol and glycerol are the most abundant alcohols and their quantification plays an important role
in quality control during the fermentation process (Monošík
et al. 2013).
Finally, in the last few years, the substitution of sugar with
artificial sweeteners for dietetic purposes makes the determination of these sugar alcohols used as additives in diabetic
products important. The combination of individual artificial
sweeteners improves the taste of the product, so it is normal to
find a mixture of these sweeteners such as sorbitol (e.g., apple
juice) (Paredes et al. 2006), mannitol (e.g., herbal chewing gum)
(Herrmannová et al. 2006), lactitol, and xylitol (e.g., herbal
and melon chewing gum) (Herrmannová et al. 2006) in light
beverages, sugar-free foodstuff, and candies (Herrmannová
et al. 2006). Sugar alcohols such as alditol, erythritol, arabitol, mannitol, and sorbitol may be found naturally in small
quantities in wine. However, higher concentrations are usually the result of fungal infection in the vineyard or bacterial
growth in the wine (Jackson 2008). The food content of some
of these sugar alcohols is important, in this manner, and more
specifically, one of the nine isomers of inositol has an important role in human metabolism (Raboy 2003). Myo-inositol is a
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compound necessary for babies, and when this substance cannot be administered through breast milk, it must be supplied in
the diet by inositol-enriched milk.

Gas chromatography (GC) has been extensively used for the
determination of alcohols since the introduction of this technique
around the middle of the twentieth century. In fact, official methods include this technique for the determination of some alcohols in alcoholic beverages and other food products (Table 25.1,
European Commission 2000).

the principle that “like dissolves like.” However, less polar stationary phases, that is, based on silicone polymers, can also be
employed (i.e., Equity-1, DB-5MS) especially for those applications where alcohols with lower relative polarity are going to be
determined. When using the WAX columns, the elution order is
related to the vapor pressure of the alcohols for primary linear
compounds: the higher the vapor pressure the sooner the compound will elute.
Carbon-based nanomaterials have also appeared as new stationary phases for GC (Valcárcel et al. 2008) using both packed
and capillary columns (Speltini et al. 2013). Carbon nanomaterials have been tested for alcohols separation in samples such as
grappa (Merli et al. 2010).

25.3.1 Gas Chromatography Columns

25.3.2 Fast Gas Chromatography

Both packed and capillary columns have been used for alcohol
determination in food using GC (Wang et al. 2003). In the AOAC
methods referred in Table 25.1, packed columns are specified,
while in the EU methods, both types can be used.
As the reader will see in the next sections, separation of alcohols in GC analysis is usually carried out using polar stationary
phases based on polyethyleneglycol (PEG) or WAX columns
(such as CP-Wax 57 CB, Carbowax, TR-MetaWax) based on

Another direction of improvement in the field of food analysis
by GC is the achievement of faster chromatographic separations.
Traditionally, the use of long capillary columns often results in
a 0.5–1.5-h-long chromatograms (Donato et al. 2007). Faster
chromatograms can be obtained with a reduction in both column
length and inner diameter. The narrow-bore columns used in fast
chromatography typically have a 0.1 mm i.d. (with a 0.1-μm film
thickness) and are 10 m long, and faster temperature programs up

25.3 Gas Chromatography

Table 25.1
AOAC Official Methods of Alcohols Analysis Using GC
AOAC
Method

Column
Dimensions

Column
Material

Packed Material

984.14

6 ft × 1/8 in I.D.

983.13

6 ft × 2 mm I.D.

Stainless
steel or
glass
Glass

973.23

1.2 m × 2 mm I.D.

Glass

986.12

6 ft × 4 mm I.D.

Glass

80–100 mesh
Super Q

968.09

2.4 m × 1/4 in
O.D.

Copper

972.10

3 m × 1/8 in O.D.

Stainless
steel or
glass

Samples

Analytes

Internal
Standard

Remarks

80–100 mesh
Chromosorb 103

Beer

Ethanol

Propan-1-ol

5 mL of sample mixed
with 5 mL of IS

0.2% Carbowas
1500 on 80–100
mesh
Carbopack C
100–120 mesh
Chromosorb 102

Wines

Ethanol

Propan-2-ol

Flavors,
nonalcoholic
beverages,
lemon,
orange lime,
almond,
cassia, spices
Canned
salmon

Ethanol

Propan-1-ol

Heated on column
injector, sample is
1/100 diluted with IS
solution
1 mL of IS solution is
added to 25 or 5 mL
of sample

Ethanol

2-Methylpropan2-ol

23% Carbowax
1500 on 60–80
mesh
Chromcosorb W

Distilled
liquors

Butan-1-ol

2% glycerol and
2% hexane1,2,6-triol on
100–120 mesh
Gas-Chrom R

Distilled
liquors

2-Methylpropan1-ol,
3-methylbutan1-ol, propan1-ol, and
methanol
2-Methylpropan1-ol,
propan-1-ol,
pentan-1-ol

Penta-3-ol

Headspace sampling
of 5 mL of aqueous
phase of liquid from
can
1 mL of IS solution is
added to 100 mL of
sample

0.1 mL of IS solution
is added to 10 mL of
sample

Source: Cunniff A. P. and W. Horwitz. 1997. Official Methods of Analysis of AOAC International: Food Composition, Additives, Natural Contaminants.
Arlington. 16th Ed., 3rd Revision.
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to 80°C/min are applied. Alcohols analysis has been performed
using the fast chromatography approach in distilled beverages.
Using a 30-m-long capillary column with a 0.15-μm film thickness and an appropriate program temperature, the chromatogram
lasts less than 5 min (Mac Namara et al. 2005).

25.3.3 Detection
The detection of the alcohols in GC is usually carried out using
a flame ionization detector (FID) (McNair and Miller 1998). The
FID detector has a good sensitivity, wide dynamic range, simplicity, and ruggedness, which explains its wide use.
Mass spectrometry (MS) detection is also usually employed
in alcohols analysis. MS is more sensitive than FID and allows
the determination of compounds in the ng/L to μg/L range.
However, it is more expensive and requires more skilled operators to extract and interpret the information obtained during the
chromatogram. This detector is generally used for an analysis
in which a large number of compounds (including alcohols and
others not totally characterized) are going to be detected; as in
the case of food aroma analysis (Castro-Vázquez et al. 2009;
Plutowska et al. 2011).
Other GC detectors have also been employed in the analysis
of alcohols, for example, the Fourier transform infrarred spectroscopy (FTIR) and the gas-phase molecular absorption spectrometry (GPMAS). In the GC-FTIR, methanol and ethanol
were determined in alcoholic beverages (Sharma et al. 2009)
while GC-GPMAS was used for the determination of different alcohols in synthetic mixtures (Sanz-Vicente et al. 1999).
In both cases, the column eluate in gas state is transferred to a
heated absorption cell by means of hot conduction. There the
compounds absorb electromagnetic radiation of the appropriate
characteristics and a corresponding spectrum is generated. In
the case of GC-GPMAS, a derivatization step can be used to
increase the sensitivity of the method for alcohols determination, thus lowering the detection limits for methanol, ethanol,
propan-2-ol, butan-1-ol, pentan-1-ol, and hexan-1-ol by up to
one order of magnitude.
Finally, the olfactory detector that has given rise to the term
“gas chromatography olfactometry” (GC-O) has also been
used in the determination of aroma compounds in foods. Here,
the human nose is the sensing element. In brief, the column
effluent is mixed with humid air in order to avoid nose dry
out and it is continually monitored for the presence of compounds that elicit an odor response (Plutowska and Wardencki
2008). This detection system is usually operated in parallel
with FID or MS via an effluent splitter to provide identification
of the odorous compounds. With this technique, not only the
time at which an odor appears is determined but also the type
of odor (fruity, spicy, floral, etc.). Furthermore, the intensity
of the odor can be registered. The olfactogram can be compared directly with the GC/FID profile to correlate compound
retention time and estimate concentrations, or with GC/MS
to provide identification of the compounds that elicit the nose
response. Hence, this kind of detection has been used for the
characterization of the levels of some alcohols in the volatile
fraction of grapes, wines, and cashew apple-based beverages
(Fan et al. 2010).
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25.3.4 Sample Preparation
25.3.4.1 Direct Gas Chromatography
To determine alcohols in food samples, some pretreatment for
isolation of the analytes from the matrix is usually carried out.
This limits the introduction of water into a chromatographic
column that could result in degradation of the stationary phase,
which in turn leads to low peak resolution, poor reproducibility,
and shortened column lifetime. Furthermore, the accumulation
of nonvolatile components of the sample in the chromatographic
system is minimized.
Sample pretreatment often includes liquid–liquid extraction
(LLE) with an organic solvent, distillation, or solid-phase extraction. However, these techniques are time-consuming, and quantitative recoveries of all the analytes are difficult to achieve; some
of the most volatile components can be lost during the heating
steps, and the simultaneous determination with other less volatile compounds like polyols is not possible. For these reasons,
methods for the direct determination of methanol and ethanol in both distillated and nondistillated beverages have been
proposed (Wang et al. 2003, 2004). In addition, propan-1-ol;
2-methylpropan-1-ol, 2-methylpropan-2-ol, 2-methylbutan-1-ol,
and pentan-1-ol can also be detected in the samples analyzed
in less than 12 min. The results are not significantly different
as compared with those provided by different AOAC methods
(958.04, 920.132, 972.11) based on distillation of the sample and
titrimetric, photometric, and GC determination of the analytes.
The achieved limits of quantification are 2 mg/L for methanol
and 5 mg/mL for ethanol.
Major volatile components can be detected in wines with
GC (Peinado et al. 2004). In this case, 4-methylpentan-2-ol
can be used as an internal standard to determine up to 14 compounds, including methanol, propan-1-ol, 2-methylpropan-1-ol,
4-methylpentan-2-ol, and 3-methylbutan-1-ol. Wines were analyzed after a precipitation of acidic compounds with calcium
carbonate. To reduce the accumulation of nonvolatile sample
components in the head of the column, low sample volumes (i.e.,
0.5 μL) are injected, a liner fitted with glass wool should be used
and replaced after every 10 injections, or a precolumn without
stationary phase is placed before the analytical column. In addition, a final purge of the column at near its maximum temperature
of use for 30 min could also be interesting from this point of view.
The direct injection is also employed for the determination
of major and minor volatile components in cider spirit samples
(Madrera and Valles 2007); however, two injections (with different split ratios and program temperatures) are needed for the
quantification of compounds belonging to the two mentioned
groups. Limits of detection are in the 1.663 mg/L (for methanol)
to 0.222 mg/L (for octan-1-ol) range with 93%–108% recoveries.
Other liquid samples have also been analyzed using the direct
approach (Da Porto et al. 2003; Díaz et al. 2003; Soufleros et al.
2004; Cortés et al. 2005; Kourkoutas et al. 2005; Soufleros
et al. 2005; GarcÃa-Llobodanin et al. 2007; Savchuk et al.
2007; Madrera et al. 2008; Porto and Soldera 2008; Wechgama
et al. 2008; González-Marco et al. 2010; López-Vázquez et al.
2010; Bortoletto and Alcarde 2013). Orujo spirits from the
Spanish region of Galicia were analyzed using a retention gap
before the analytical column and with a total chromatogram
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time of 23 min (López-Vázquez et al. 2010). Flavor components
of orange spirits, including some alcohols, were directly determined by GC and GC-MS. The authors noted that identification
of the components was difficult due to the shift in retention
time attributed to the presence of high ethanol concentration
in the sample and the use of an initial column temperature
(i.e., 60°C) below its boiling point. Several alcohols were also
directly determined in wines by GC. The method was validated
by analyzing a certified reference standard (methanol, 1-butanol, 2-butanol, 1-propanol, isobutanol, and amylic alcohols) for
enology (Díaz et al. 2003).
A parallel separation of volatile compounds was carried
out in agave spirits (Lachenmeier et al. 2006). With the use of
an inlet splitter, two different polarity columns could be used
simultaneously to perform the analysis; the average concentration found with the two columns was calculated for obtaining
the final value.
Finally, a direct GC analysis of distilled spirits was carried
out by Charapitsa et al. (2011, 2013). In these works, the problem of the use of internal/external calibration was addressed
and authors showed that ethanol (i.e., the major component in
samples) could be satisfactorily used as an internal standard for
the analysis of methanol, propan-1-ol, propan-2-ol, butan-1-ol,
2-methylpropan-1-ol, and 2-methylpropan-2-ol.

25.3.4.2 Nondirect Gas Chromatography
When food samples to be analyzed by GC are not liquid, when
the concentration of the analytes is low or even when matrix
components need to be removed before the determination of the
analytes, a sample preparation procedure needs to be overtaken.
This process can include one or several extraction and/or preconcentration steps.

25.3.4.3 Distillation
Distillation is an extraction procedure used for the identification of volatile compounds. Distillation can be carried out by
two different approaches, steam distillation and hydrodistillation
and simultaneous extraction distillation (SDE). In steam distillation and hydrodistillation, the sample is mixed with water and
boiled (hydrodistillation) or heated by passing steam through
the water–matrix mixture. After condensation, an organic fraction can be separated from the water with appropriate solvents
using an LLE. Finally, the organic extract is concentrated until
the desired volume. It is important to keep in mind that highly
volatile components as well as water-soluble components can
be lost during hydrodistillation. The distillation can be carried
under low pressure, which is called solvent-assisted flavor extraction (SAFE). This improvement of the traditional distillation
approach enhances the possibility of extracting less volatile and
hydrophilic components.
These methods require a large amount of sample and long
boiling times (several hours). In addition, the use of high temperatures often induces modification in the volatiles profile (Prosen
et al. 2010). However, the distillation approach has the advantage
that once the extract is obtained, it can be stored for analysis or
reanalyzed when needed.

Steam distillation was used to characterize the volatile
composition of wines (Gil et al. 2006), SDE was applied to
the analysis of grapes (De Torres et al. 2010), desalted cod
(Fernández-Segovia et al. 2006), apple aroma (Elss et al. 2006),
condiments (Azokpota et al. 2010), and cheeses (Larráyoz et al.
2001). In a later work, authors noted that SDE extracted preferentially secondary alcohols while purge and trap methodology
extracted primary alcohols. SAFE was employed in the analysis
of pea flour and showed a higher recovery for alcohols than headspace (HS) techniques (Murat et al. 2012).

25.3.4.4 Liquid–Liquid Extraction
Liquid–liquid extraction (LLE) is based on the distribution of
the extracted compounds into two immiscible liquids. An advantage of this method is that compounds with different volatilities
can be analyzed in one extraction step. In addition, it improves
the sensitivity of the methodology. Drawbacks include the use of
relatively large amounts of high-purity solvents, the co-extraction of compounds without interest and often extracts have to
be concentrated, which can induce the loss of the more volatile
components during solvent evaporation. In addition, this technique is relatively tedious and time-consuming and finally, the
presence of the extraction solvent peak in GC analysis may cause
difficulty in the determination of some analytes. Commonly
employed solvents are, among others, dichloromethane, carbon
disulfide, Freon, n-pentane, diethyl ether, and hexane-ethyl ether
or diethyl ether-n-pentane mixture.
LLE has been employed for the characterization of volatiles
in different types of wines (Ivanova et al. 2012) and distillates
(Apostolopoulou et al. 2005). Ortega-Heras et al. (2002) also
determined volatiles in wines using LLE. Authors found that LLE
compared favorably with static and dynamic HS techniques in
terms of sensitivity which allowed the determination of a bigger
number of substances, including more alcohols; however, 3 hours
of extraction were needed. A similar conclusion was reached in
the determination of volatiles in fermented grape must (Mamede
and Pastore 2006). In the characterization of whiskeys (Caldeira
et al. 2007) using LLE, different solvents were assayed, including
dichloromethane, hexane, a mixture of both, and mixtures of one
of them with diethyl ether. Results showed that dichloromethane
provided the best extraction efficiency in terms of total volatile
compounds determined. In addition, the amounts of higher alcohols dropped considerably when using hexane and dichloromethane–diethyl ether 3:1 mixture. It is important to note that the high
ethanol concentration made dilution compulsory in order to minimize the formation of emulsion. In addition, no data for ethanol
concentration was provided with the LLE method. The diethyl
ether extraction method was very useful for the analysis of alcohols in alcoholic beverages and biological samples (Woo 2005).
In order to reduce the amounts of both sample and solvent used, a
microextraction procedure was developed and applied to the characterization of major volatiles in wines using LLE (Vilanova et al.
2012). With this procedure no concentration step was needed.
Continuous LLE has also been employed for the characterization of wine volatiles, including some alcohols (Rocha et al.
2004). With this mode of operation, the production of an emulsion is minimized.
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25.3.4.5 Solid-Phase Extraction
Solid-phase extraction (SPE) refers to the nonequilibrium,
exhaustive removal of chemical constituents from a flowing liquid sample via their retention on a contained solid sorbent and
the subsequent recovery of selected constituents by elution from
the sorbent. The sorption tendency is dependent on the characteristics of the sorbent, the liquid sample matrix, and the analyte. The most commonly cited benefits of SPE versus LLE are
reduced analysis time and cost, less organic solvent consumption and decreased potential for formation of emulsions. SPE
provides higher concentration factors than LLE and can be used
to store analytes in a sorbed state or as a vehicle for chemical
derivatization. In addition, SPE allows fractionation of the sample into different compounds or groups of compounds. However,
the use of SPE is probably best suited to recovery of nonvolatile
and semivolatile aroma compounds.
The classical sorbents in SPE are silica-based (C2, C8, C18),
carbons or polymeric (basically poly (styrene-divinylbenzene),
PS-DVB).
Octadecyl-functionalized silica gel C18 (BondElut) was used
for the isolation and determination of volatile components of
grape distillates (Lukić et al. 2006). Since the adsorption of target compounds on C18 is based mainly on nonpolar interactions,
compounds with less carbon atoms (more polar compounds) such
as higher alcohols butan-1-ol and butan-2-ol showed very poor
extraction recoveries. However, for other volatiles, including
hexan-1-ol, heptan-1-ol, octan-1-ol, nonan-1-ol, decan-1-ol, and
dodecan-1-ol, recoveries obtained were over 90%.
A polymeric sorbent material (i.e., Lichrolut EN) was used to
extract and fractionate wine flavor components (Culleré et al.
2003). The results showed that when compared to silica-based
sorbents, alcohols were less retained in this sorbent.

25.3.4.6 Ultrasound-Assisted Extraction
Ultrasound-assisted extraction (UAE) is recognized as an efficient extraction technique for sample preparation that has been
used to extract alcohols in, for example, the volatile fraction of
brandy with dichloromethane (Caldeira et al. 2004). In an interesting study in which different variables were optimized (i.e.,
solvent, salt type and quantity added, sample volume, solvent
volume, and extraction time) to characterize 14 volatile compounds present in wines, optimum conditions provided recoveries for alcohols ranging from 38.7% for hexan-1-ol to 55.2%
for 3-methylbutan-1-ol (Cabredo-Pinillos et al. 2006). In some
instances, it has been verified that the extraction yield is higher
for UAE as compared to SPE (Hernanz et al. 2008).

25.3.4.7 Microextraction Techniques
Liquid-phase microextraction (LPME) uses low solvent volumes
(i.e., up to 100 μL) to perform liquid–liquid extraction and concentration of the analytes. This process is carried out by a droplet
standing at the top of a needle of a microsyringe in the static
mode. When compared to solid-phase microextraction techniques, LPME has several advantages that include the simpler
instrumental manifold, lower cost of solvents than solid-phase
microextraction (SPME) fibers, avoiding the use of extraction
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materials that could degrade with usage and a wide range of
solvent polarities available for extracting analytes with different
properties. In addition, when dealing with GC determination of
sample components, desorption of analytes from SPME is slower
than solvent evaporation and sometimes peak tailing or memory
effects can be observed for low volatile sample components in
SPME.
The extraction of alcohols from beers can be performed
through the so-called HS single drop microextraction technique
(Tankeviciute et al. 2001). With the direct immersion of the liquid
droplet into the sample (Tankeviciute et al. 2002), the problem
of the changing microdrop volume or drop instability detected
in the HS mode can be avoided. However, when using direct
immersion, the solvent used must be insoluble or very slightly
soluble in water and, in addition, sample components can affect
droplet stability or extraction efficiency. A problem encountered
in the case of some beverages (e.g., beer) is that the extraction is
hampered by the froth formed due to stirring.
A semiautomatic dynamic HS liquid-phase microextraction
(DHLPME) has also been explored for alcohols determination (Saraji 2005). In the dynamic LPME mode, the extraction
is performed within the microsyringe barrel and the syringe is
employed as a separation device and for direct injection into a
GC system. Using a 0.8 μL volume of extractant in the syringe,
when the syringe plunger is withdrawn, a very thin organic solvent film is generated on the inner syringe wall. Mass transfer
of the analytes occurs between the gaseous sample and the solvent film created. In each extraction cycle, a fresh gaseous sample contacts with a new solvent film. In comparison to droplet
LPME, the described dynamic LPME provides a larger enrichment factor within a shorter analysis time and the selection of
solvent is more flexible. Different solvents (i.e., hexyl acetate,
octan-1-ol, o-xylene, and decane) were tested for alcohols extraction with octan-1-ol providing the best results with the plunger
being moved at 1.4 μL/s at 60°C and with an ionic strength corresponding with an addition of 0.4 mg/L of NaCl. It is important
to keep in mind that this speed influences the thickness of the
solvent film and hence the efficiency of the extraction.
A modified direct immersion LPME technique, called solid
drop liquid-phase microextraction (SDLPME) was also applied
to alcohols extraction and analysis using GC (Sobhi and Yamini
2009). With this method, limits of detection were in the 3–56 μg/L
range and preconcentration factors achieved were 13 to 358.
SPME is an evolving technique, which reduces the sample
preparation steps and thereby reduces the analysis time. The
basic principle involved in SPME is to expose a precoated
surface of a fiber to the sample of interest. The coating on the
exposed surface extracts the compound of interest, and once
equilibrium is reached between the sample matrix and the coating on the surface, the extracted compounds are transferred to
a sensing device like a gas chromatograph. Hence, SMPE is an
extraction/preconcentration technique and has the advantage for
GC analysis that it is a solventless technique, so no solvent peak
appears in the chromatogram.
When dealing with SPME, an optimization of the experimental conditions should be performed. The variables include the
fiber coating, the working mode, desorption time in the injector,
and extraction conditions (i.e., time and temperature of extraction, sample volume, salt addition, and pH). As regards the
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SPME working mode, it can be carried out in one of three modes
of operation: headspace (HS-SPME), direct SPME, and in tube
or capillary SPME. Direct SPME can be used for sampling
nonvolatile or semivolatile analytes and HS SPME for complex
samples and/or semivolatile or volatile analytes. In addition, HS
sampling can be developed in static or dynamic mode. Most of
the work concerning alcohols determination has been carried out
in static HS mode.
With respect to the fiber selection, if all the analytes to be
extracted are polar, a polar fiber coating like polyacrylate (PA)
or polyethylene glycol (Carbowax) could be used but for extracting a mixture of compounds with different polarities such as
alcohols, aldehydes, ketones, ethers, and carboxylic acids. Fibers
coated with a combination of nonpolar material like polydimethylsiloxane (PDMS) and a more polar material like divinylbenzene (DVB) or Carboxen (CARB) could be a good choice with
CARB having higher extraction efficiency for low-molecularweight compounds.
Commercially available fibers have been employed for the
determination of alcohols in food products although work
developed specifically for alcohols is scarce. In this direction,
HS-SPME extraction of alcohols was carried out in beers (Jelen
et al. 1998) (best with a PDMS/Carboxen fiber), sweet wines
(Rodríguez-Bencomo et al. 2003) (five different coatings were
tested and CW/DVB was selected), cooked meals (Mateus et al.
2011), and in the meat of pork, duck, and goose (Soncin et al. 2007).
The characterization of whiskeys (Fitzgerald et al. 2000)
with three different commercial fiber coatings (i.e., PA, DVB/
PDMS, and PDMS) was carried out. PA showed the best results
for alcohols analyzed and was selected for sample analysis. A
comparison between HS and DI sampling was carried out and
the results showed that DI gave a higher response for most of
the compounds than HS sampling. However, propan-1-ol, butan2-ol, and 2-methylpropan-1-ol could not be detected with this
SPME mode. In addition, both modes performed favorably when
compared with direct injection.
As regards other extraction variables, an optimum sample volume of 3 mL (keeping a constant sample-to-HS ratio of 1:1). An
extraction time of 35 min at 22°C temperature with a desorption
time of 5 min were selected. A comparison between DI and HS
mode of SPME of volatiles in wine pointed out that no differences were found for 12 analytes including 3-methylbutan-1-ol,
pentan-1-ol, and hexan-1-ol using a CWAX/DVB fiber; hence,
the authors preferred the HS approach because the useful life of
the fiber was longer (Cabredo-Pinillos et al. 2004).
Chemical profile in beers, wine, and whiskeys were also studied using GC-MS (Rodrigues et al. 2008). Five commercially
available coatings were compared: 100 μm, PDMS, apolar;
85 μm, PA, polar; 65 μm, PDMS/DVB; 75 μm, CAR/PDMS;
and 50/30 μm, DVB/CAR/PDMS (StableFlex) polar in order to
select the most appropriate in terms of the most sensitive for the
greater number of compounds in the samples. Results showed
that DVB/CAR/PDMS was best suitable for beer, PDMS for
wine, and CAR/PDMS for whiskey.
A different approach named in tube extraction was also used
to sample the HS of wine and beers (Zapata et al. 2012). This
system consisted of a sorbent-packed needle surrounded by an
external heater, mounted on a gastight syringe with a side port.
Enrichments carried out by aspirating and dispensing the syringe

several times, pumping the sample HS through the sorbent bed.
The analytes are thermodesorbed into the GC injector with
desorption gas, which can be either a portion of the sample HS or
aspirated carrier gas from the injector. However, the presence of
high ethanol levels (i.e., 15%) induced a significant loss of extraction efficiency when Tenax was used as sorbent material. This
circumstance could be mitigated by increasing the sample dilution and the use of internal standards. Hence, determinations of
butan-1-ol, 2-methylpropan-1-ol, 3-methylbutan-1-ol, and hexan1-ol were carried out in 21 wines using 20 μL of sample and 100
syringe strokes, which represented an extraction time of 24 min.
A similar approach named dynamic SPE was tested for the
concentration and determination of polar organic volatile compounds in water-based samples (Jochmann et al. 2006). The
device was also tested with alcoholic beverages. The system consisted of a 2.5 mL HS syringe with a needle that is coated on
the inside with an immobilized extraction phase. The amount of
extraction phase is larger than in typical solid-phase microextraction coatings and the extraction can be carried out directly or
in the HS of the sample. For the extraction, the syringe plunger
is moved up and down several times for a dynamic extraction
of the sample, and the analytes are sorbed in the internal coating. After several extraction cycles, the analytes are thermally
desorbed from the coating in the GC injector. As regards the
sorbent phase, the polar polyethylene glycol (WAX) and the
nonpolar polydimethylsiloxane with embedded activated carbon
particles (PDMS/AC) were the most efficient materials for the
analytes tested.
Extraction fibers produced with the sol–gel-based coating
technology have been used for the preparation of SPME fibers
with high thermal and solvent stability and have been tested for
the extraction of aliphatic alcohols in foods using the HS-SPME
mode. In addition, the organic–inorganic nature of the sol–gel
coating provides sorption sites for the polar and nonpolar analytes. A titania sol–gel cross-linked has been employed for the
determination of aliphatic alcohols in nonalcoholic beers (Maleki
et al. 2009). The porous structure of sol–gel coating increases the
surface area on the fiber, the speed of extraction and desorption
steps, and the sample capacity.
Dendrimers, highly branched macromolecules, were also
investigated as possible coatings for their use in the extraction
of polar compounds. Using the sol–gel technology, the authors
investigated the application of these fibers to the extraction of
polar compounds (including alcohols) using capillary SPME
(Kabir et al. 2004). The extraction could be done without temperature adjustment, derivatization, or salt addition. Low limits
of detection and excellent precision (i.e., RSD below 7% from
run to run) were registered.
Finally, it is interesting to note that other coatings, that is, electrodeposited ZrO2 (Budziak et al. 2007), polyaniline (Djozan and
Bahar 2004), and aluminum oxide (Djozan et al. 2001) have also
been investigated for alcohols extraction with different samples,
although no applications to real food samples have been published yet.
Stir bar sorptive extraction (SBSE) is another microextraction
approach based on the use of a coated stir bar added to the sample for simultaneously stirring and extraction (direct SBSE) or
exposed to the HS (headspace sorptive extraction, HSSE) eliminating interferents that could be absorbed by the bar coating
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(Jeleń et al. 2012; Kawaguchi et al. 2013). Next, analytes can be
thermally desorbed into a cryotrap or reextracted with a suitable
solvent and then introduced into the GC. With SBSE, a higher
amount of coating is used than in SPME, which increases the
extraction and preconcentration efficiency although extraction
times are higher. Some alcohols have been determined in the volatile fraction of wines (Zalacain et al. 2007), vinegars (MarrufoCurtido et al. 2012), apple pomace (Madrera and Valles 2011),
brandies (Delgado et al. 2010), apples (Raffo et al. 2009), and
Chinese soy sauce (Fan et al. 2011). The HSSE mode is more
appropriate than SBSE when solid samples are analyzed because
solid samples usually require some treatment with an organic
solvent that hampers the extraction with the direct approach
(Kawaguchi et al. 2013). A list of references covering the 2006–
2011 period can be consulted in Jeleń et al. (2012).

25.3.4.8 HS Gas Chromatography
HS techniques are well suited for sample preparation prior to
the GC determination of volatiles in liquid and (semi-)solid samples without destroying them. When using this methodology, a
gas phase in equilibrium with the sample material is sampled
and analyzed, hence avoiding problems caused by other sample
components. In most instances, a considerable enrichment of the
analytes can also be obtained in the gas phase, which improves
analyte detectability.
HS can be performed in the static or in the dynamic (usually
known as purge and trap) modes. In the first case, the sample
components are equilibrated with a gas phase above the sample
in a vial and a part of the gas phase is withdrawn from the vessel
and usually injected in a GC. This mode shows a limited sensitivity but it is easily automated. In the dynamic mode, sample is
continuously purged with an inert gas and sample components
are transported from the sample to a trap (e.g., Tenax, activated
carbon or silica). Afterwards, by using a solvent or by heating the
trap, the analytes are released and transferred into a GC system.
This mode is used when a large degree of analyte concentration
is needed with a small sample size.
Static HS was used to detect and monitor the production
of ethanol in canned salmon due to bacterial decomposition
(Chantarachoti et al. 2007), volatiles produced by fungi grown
on strawberry jam (Nieminen et al. 2008), volatiles in coffee
(Sanz et al. 2002) and the presence of residual solvents in herbal
preparations (Apers et al. 2003). An enhanced HS system was
employed to determine the higher alcohols and other congeners
in spirits (Schulz et al. 2007). With this system, sample vials were
pressurized and then the pressure decayed by passing the flow
through the cooled adsorbent trap. The adsorbent (Air ToxicTM)
was dried and then the analytes were thermally desorbed and
carried to the GC column. Results showed that LODs were, for
most of the analytes, lower with the system tested than for the
conventional static mode achieving a similar precision and an
extended linear range.
Methanol and ethanol have been determined in liquors through
an HS system in combination with an analyte full evaporation
approach (Li et al. 2009). Full evaporation implies the complete
analyte transfer to the gas phase, which in this case is achieved
by placing a small sample volume (i.e., <50 μL) into a 20 mL
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volume vial and heating it at 105°C for 3 min. Under these conditions, 99% of the ethanol is transferred in one extraction.
Dynamic HS has been used to characterize volatiles in different food products. In a work dealing with the characterization of
grape must, the authors compared dynamic HS with liquid–liquid extraction of volatiles and found that the number of components determined with the first approach was 25, while with the
more classical method it was 40 (Mamede and Pastore 2006).
One possible explanation was the presence of high boiling point
components that were not efficiently extracted with HS and the
presence of large amounts of ethanol that could interact with the
rest of sample components.
A comparison of the dynamic HS and the simultaneous distillation extraction (SDE) technique was carried out to determine
volatiles in ewe’s milk cheeses (Larráyoz et al. 2001). The results
indicated that dynamic HS was more efficient in the extraction of
light alcohols than SDE. A comparison between dynamic HS and
SPME using a DVB/CAR/PDMS fiber coating in the determination of alcohols in the volatile fraction of hard cheeses showed
that the dynamic HS was more suitable for alcohols determination than SMPE (Mallia et al. 2005).
Table 25.2 summarizes several methods employed to carry out
the determination of alcohols in foods following diverse sample
pretreatment procedures.

25.4 Liquid Chromatography
High-performance liquid chromatography (HPLC) can be used
for the determination of typical alcohols such as methanol and
ethanol in beverages and also for the determination of dihydric
and trihydric alcohols such a glycerol. Longer aliphatic alcohols
are nonvolatile and so hydrophobic that they must be chromatographed in reverse-phase systems for obtaining a good selectivity
of the compounds.

25.4.1 Sample Preparation Prior to LC
Sample preparation for alcohol determination depends on the
nature of the samples. In beverages and other drinks, usually a
direct dilution of the sample is enough followed by a degasification of the solution using ultrasounds and a filtration through a
0.45–0.2-μm nylon membrane syringe ﬁlter before the injection
of the sample into the chromatographic system (Kuligowski et al.
2010). In some cases, a precleaning stage is recommended before
the analysis for longer life of the HPLC column and to eliminate
interferences of the matrix. The most extended cleanup process
is SPE. In most of the cases, such as in wines and juices, C18 or
SAX SPE cartridges wetted in methanol can be used for filtering the sample; this way, pigments are retained in the cartridge
(Blanco Gomis et al. 1988).
For solid samples such as milk powder, a previous extraction is
mandatory before the HPLC analysis. Thus, for example, for the
determination of myo-inositol in milk powder samples, a solid–
liquid extraction was recommended (Flores et al. 2011).
In some instances, the content in some of the alcohols (e.g.,
fatty alcohols) is very low. This fact makes them difficult to be
detected as they are usually below the limits of detection of the
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Table 25.2
Selected Applications of GC for the Determination of Alcohols
Reference

Sample

Gil et al.
(2006)

Wines

Caldeira,
Rodrigues
et al. (2007)

Whiskey

Lukić,
Banović
et al. (2006)

Grape
distillates

Caldeira,
Pereira et al.
(2004)

Aged
brandies

Tankeviciute,
Vickackaite
et al. (2002)

Beer and
white wine

Saraji (2005)

Water and
beers

RodríguezBencomo,
Conde et al.
(2003)

Sweet wines

Compounds
Higher major alcohols:
propan-1-ol, 2-methylpropan1-ol and 2-methylbutan-1-ol,
3-methylbutan-1-ol. Hexan-1-ol
was included in the higher
minor alcohols group
Volatiles including:
Propan-1-ol, 2-methylpropan1-ol, butan-1-ol, 3-methylbutan1-ol, and hexan-1-ol
Volatiles including:
1-ol, heptan-1-ol, octan-1-ol,
nonan-1-ol, decan-1-ol, and
dodecan-1-ol
Volatiles including:
Butan-1-ol, butan-2-ol,
propan-1-ol, 2-methylpropan1-ol, 2-methylbutan-1-ol,
3-methylbutan-1-ol, and
hexan-1-ol
Among others: Methanol,
ethanol, propan-1-ol, propan2-ol, 2-methylpropan-1-ol,
butan-1-ol, 3-methylbutan-1-ol
Methanol, ethanol, propan-1-ol,
propan-2-ol, butan-1-ol,
butan-2-ol, 2-methylpropan2-ol, pentan-1-ol, and
pentan-2-ol
Methanol, propan-1-ol,
butan-1-ol, butan-2-ol,
2-methylbutan-1-ol,
3-methylbutan-1-ol,
2-methylpropan-1-ol

Sample
Treatment

Column

Detection

Comment

For major compounds:
Supelcowax (30 m × 0.53 mm
I.D. and 1 μm film thickness)
For minor compounds: HP-FFAP
(30 m × 0.25 mm
I.D. 0.25 μm film thickness)
DB-Waxetr (30 m × 0.25 mm
I.D. × 0.5 μm film thickness)

FID and MS

4-Methyl-2-pentanol was used as
the internal standard for the
distillation, and 3-octanol for
the LLE. A stable emulsion was
formed in the LLE that could be
broken by using ultrasonication
Octan-3-ol and 4-methylpentan2-ol were used as internal
standards

Rtx-WAX (30 m × 0.25 mm I.D
× 0.25 μm film thickness) and
Rtx-624 (60 m × 0.32 mm
I.D. × 1.80 μm film thickness)
DB-WAX (30 m × 0.32
I.D. × 0.25 μm film thickness)

FID and MS

3-Heptanol was used as the
internal standard

0.017–0.020 mg/L

FID

5-Methylhexan-2-ol was used as
internal standard

From 0.003 mg/L for
hexan-1-ol up to 0.536 mg/L
for butan-2-ol

LPME

A glass column of 2.5 m 3 mm
I.D. packed with Separon SDA
(150 mm)

FID

From 1 μg/mL for
3-methylbutan-1-ol up to
43.6 μg/mL for methanol

LPME

DB-5MS (60 m × 0.25 mm
I.D. × 0.1 μm film thickness)

MS

Octane was used to correct for
droplet volume while sample
analysis was carried out with
standard addition
0.8 μL of octan-1-ol was
employed. Ethyl methyl ketone
was used as the internal
standard

SPME

CP Wax 57CB (50 m × 0.25 mm
i.d. × 0.20 μm film thickness)

FID

4-Methylpentan-2-ol,
2,3-butanodione and 2-methyl3-buten-2-ol were used as
internal standards
A Carbowax–divinylbenzene
65 μm with 20 min of exposure
time at room temperature

From 1.0 mg/L for butan-1-ol
up to 10.8 mg/L for
methanol

Distillation

LLE

SPE

UAE

FID and MS

LOD

From 0.50 μg/L for
2-methylpropan-1-ol to
0.97 μg/L for hexan-1-ol

Ranged between 1 μg/L for
pentan-2-ol up to 97 μg/L
for methanol

(Continued)
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Table 25.2 (Continued)
Selected Applications of GC for the Determination of Alcohols
Reference
Mateus,
Ferreira
et al. (2011)

Sample

Compounds

Sample
Treatment

Column

Detection

Comment

Meals
prepared
with
alcoholic
drinks
Wine and
beer
samples

Ethanol

SPME

SPB-5 capillary column
60 m × 0.32 mm

MS

Extraction was carried out with a
Carboxen–polydimethylsiloxane
(CAR/PDMS) 75 μm with
20 min of exposure

Volatiles including:
2-methylpropan-1-ol and
3-methylbutan-1-ol

SPME

DB-Wax (30 m × 0.32 mm
I.D. × 1 μm film thickness)

qMS

Apple juices

Methanol, ethanol, propan-2-ol,
butan-1-ol, butan-2-ol,
pentan-1-ol

SPME

DB-Wax (30 m × 0.25 mm id,
0.25 μm film thickness)

FID

Liu, Zeng
et al. (2005)

Red wine

Volatiles including:
Propan-1-ol, 2-methylpropan1-ol, 3-methylbutan-1-ol, and
hexan-1-ol

SPME

A laboratory-made PEG20M
(35 m × 0.32 mm i.d. with
0.25 μm film thickness)

FID

Extraction conditions were: 60°C
20 μL of sample and 100
syringe strokes using 22 mg of
Bond Elut ENV resins
Extraction was carried out at
50°C during 5 min using a lab
made titania–chitin sol–gel
coated on a silver wire
A lab made OH-TSO-BMADVB coating was employed
with an extraction time of
30 min at 40°C. 4-Methyl-2pentanol was used as the
internal standard

McLachlan
et al. (1999)

Canned
salmon

Ethanol

HS

MS

Schulz et al.
(2007)

Spirits

HS

FID

2-Methylpropan2-ol was used as
the internal standard
Air ToxicTM was used as trapping
material

Apers, Van
Meenen
et al. (2003)

Herbal
preparations

Methanol, propan-1-ol,
butan-1-ol, butan-2-ol,
2-methylpropan-1-ol,2methylbutan-1-ol,
3-methylbutan-1-ol, and
hexan-1-ol
Ethanol, methanol, and
propan-2-ol

HP Innowax, 30 m × 0.25 mm,
capillary column, 0.25 μm film
thickness
Rtx 1701 (60 m × 0.530 mm I.D.;
1.5 μm film thickness)

Rtx 1 (30 m × 0.32 mm × 5 μm)
with an Hydroguard FS
(5 m × 0.18 mm) column

MS

Propan-1-ol was used as internal
standard

Zapata,
MateoVivaracho
et al. (2012)
Farhadi et al.
(2010)

HS

LOD

0.13 mg/L for
2-methylpropan-1-ol and
0.01 mg/L for
3-methylbutan-1-ol
Between 0.3 and 1.5 μg/L

From 0.449 mg/L for
hexan-1-ol to 49.1 for
propan-1-ol

0.1 μg/g

From 7 μg/L for
2-methylpropan-1-ol up to
1072 μg/L for hexan-1-ol

Handbook of Food Analysis

Free ebooks ==> www.ebook777.com
545

Alcohols in Food and Beverages
classical detectors employed in liquid chromatography. To overcome that problem, a preconcentration step is mandatory (i.e.,
SPE, SPME, and SBE). As an alternative, a derivatization reaction can be employed in order to modify the chemical properties
of the analytes, improving their sensitivity in detectors such as
UV and fluorescence.

25.4.2 
HPLC Columns and Chromatographic
Conditions
The most common stationary phase for alcohol determination
is a strong cation-exchange resin. This resin consists of a sulfonated cross-linked styrene-divinyl benzene polymer in the form
of hydrogen, calcium, or lead. The separation of compounds
with this kind of resins combines size exclusion and ligand
exchange mechanisms. For monosaccharide and alcohols separations, ligand exchange is the primary mechanism that involves
the binding of hydroxyl groups with the fixed-counterion of the
resin. Ligand exchange is affected by the nature of the counterion (Pb2+, Ca2+, H+) and by the spatial orientation of the hydroxyl
groups. The advantage of using ion-exchange HPLC columns
in comparison to typical silica normal or reversed stationary
phases is that ion-exchange resins typically do not require
organic solvents such as methanol or acetonitrile; instead, only
pure water or diluted salt aqueous solutions are required, the
temperature of the column being the main variable for controlling the resolution of peaks. Thus, many of the applications
found in the last few years are centered on the determination
of the content in glycerol, ethanol, organic acids, and sugars in
alcoholic beverages (Paredes et al. 2006). These columns allow
the use of simple isocratic methods with minimal sample preparation, usually just filtering with no derivatization. Because
selectivity for sugars and alcohols is not strongly affected by
the solvent, most carbohydrate separations, aside from sugar
alcohols, can be carried out with deionized water as the mobile
phase. Another possibility to improve resolution of the peaks
is the addition of small quantities of an organic modifier to the
mobile phase such as tetrahydrofuran (THF) or acetonitrile
(ACN) in proportions usually lower than 10%. The addition of
acetonitrile allowed the improvement of the resolution of sugar
alcohols from sugars and alcohols (Paredes et al. 2006). For
example, this type of resin coupled with pulsed amperometric detection (PAD) was successfully used for the separation of
sugars and alditols eluting with water. A postcolumn addition
of 0.5 M sodium hydroxide was necessary to detect sugars and
alditols by PAD (Corradini et al. 2001). In another application,
the separation of sugars from sugar alcohols such as sorbitol,
an anion-exchange resin was applied with 50–100 mM NaOH
as the eluent (Sim et al. 2009).
Another important application of this type of column is the
simultaneous determination of alcohols, sugars, and organic
acids in alcoholic beverages and in fruit juices (Monošík et al.
2013). The retention times of organic acids with pKa less than 4 is
particularly influenced by the pH of the solvent and so very little
changes in retention times for sugar and alcohols are observed
when concentrations from 2.0 to 12 mM of the sulfuric acid
mobile phase are assayed while the retention times for organic
acids can increase in different degrees depending on the number
of carboxylic groups (Paredes et al. 2006). A lot of information

about the best experimental conditions depending on the compounds to be separated can be easily found via the Internet from
the column providers in their applications guides such as the BIO
RAD guide for food and beverages analysis. Another advantage
of using an aqueous mobile phase is that dual detection is possible using the UV and refractive index (RI) detectors in series
to better quantify compounds that are only partially resolved.
The refractive index monitor detects carbohydrates and alcohols
while a UV monitor simultaneously detects organic acids and
aromatic compounds among other compounds (Castellari et al.
2001).
Furthermore, in the last few years, the development of new stationary phases has allowed the separation of different types of
alcohols with higher efficiency compared to classical octadecyl
silica columns. One of these materials is an organic polymer
such as polyhydroxymethacrylate. This stationary phase is quite
versatile because it can be used either in the normal or reversed
phase. Thus, it has proved to be superior to silica-based media
in the range of eluent selection, reproducibility and durability. A
commercial column of this material, Shodex® ODP2 HP-4E with
an acetonitrile-25 mM disodium hydrogen phosphate buffer (pH
11.0, 1:99, v/v) as the mobile phase was applied for the separation
of 4 alcohols (methanol, ethanol, 2-propanol, and 1-butanol) in
beverages using an electrochemical detector (Suzuki et al. 2011).
Other stationary phase employed was a Hypercarb, which consists
of a porous graphitized carbon stationary phase. This column was
used for an efficient separation of methanol, 1-propanol, 1-butanol,
1-pentanol, and 1-hexanol with water as the mobile phase at different elution temperatures (Guillarme et al. 2005). Additionally,
in a similar way, a polystyrene divinylbenzene (PRP-1) column
was successfully applied for the separation of alcohols in beverages at high temperatures and with two different detectors: an RI
and a inductively coupled plasma atomic emission spectroscopy
(ICP-OES) (Terol et al. 2011). However, the main drawback when
using liquid chromatography for alcohol determination is the
lower sensitivity due to the lack of a chromophore or fluorophore
group, and also scarcely electroactive compounds.

25.4.3 Alcohol Detection in HPLC
The most popular detectors in the laboratories are the differential refractive index (RI) and evaporative light scattering (ELSD)
detectors, both of which have poor detection limits. This low
sensitivity is a problem when the target alcohols are present in
quantities lower than 0.1 grams per liter. Another possibility is to
measure alcohols by liquid chromatography/mass spectrometry
(LC/MS). For the sake of simplicity, in the last few years, several
applications have been developed using alternative elution and/
or detection modes in which higher sensitivities for minor alcohols are obtained. Among all the alternatives, it seems that the
electrochemical detector has been the most extensively applied
due to its relatively low cost. Alcohols respond to substances
that are oxidizable at the surface of the electrodes, producing an
electron flow that can be measured. Thus, different electrodes
have been developed for the selective and sensitive detection of
alcohols with amperometric detection, as, for example, a diamond electrode (Suzuki et al. 2011), a nickel electrode (Stitz and
Buchberger 1991), and a ruthenium-based modified electrode
for the determination of ethanol in low-alcohol samples such as
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vinegars (Cataldi et al. 1996). The main advantage of using this
type of electrode is the high sensitivity compared to other traditional HPLC detectors such as UV and RI, as, for example,
with a diamond electrode the limits of detection found for single
alcohols comprised between 20 and 25 μg/L. This detector was
also successfully applied in the analysis of food additives such as
sugar alcohols like alditols in complex mixtures using a cobaltmodified electrode (Corradini et al. 2001; Casella and Contursi
2003) or a gold electrode for mannitol and inositol determination
in Agave syrup (Willems and Low 2012). The main drawback of
electrochemical detection is that the electrodes require continuous maintenance.
On the other hand, an ongoing field of application in analytical sciences is the coupling of HPLC to nontraditional detectors;
one of the possibilities is infrared spectroscopy. Since most compounds absorb in the mid-infrared region, FTIR can be regarded
as a general detector for liquid chromatography and was reviewed
by Somsen et al. (2000). Furthermore, FTIR spectroscopy provides detailed qualitative information on the separated analytes
along with a unique fingerprint that often enables confirmation of
the identity of the analytes without the need of a mass spectrometry detector. In the last decade, various applications of the online coupling of HPLC systems with FTIR spectrometers without
removing the mobile phase have been optimized and applied to
the determination of different kinds of compounds, including
alcohols (Lachenmeier 2007). A drawback of this coupling is
that acidic mobile phases usually employed with ion exchange
columns degrade the IR-transparent CaF2 window of the flow
cell. To cope with the low pH of the mobile phase typically, it
was proposed that the flow cell be coated with a thin polymer
film to protect it from acidic degradation (Vonach et al. 1998),
but this film has to be frequently replaced. However, this problem
was recently overcome with the use of a noncorroding window
material such as diamond (Edelmann et al. 2003). However, this
type of detection also suffers from lack of sensitivity caused by
low optical path lengths, which have to be used due to the strong
background absorption of most common mobile phases, including water. A possible approach to overcome this lack of sensitivity was to use more powerful light sources, such as quantum
cascade lasers (QC-lasers).
QC-lasers consist of several hundred layers of different semiconductor materials. As their emission wavelength
depends on the thickness of the semiconductor layers, and not
on the semiconductor material itself, lasers emitting at different wavelengths can be produced independently of the availability of semiconductor materials. The use of QC-laser-based
systems offer a significant advantage for on-line detection: the
on-line data acquisition frequency can be increased up to 120
data points/min, which is significantly higher than the 27 data
points/min obtained using on-line FTIR detection with a single laser light. The study demonstrated that the use of dual
QC-laser system is an effective way to increase the sensitivity
and selectivity of an HPLC-FTIR application for the simultaneous determination of sugars, organic acids, and alcohols in
wine samples (Kuligowski et al. 2010). An optical setup based
on three gold mirrors and a ZnSe beam splitter was used to
direct the emitted laser light through a liquid flow cell with an
optical path length of 52 μm onto a mercury–cadmium–telluride (MCT) detector.

Handbook of Food Analysis
Taking advantage that the mobile phase frequently used for the
separation of alcohols is pure water or acidic solutions, ICP-AES
has been assayed as a carbon detector for HPLC. This detector
has the advantage that a single calibration line can be employed
for the determination of several compounds as the carbon signal
is the same for all compounds. The coupling was adapted for the
simultaneous determination of carbohydrates, carboxylic acids,
alcohols, and heavy metals (Paredes et al. 2006).
Another detector that has been applied to HPLC separation
when using pure water as the mobile phase is a flame ionization detector (FID). To be able to do this without turning off the
FID, an interphase that allows the formation of a stream of small
droplets (i.e., a nebulizer) is imperative in order to evaporate the
eluent before it enters the detector (Young et al. 2012). A methodology has been optimized decreasing the water ﬂow rate through
decreasing the inner column diameter and increasing the column
temperature. In this case, the eluent has not to be removed before
it enters the detector. In this coupling, it is very important to
optimize variables such as hydrogen and air flow rates or water
flow rate (Guillarme et al. 2005). In order to avoid diffusivity of
the analytes in the column, the mobile phase is preheated before
entering the column. A restrictor is introduced just before the
FID flame jet. In order to obtain good results, the water flow rate
must be kept between 10 and 30 μL/min.
On the other hand, with the aim of obtaining a higher sensitivity in alcohol determination, high-temperature liquid chromatography (HTLC) has recently been introduced. HTLC refers to
separations performed at temperatures higher than 40°C with
a mobile phase maintained in a liquid state. The advantages of
working at higher temperatures than in HPLC are a decrease
in the mobile phase viscosity, a higher diffusion of the analytes
through the pores of the stationary phase and a higher speed rate
in the interactions between the analytes and the stationary phase.
As a result, a significant improvement in peak shapes of polar and
charged compounds is obtained. Moreover, pure water is a very
polar mobile phase at ambient temperature. Consequently, its eluting strength is usually too low in reversed-phase liquid chromatography but at higher temperatures, its strength increases enough
to be compatible with reversed HPLC separations. Furthermore,
high-temperature, water offers the interest of being easily compatible with detection modes that are not commonly used in classical HPLC, such as FID, nuclear magnetic resonance (NMR),
and ICP-AES. The limitation of HTLC is the thermal instability
of traditional silica-based stationary phases. Thus, such problems
can be avoided using materials resistant to high temperatures and
highly cross-linked wall-bonded stationary phases. Some examples are based on either metal oxide such as zirconia or titania,
porous graphitic carbon or organic polymers, and also monolithic
columns (Guiochon 2007). The latter material is made of a single
piece of porous silica called a silica rod. The rod is obtained by
a polymerization process in a column tube. This material allows
faster operation, leading to shorter analysis time compared to traditional stationary phases, and working at lower flow rates.
Taking advantage of the development of monolithic columns, a
polydivinylbenzene monolithic capillary column was assayed for
the separation of methanol, ethanol, 1-propanol, 1-butanol, and
1-pentanol with superheated water (Nakajima et al. 2003), without the need of a special interphase and also avoiding preheating
the mobile phase due to the reduced radial temperature gradient
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of the column. Using this kind of monolithic column, it was possible to quickly separate n-alcohols at temperatures exceeding
200°C (Causon et al. 2009) with limits of detection lower than
those found at lower temperatures and similar to GC (Guillarme
et al. 2005; Causon et al. 2009). In a similar way, HTLC has been
hyphenated to ICP-OES. The control of the column temperature
is done by employing a GC oven. In this coupling, it was necessary to use a 2-m-long stainless-steel preheating coil inserted
into the oven before the HPLC column. The column employed
for the separation of alcohols was a polymeric reversed phase
(PRP-1) (Terol et al. 2011). The limits of detection obtained for
methanol, ethanol, propan-1-ol, and butan-1-ol using RI and ICPOES were of the 4–25 mg/L order.
When the sensitivity given by a selected detector is not high
enough, a precolumn or postcolumn LC chemical derivatization is carried out. The precolumn derivatization is more frequently used than the postcolumn because it is easier to develop.
Therefore, wide varieties of derivatization reactions have been
reported in the literature in order to increase absorption in the
UV–vis or the fluorescence regions (Escrig-Doménech et al.
2013).
Generally, the derivating reagents are: acyl chlorides, organic
anhydrides, isocyanates, and others involving reactions based on
oxidation, sulfonation, acylation, or esterification of the hydroxyl
groups of alcohols. Table 25.3 shows the limits of detection
obtained when some derivatization reactions are employed. Acyl
chlorides react with weak nucleotides such as aliphatic alcohols
in the presence of a base to give esters. The reaction time is usually between 30 and 60 min and the detection can be done using
UV or fluoresce detector (Nojiri et al. 2000). Organic anhydrides
react with alcohols to afford an ester; the reaction is activated
using compounds like pyridine or imidazol. Symmetric aliphatic
anhydrides are recommendable for HPLC-MS use, as the derivatives show an increase in volatility. Thus, the alcohols and phenols present in mint and rose essential oils were determined using
a derivatization with phthalic anhydride (Ródenas-Montano
et al. 2013). Moreover, benzoic anhydride can be employed for
both HPLC-MS and HPLC-UV determination of aliphatic and
triterpene alcohols present in vegetable oils (Lerma-García
et al. 2009). The derivatized oil samples were chromatographed
on a C8 column using gradient elution with acetonitrile/water
mixtures containing 0.1% acetic acid, with UV–vis followed by
negative-ion mode MS detection. The other derivating agent is
the isocyanate. This reagent is typically applied for the determination of aliphatic and polyethoxylated alcohol. Recently, the
reaction of the alcohol group with phenyl isocyanate was assisted
with microwave (MW) irradiation carried out in an on-line system coupled to HPLC with photodiode array detection (PDA)
(Chávez et al. 2004).
The one-carbon simple structure of methanol and its transparency to UV radiation limit the detection sensitivity in chromatographic techniques. Some authors have developed derivatization
reactions with methanol and other simple alcohols in order to
increase their sensitivity but the problem with methanol in food
and beverage samples is its relatively small content in comparison
with ethanol being difficult to obtain a selective determination.
An application was developed trying to get a specific derivatization for methanol with 3-bromomethyl-7-methoxy-1,4-benzoxazin-2-one, using benzalkonium chloride (Chen et al. 1998). After

the derivatization, samples were analyzed by HPLC-UV using a
LiChrospher diol column with a mixture of n-hexane–dichloromethane (9:1, v/v) as the mobile phase.

25.5 Ultraviolet Spectrometry
Ultraviolet spectrometry has been used for alcohol determination without previous separation steps. Thus, thin-film gas sensors with optically active substances (e.g., metallic porphyrin)
can be used for this purpose. The chemical structure of the
metaloporphyrins consists of four pyrrolic subunits linked by
four methane bridges that allow π:π∗ transitions, thus allowing
UV–vis absorbance measurements (Roales et al. 2011). Alcohols
can interact with the retained molecules, hence giving rise to a
change in the porphyrin electronic and optical properties. It is
therefore possible to build an optical sensor for the determination of alcohol concentration in vapor phase (Kladsomboon and
Kerdcharoen 2012). By applying this sensor and further use of a
principal component analysis procedure, methanol, ethanol, and
iso-propanol can be easily distinguished because each alcohol
causes absorbance variations in different wavelength regions.
Other chromoreactants containing a reactive trifluoroacetyl
group also form stable compounds with ethanol (Mohr 2003).
Additional approaches have been previously investigated such
as the immobilization of fluorescent dyes (e.g., malachite green)
on porous glass films whose fluorescent properties are modified
with the polarity of the medium (i.e., the ethanol content) (Simon
et al. 1995). The behavior of the obtained optochemical sensor
depends on the temperature and pH and, in order to avoid interferences caused by other components of the alcoholic beverages,
multiple wavelength reading is advised. By modifying the nature
of the fluorescent ligand, it is possible to discriminate among different alcohols.

25.6 Infrared Spectrometry
Mid-infrared spectrometry (MIR) gives information about the
molecular bonds and the details of the molecules present in the
food samples. In the case of near-infrared spectrometry (NIR)
the prevailing bands correspond to overtones and combination
molecular bands. The direct determination of ethanol in beverages can be done without sample pretreatment. Some approaches
even propose the use of noninvasive transmission NIR to directly
measure the ethanol content in bottles through the reading of the
signals resulting from CH stretching vibrations at short wavelengths (Nordon et al. 2005). In general terms, the determination
of alcohol through MIR and NIR requires the development of
multivariate calibration algorithms that adds to the complexity
of the method development. It is also worth mentioning that the
dominating absorption of ethanol and water in the mid-IR region
is an important challenge regarding the interferences when other
compounds (among them additional alcohols) should be determined in alcoholic beverages (Bauer et al. 2008).
Derivative Fourier transform (FT)-MIR has been applied to
the determination of the ethanol content in beer, vodka, rum, gin,
and whiskey in a micro flow transmission cell (Gallignani et al.
1994). The employed cells are made of an appropriate material
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Table 25.3
Selected HPLC Applications for the Determination of Alcohols with Different Detectors and Stationary Phases
Reference

Method

Type of Food or Beverage
and Sample Treatment

Compound

LOD

Innovation

Results

Castellari
et al. (2001)

HPLC-UV-RI

Beer

Glycerol
Ethanol

2.6 mg/L
8.1 mg/L

Suzuki et al.
(2011)

HPLC-ECD

Alcohol beverages

Kuligowski
et al. (2010)

HPLC-FTIR
with on-line
dual quantum
cascade laser
detection
HPLC-FID

Wine

Methanol
Ethanol
2-Propanol
1-Butanol
Ethanol
Glycerol

20 ng/mL
20 ng/mL
25 ng/mL
20 ng/mL
1.22 g/L
0.28 g/L

Standard solution

Ethanol

17 ng

Separations of alcohols, phenols, and
carboxylic acids by coupling of
subcritical water chromatography and
FID with postcolumn splitting

HPLC-ICPOES/RI

Wine

ICP-OES/RI (mg/L)
5.0/29
11/8.2
2.8/35
8.6/5.8

First-time use of ICP-OES as a detector
for the simultaneous determination of
sugars, carboxylic acids, and alcohols

Possibility to obtain organic as well as
inorganic information from a given food
sample

Evaluation of HTLC-ICP-OES and
HTLC-RI for the determination of
alcohols in alcoholic beverages
Possibility to determine alcohols
together with metals in the same
chromatographic run with
HTLC-ICP-OES
Derivatization time is very fast and
enables the separation of isomeric
alcohols

Two alternatives to the existing methods
for the determination of volatile
compounds such as alcohols in alcoholic
beverages

Yu et al.
(2007)

Paredes et al.
(2006)

Ethanol
Glycerol
Methanol
Sorbitol

Terol et al.
(2011)

HTLC-ICPOES/RI

HPLCFluorimetric
detection

Nojiri et al.
(2000)

HPLC-UV

Esterification reaction at
60°C with 1-ethyl-3-(3dimethylaminopropyl)
carbodiimide
hydrochloride (CPDB)
Confectioneries:
Derivatization with
p-nitrobenzoyl chloride in
the presence of pyridine

ICP-OES/RI (mg/L)
Methanol
Ethanol
Propan-1-ol
Butan-1-ol

7.1/9.8
5.5/4.9
6.6/6.8
11.5/25.1

Methanol to eicosanol
(C1–C20-ol)

0.2–0.5 pg

meso-Erythritol, xylitol,
d-glucitol, d-mannitol,
maltitol, and parachinit

0.1%

Sugar, organic acids, glycerol, and ethanol
were quantified in a single-run separation
simultaneously using UV and RI
detectors

The use of a QC-laser system as IR
source for on-line IR detection in
HPLC

The hyphenation of HPLC with on-line
dual quantum cascade laser detection
has shown an effective way to increase
the sensitivity and selectivity of on-line
infrared compared to a single laser light
HPLC-FID system with postcolumn
splitting is stable even at flow rate of
mobile phase as high as 1.48 mL min−1

Simultaneous determination of six sugar
alcohols in a single chromatogram

The method was 50 times more sensitive
compared with GC-FID

CPDB was found useful for the
derivatization not only of primary
alcohols, but also for secondary and
tertiary alcohols
The derivatization allowed the
simultaneous determination of sugar
alcohols in several confectionaries
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Assaf et al.
(2000)

Alcoholic beverages
(dilution of the sample)

Simultaneous determination of
carboxylic acids, carbohydrates,
glycerol, ethanol, and 5-HMF using a
sulfonated divinyl benzene–styrene
copolymer and two detectors in series
Shodex ODP2 HP-4E column with a
electrochemical detector, equipped
with a diamond electrode
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(e.g., ZnSe) so as to avoid damages caused by water and the optical path is short (ca. 0.029 cm) in order to lower the absorbance
caused by water. The use of FT-MIR together with multivariate
data analysis has been applied to the quality control of several
spirits and beers. Data regarding ethanol, methanol, propan-1-ol,
and isobutanol have been quickly obtained by applying a partial
least-squares (PLS) procedure (Lachenmeier et al. 2005). The
use of FTIR combined with PLS has given satisfactory results
regarding the content of several alcohols such as methanol,
ethanol, propan-1-ol, isobutanol, and 2-/3-methyl-butan-1-ol
(Lachenmeier 2007). In some instances, it has been claimed that
the derivative absorbance spectra is more appropriate to carry
out the ethanol determination than the raw one. Thus, for beers
with high alcohol contents, the uncorrected second derivative
FTIR measurements provide good results, but for specimens
with low ethanol content, the first derivative is preferred and it
is necessary to correct it for the content in maltose (Gallignani
et al. 1994). With this procedure, the achieved ethanol limit of
detection is 0.025% (v/v).
Near-infrared derivative spectrometry is useful for the ethanol determination in whiskey, wine, rum, and liquors because
it is possible to employ ordinary glass cells without the need for
short path lengths (Gallignani et al. 1993). The method does not
require special sample treatment procedures. It is only necessary
to carry out degasification or dilution steps. Beer samples are also
analyzed by means of interpretive NIR spectrometry (Engelhard
et al. 2004). In this case, two wavelengths are selected based on
the assignment of the absorption bands of the major constituents
and the difference in absorbance between these two bands is correlated with the ethanol content. In this case, the interferences
caused by the presence of maltose are mitigated.
Different modalities of NIR have been applied to the analysis of alcoholic beverages, among them reflectance, NIR with
a transflectance immersion probe (Mendes et al. 2003) or with
a quartz cell (Barboza and Poppi 2003). Short-wavelength
(SW-NIR) transmission spectroscopy also provides the total content of alcohol in beverages. Unlike NIR (1100–2500 nm), in the
case of SW-NIR, the spectral covered region goes from 700 to
1100 nm. In this spectral region, common diode array detectors,
fiber optics, and tungsten lamps can be employed, thus reducing
the cost of conventional NIR or MIR systems. In SW-NIR, it is
important to carefully control variables such as the temperature,
since it directly affects the obtained vibrational spectra through
an increase in the free OH groups. As a result, it is necessary to
develop robust multivariate calibration, spectra standardization,
or orthogonal signal correction procedures (Barboza and Poppi
2003). This method has been satisfactorily applied to the analysis
of cachaça.
A common problem found in MIR and NIR is that sugars
cause interferences in the ethanol determination. To solve this
problem, several strategies have been proposed such as the use
of derivative spectroscopy or matrix separation or simulation.
Partial least-square calibration has been proposed to determine
ethanol, together with sugars in wine samples (Patz et al. 2004).
However, by means of a stopped flow method, it is possible to
simultaneously determine maltose and ethanol in beer samples
(Gallignani et al. 1994).
The development of fiber optics has made it possible to carry
out in situ determinations by attenuated total reflectance (ATR)

probes with diamond cones. These are robust polycrystalline silver halide fibers that permit the analysis in the 3300–
550 cm−1 wave number region (Artyushenko et al. 2008). By
means of this procedure, it is possible to determine ethanol content in cognacs and other distilled drinks (Picque et al. 2006).
Alternatively, once the MIR spectra are obtained, it can be verified that they are similar to all the analyzed samples regardless
of the ethanol content. However, if the spectra are derived, it is
possible to find a linear relationship between the first derivative
of absorbance at a given wave number and the ethanol content
(McIntyre et al. 2011).

25.7 Raman Spectrometry
In this technique, the intensity of inelastically scattered light
from molecules is measured at characteristic wavelengths.
Raman spectrometry affords a structural fingerprint due to
the very narrow and well-resolved bands; it is able to provide
compound-specific information and it is not sensitive to water.
Usually, the Raman spectrum obtained for organic samples has a
fluorescence background that is 106 –1010 times more intense than
the Raman bands and hence degrades the sensitivity.
With a 514.5-nm laser excitation wavelength, examining the OH
region profile of the spectra (3100–3600 cm−1) and applying PCA,
it has been possible to qualitatively determine ethanol in several
tequila samples (Frausto-Reyes et al. 2005). A problem attributed to most of the analytical techniques that provide information
about alcohols is that ethanol cannot be easily determined together
with methanol. This, in fact, is a severe problem encountered in
the field of alcoholic beverages. Note that, usually, the concentration of ethanol (ca. 40%–60%) is about three orders of magnitude
higher than that of methanol (normally below 0.1%). However,
some works demonstrate the applicability of Raman spectrometry
to the simultaneous determination of these two alcohols (SatoBerrú et al. 2004). Thus, it has been verified that obtaining the
Raman spectra of several ethanol–methanol mixtures and normalizing the corresponding bands to the Raman scattering intensity
of acetonitrile (used as an internal standard), straight lines are
obtained (Boyaci et al. 2012). This makes it possible to simultaneously quantify both alcohols in real samples (whiskey, vodka,
gin, and raki). With the same goal, an optofluidic sensor based on
waveguide-confined Raman spectroscopy has been applied to the
analysis of very low (20 μL) sample volumes in a short time (30 s)
(Ashok et al. 2013). In this case, the spectra have been obtained for
several alcohol concentrations. Then, a PLS model is developed
using the spectral region going from 950 cm−1 to 1200 cm−1. The
obtained model is able to detect toxic vodka and whiskey beverages (i.e., methanol content above 0.4%).
By comparing NIR with Raman spectrometry, it has been
found that the former requires complicated calibration algorithms (i.e., principal component analysis combined with partial
least squares), whereas for the latter univariate calibration provides good results. Meanwhile, NIR is more versatile and less
problematic with carrying out on-site measurements than Raman
spectrometry. Importantly, for some alcoholic beverages, the use
of visible laser excitation sources in Raman spectroscopy gives
rise to a strong fluorescence background (Sanford et al. 2001).
In contrast, it has been indicated that the accuracy of the results
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obtained when determining ethanol content in whiskey is better in the case of FT-Raman than for FT-NIR, which has been
assigned to the interferences on the ethanol analytical bands
caused by the sugars when using the latter technique. It is also
worth to remember that the Raman bands are narrower than the
NIR ones, thus leading to a better resolution when using the former technique. In any case, the performance of these two techniques for the ethanol determination has shown to be better than
that found in the case of GC (Mendes et al. 2003).
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hydrogen-bonding donors (acids) and acceptors (conjugated
bases of weak acids) (Nose et al. 2004). This technique has
allowed to carry out interesting studies on the bonding of water
and ethanol in drinks such as Japanese sake (Nose et al. 2005) or
whiskey (Nose et al. 2004).
Additional applications of NMR include the study of the vinegar aging process by means of the quantification of several
compounds, among them ethanol (Consonni and Gatti 2004) and
the discrimination between transgenic and conventional maize
through the measurement of the ethanol content (Piccioni et al.
2009).

25.8 Nuclear Magnetic Resonance
Nuclear magnetic resonance (NMR) involves the measurement
of the energy absorbed by atomic nuclei with nonzero spins in
the presence of a magnetic field. The absorption is affected by
the chemical environment of the nuclei of interest. There is an
increasing interest for using RMN in the field of food analysis
(Pauli et al. 2012). This is because this technique shows some
important advantages such as excellent selectivity, the capability to carry out determinations of many compounds without the
need for separating them and the fact that it is nondestructive
(Mannina et al. 2012). As for other spectrometric techniques,
the signals of the main sample constituents like alcoholic beverages (e.g., water and ethanol) may mask the signals for other
minor constituents. In some studies, sample preparation procedures such as freeze drying or vacuum distillation are proposed
(Viggiani and Morelli 2008). In other instances, the solvent signal suppression during the analysis is the proposed alternative to
avoid complex, time-consuming, and costly sample preparation
procedures. This approach has been successfully applied to the
determination of methanol in spirits (Monakhova et al. 2011).
NMR has been used as a detection system for liquid chromatography with some limitations as compared to LC-MS related
with the low sensitivity and the need for using expensive deuterated mobile solvents (Silva Elipe 2003). Contrarily to this,
compounds such as 2-phenylethanol have been identified in
beer samples by means of LC-NMR/MS (Gil et al. 2003). Based
upon the content in this alcohol, it is possible to discriminate
the beer production site by applying 1H RMN PCA (Almeida
et al. 2006). Methanol can also be determined by 1H RMN in
alcoholic beverages (Monakhova et al. 2012). A method consisting of the derivatization of the labile hydrogens of the primary
and secondary hydroxyl groups of glycerol by a phosphytilating
reagent in combination with 31P RMN has led to the identification and quantification of glycerol in wine (Hatzakis et al. 2007).
The results provided by this method are similar to those supplied by the conventional HPLC methodology but with two main
advantages: (i) it is not necessary to perform a calibration prior
to the analysis, thus saving analysis time and (ii) it is easier to
integrate the glycerol signals and, hence, the obtained results are
more precise and accurate. However, sensitivity is lower and cost
higher for the 31P RMN method as compared to HPLC.
In the field of alcoholic beverages, the association of ethanol with water plays a very important role because it has been
indicated that the reduction in the stimulative taste of ethanol is caused by a change in the water–ethanol structure. The
1H NMR chemical shift helps to conclude that the strength of
the hydrogen bonding structure is affected by the presence of

25.9 Biosensors
Biosensors are devices containing a biological sensing element
in combination and in intimate contact with a transducer that
generates a signal proportional to the content of a given analyte.
They present important advantages over other methods since
tedious sample preparation methods are avoided and the cost
and complexity of the analysis are reduced. Additional driving
forces to develop biosensors are the need of the food industry
for the development of pocket devices, on-site analysis of undiluted samples, and the need for on-line continuous monitoring of
the food quality during its processing. The biological component
of the sensor (e.g., enzymes, microbes) acts over a given system
(biochemical reaction) thus modifying a physical property or initiating a process (electrons originated from a redox reaction, proton concentration, light absorption or emission, release of uptake
gases, etc.), which is transformed into a detectable signal (current, potential, absorbance, etc.).
The alcohol determination through these methods is mainly
based on the use of two enzymes: alcohol oxidase (AOX) and
alcohol dehydrogenase (ADH) (Azevedo et al. 2005). AOX is
an oligomeric enzyme that catalyzes the irreversible oxidation
of low-molecular-weight primary alcohols to yield acetaldehyde
and hydrogen peroxide, oxygen acting as the electron acceptor.
To follow a reaction catalyzed by AOX, it is possible to measure
either the depletion in the O2 or the increase in the H2O2 concentration. Oxygen and hydrogen peroxide can be measured by
means of conductometric, amperometric, potentiometric, and/or
spectroscopic methods.
Amperometric biosensors are very popular. Several of them
are commercially available for the determination of alcohols
such as methanol and ethanol (http://www.analox.com, http://
www.flownamics.com). The amperometric detection of H2O2
shows some advantages over other possibilities because H2O2
sensors are easy to manufacture, they can be constructed in
small sizes, and the dynamic range is wider. In contrast, their
response is slow and the high potential required to oxidize
hydrogen peroxide induces interferences caused by the presence
of some concomitant compounds such as ascorbic acid or uric
acid that at these high potentials (−600 mV) are also oxidized.
A possible solution to this problem is to employ an electrocatalyst to accelerate either the oxidation or the reduction of H2O2 or
to use mediators. The amplification of the response to ethanol
can be achieved by biocatalytic accumulation of a mediator. The
reduced form of this mediator is accumulated by performing the
biochemical process under conditions of open circuit. After that,
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the transduction is carried out. The method validated for wine
analysis provided an enrichment factor of 35 following a 5 min
accumulation. Carbon paste biosensors based on the use of yeast
ADH have also been applied to the determination of ethanol in
whiskey, gin, anis, and wine (García Mullor et al. 1996). A gaspermeable membrane that avoids interferences has been adapted
to carry out the analysis of whiskey and sake. In this case, an
immobilized alcohol dehydrogenase reagentless sensor has been
employed (Hikuma et al. 1995). Carbon paste electrodes modified with ZrO2 nanoparticles based on ADH are also useful tools
to determine ethanol (Salimi et al. 2012). Similarly, a biosensor
based on the use of a screen-printed carbon electrode doped with
5% cobalt phthalocyanine coated with alcohol oxidase has been
applied to in-field applications in beer samples (Tudorache and
Bala 2007).
Spectroscopic methods for the determination of ethanol based
upon the oxidation of ethanol to H2O2 and its further reduction to
H2O by means of a peroxidase enzyme are available. In this case,
hydrogen donor molecules are required to complete this process.
Chromogenic, fluorigenic, or luminogenic substrates such as
4-hydroxybenzosulfonate (Azevedo et al. 2004) or 8-hydroxiquinoline (Rodionov et al. 2002) are used. Colorimetric biosensors have been applied to the monitorization of the amount of
gas-phase ethanol generated in modified atmospheres of packaged lettuce, cauliflower, broccoli, and cabbage (Smyth et al.
1999) or apples (Castillo et al. 2003). Fluorescence-based sensors are based on the light emission promotion or depletion of
compounds that are exposed to the presence of alcohol bi-products. AOX can be immobilized on the tip of an oxygen sensor
coated with a ruthenium organic complex. The presence of oxygen coming from ethanol oxidation induces optical quenching
(Mitsubayashi et al. 2003).
Another big group of biosensors are the so-called microbial
biosensors. They have been used to determine the content of
alcohols in food samples (Lei et al. 2006). The change in a given
property of the solution is a consequence of the metabolization of
the analyte by the biological agent immobilized on the transducer.
Microorganisms show several advantages over biomolecules
such as enzymes or antibodies because they offer the possibility
to detect a wide range of substances, they are compatible with
a wide range of temperatures and pH, and they are amenable to
genetic modification. Furthermore, microorganisms-based sensors do not require tedious purification and preparation methods
and they are more selective than those based on enzymes.
In amperometric microbial biosensors, several microbes
metabolizing ethanol are immobilized on oxygen electrodes.
There is a long list of potential microbes, among them C.
tropicalis (Akyilmaz and Dinçkaya 2005), Aspergillus niger
(Subrahmanyam et al. 2001), and Saccharomyces ellipsoideus
(Rotariu and Bala 2003). The main drawback is related with the
selectivity of these sensors. To further improve this, a biosensor
consisting of ferricyanide as the electron acceptor mediator for
G. oxydans immobilized on a glassy carbon electrode has been
used. It has a cellulose acetate membrane that prevents the access
of glucose to the cells (Tkac et al. 2003). The use of membranes
also avoids the poisoning of the electrode surface but it should
be permeable to oxygen. An important point is the biosensor
disinfection because if the biocatalytic part of the sensor is not
protected, it can suffer from bacterial attack. Recently, bacteria

cells (Methylobacterium organophilium) have been immobilized
on eggshell membrane and adapted to an O2 Clark-type electrode
(Wen et al. 2012). This electrode has a 1-month shelf-life and
responds not only to ethanol but also to other aliphatic alcohols
such as n-propanol or n-butanol. The analysis of alcoholic beverages revealed that the obtained ethanol concentrations were not
significantly different to those encountered with GC.
Potentiometric microbial biosensors can also be applied for
the determination of ethanol. As it is widely known, potentiometric transducers measure the potential difference between
the working electrode and a reference one. In fact, the stability
of this second electrode seems to be the limiting factor of this
kind of biosensors. The consumption of ethanol by a microbe
(Saccharomyces ellipsoideus) causes a change in the potential as
a consequence of the modification in solution ionic concentration
(Rotariu et al. 2004). In this case, the transducer is an oxygen
electrode and the obtained detection limits range from 0.02 to
50 mM. The fact that there is a logarithmic relationship between
the analyte concentration and the generated signal makes it possible to analyze samples with very different ethanol contents.
The special electronic properties of carbon nanotubes (CNTs)
make them very attractive for manufacturing electrochemical
sensors (Otles and Yalcin 2012). Even more recent is the combination of CNTs with other materials that confer improved
properties to the final structure. As an example, ethanol can be
determined with a high sensitivity by using hybrid materials
made of metal oxide (SnO2 doped with PtO2) multiwalled carbon nanotube (Van Hieu et al. 2010). Note that this kind of electrode is especially useful to carry out the determination of gases.
Another example is based on a combination of CuO and multiwalled carbon nanotubes (MWNT) (Parmar et al. 2011). The
sensing principle consists of the measurement of the resistance
on the surface as ethanol is deposited on it. Note that with this
system, the response depends strongly on the temperature, reaching optimum results when this variable rises up to roughly 400°C.
Nanoporous and mesoporous materials (e.g., silica, carbon) in
turn are used in biosensing because their unique properties such
as large surface area, good chemical, mechanical, and thermal
stability, uniform tunable pore size distribution with an ordered
porous network, and high adsorption capacity (Dai and Ju 2012).
Highly ordered mesoporous carbon (OMC) is very interesting
since each one of the channels behaves as an individual nanocell
where electrochemical reactions take place with favored kinetics
as compared to CNTs (Yan et al. 2011). Thus, for example, H2O2
and NADH electrochemical reactivity increases markedly and
the analytical response is enhanced with respect to that found
for CNTs. An amperometric biosensor based on this technology
has been developed for the determination of ethanol (Zhou et al.
2007). In this case, alcohol dehydrogenase (ADH) can be integrated with a Meldona’s Blue (MB)/OMC composite modified
glassy carbon electrode. Thus, mesoporous platinum has demonstrated to enhance the oxidation of methanol (Kucernak and
Jiang 2003) whereas gold is used for ethanol determination.
In the field of electrochemiluminescence (ECL) enzyme
biosensors, ethanol has been proposed as a possible analyte.
In this case, electrochemical energy is transformed into light
at the surface of an electrode through the application of a
given potential (Chen et al. 2011). The most relevant advantages are the high sensitivity and the low background signals.
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If enzymes are incorporated, it is possible to control the time
and the location of the light emission. In order to determine
ethanol content, ADH has been assembled to Ru(bpy)32+ -Au
nanoparticle aggregates on a indium–tin oxide electrode surface. In this case, ethanol was oxidized whereas the nicotinamide adenine dinucleotide (NAD+) was reduced to NADH.
The latter reacted with Ru(bpy)32+ to yield Ru(bpy)32+* that emitted light as it deactivated. With this setup, the dynamic range
extended up to three orders of magnitude whereas ethanol
quantification limits close to 0.01 mM were achieved (Zhang
et al. 2007). Additional work done on this sense proposed the
use of Ru(bpy)32+ doped silica nanoparticles cross-linked to
ADH to achieve limits of detection of 5.0 × 10 −5 mM and a five
orders of magnitude dynamic range (Jia et al. 2009). By fixing
Ru(bpy)32+ and sulfopolyesters that disperse directly in aqueous
solutions, it is also possible to carry out the determination of
ethanol (Martin and Nieman 1997).

25.10 Sensors and Electronic Noses
Electronic noses (E-noses) consist of an array of gas sensors
able to detect simultaneously several vapors of a given food.
The main advantages of this assembly are related with the
speed of analysis and the minimal sample preparation required.
Typically, gas sensors have a selective membrane, which prevents the passage of unwanted compounds that may interfere
with the determinations.
Currently, electronic noses contain four major components: (i)
a matrix of array gas sensors; (ii) a volatile delivery system, used
to transport volatiles emitted by the samples into the chamber
where sensors are mounted; (iii) a control system that takes care
of the correct handling of volatiles, and data acquisition; and
(iv) a processing system. The mode of operation of an E-nose
depends on the sample to be analyzed because in some cases the
sample should be heated whereas in others it is merely placed
near the sensors array. Once the measurement process has finished, the chamber containing the sensors array is cleaned and
the stored data are processed.
E-noses are employed to carry out the analysis of foods
(Biniecka and Caroli 2011), among them alcoholic beverages
(Martí et al. 2005) such as wines and beers (Baldwin et al.
2011). Many E-noses are based on the use of gas sensors that
operate through their physical and/or chemical interactions
with the sample vapors. One of the most widely employed
vapor sensors are those based on the use of metal oxide semiconductors (MOS) such as SnO2 and WO3. Nevertheless, in the
case of alcoholic beverages, they show some problems as an
exponential relationship between response and ethanol concentration is observed, hence saturating the detector response.
Furthermore, they are prone to poisoning by sulfur-containing
products or organic acids. The strong sensitivity of the MOS
to ethanol makes it possible to apply an E-nose to the study
of the peach ripening state as the amount of produced ethanol
(and other volatiles) increases with time (Rizzolo et al. 2013).
Another interesting field of application of the MOS sensors is
the food cooking, fermentation, and wine-making processes
(Zhao et al. 2000). One of the limitations of the E-noses is
their high cost. Recently, it has been verified that the cost of
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the E-nose indicated to detect ethanol in wine samples can
be drastically lowered by adapting an mbed microcontroller
(Macías Macías et al. 2013).
Additionally, carbon nanotubes (CNT) show special electronic properties and high specific surface area, which makes
it a good doping agent to fabricate gas sensors. In fact, a small
proportion of CNTs gives rise to a significant enhancement in
the response for ethanol and methanol. The reason could be
based on the appearance of nanochannels in the SnO2 surface
that enhance in both the diffusion of the gas molecules into the
metal oxide surface and the local electric field at the CNT–SnO2
interface. As a result, methanol and ethanol dehydrogenation
reactions are more efficiently produced (Wongchoosuk et al.
2010). As the responses of these sensors to ethanol and methanol
are different, they can be used to detect the presence of the latter
alcohol in whiskeys.
In another approach conducting polymer sensors were used,
but they showed a high sensitivity to water. In any case, the high
sensitivity to this alcohol is the main reason why many sensors
employed in E-noses are devoted to the detection of ethanol in
food samples (Ghasemi-Varnamkhasti et al. 2011).
Quartz crystal microbalances are acoustic promising
devices. In an example of E-noses, 8 quartz microbalances
that are electromechanical resonators whose resonant vibration depends on the mass of substrate adsorbed on their surfaces have been used. To functionalize these sensors, layers
of metalloporphyrins (5,10,15,20-tetrakis-(4-butyloxyphenil)
porphyrin with metals such as cobalt, zinc, iron, tin, copper,
manganese, ruthenium, and chromium) are deposited. The
vapors coming from the headspace fraction of the sample are
delivered to the electronic nose. By means of this method, it is
possible to discriminate among several wine varieties on the
basis of the different content of volatile compounds such as
ethanol, methanol, propan-1-ol, isobutanol, or isoamylic alcohol (López de Lerma et al. 2013). A problem shown by this
kind of device is its sensitivity to the environmental temperature and its sometimes poor precision.
The problem associated with the high sensitivity to ethanol shown by gas sensors may be solved by means of the use
of mass spectrometry E-noses or the removal of ethanol by
a proper sample preparation method (Smyth and Cozzolino
2013). A different approach consists of the use of specific conductive polymers deposited on a solid substrate. For example,
the poly (2-dodecanoylsulfanyl-p-phenylenevinylene) doped
with dodecylbenzenesulfonic acid (10%, w/w) deposited onto
interdigitated electrodes provides specific sensitivity to methanol (Péres et al. 2012).

25.11 Flow Injection Analysis
Generally speaking, there is a need for fast analytical methods that has driven toward the so-called flow injection analysis
(FIA). Sequential injection analysis (SIA) devices based on the
ethanol oxidation by potassium dichromate and further spectrophotometric detection are described for the analysis of alcoholic
beverages (Fletcher and Van Staden 2003). The SIA methods
have some general advantages over the FIA ones because they
usually require low reagent consumption. In fact, the method
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developed for ethanol determination only requires 0.2 mL of
0.2 M potassium dichromate and 4 M sulfuric acid solution. By
measuring the amount of chromium (III) generated, the limit of
detection achieved for spirit samples was 0.09% ethanol.
Immobilized enzyme systems have been used in FIA methods.
Thus, colorimetric methods are available in which an immobilized reactor is employed to determine ethanol in the presence
of 4-aminoantipyrine and phenol (Salgado et al. 2000). The
features of this system are: wide linear range (0.05–1 g/L) and
sample throughput of 15 samples/h.
Vibrational spectrometry (i.e., IR and Raman) have several
advantages for their use in FIA assemblies (Armenta et al. 2007):
(i) the whole spectrum is quickly acquired; (ii) high resolution is
achieved over a wide wavenumber range; (iii) there are several
bands that can be employed to determine each compound; (iv)
several compounds can be simultaneously determined; and (v)
band overlaps can be easily resolved. Nonetheless, it may be indicated that the use of vibrational spectrometry in FIA systems is
not frequent (Gallignani and Brunetto 2004).
In order to increase sample throughput, an NIR stopped flow
methodology has been proposed for the analysis of beer. In a classical FIA system, ethanol can be extracted on-line from liquor by
using chloroform and then injected into a carried stream leading the sample plug to the NIR detector. In this way, interferences caused by sugars are eliminated (Tipparat et al. 2001). The
extraction can be carried out in a sandwich-type cell equipped
with a PTFE membrane used to separate the aqueous from
the organic phase (Gallignani et al. 2005). This is the selected
approach in an FIA-MIR system allowing ethanol determination.
Note that a chloroform carrier stream was continuously delivered
to a conventional transmission IR cell to give 25 samples per
hour throughput.
The on-line vapor phase generation (VPG)-FTIR technique
has been applied to the determination of ethanol in alcoholic
beverages (Pérez-Ponce et al. 1996). In this case, the nontreated
sample is injected into a reactor at 80–90°C and the generated
gas is led to the IR gas cell where the IR spectrum is obtained.
The selected measurement criterion has been the integrated
absorbance between 1150 and 950 cm−1. Methanol can also
be quantified by means of this methodology (Garrigues et al.

1997). The area of the transient signal obtained between 1025
and 950 cm−1 and that between 950 and 820 cm−1 gives simultaneous information about the methanol and ethanol content
by using a simple linear model. The main drawbacks of this
method are that some matrix compounds can be covolatilized
and that an expensive multiple-pass IR gas cell must be
employed.
FIA has also been used in combination with 1H RMN to
carry out the determination of ethanol content in beers
(Lachenmeier et al. 2005). This has been made possible by the
establishment of PLS models obtained by correlating the data
obtained through conventional methods (e.g., refractometry)
with those measured by means of RMN. Furthermore, this system also allows building a spectra database for different beers,
thus making it possible to distinguish between wheat malt and
barely malt beers.
Ethanol concentration has also been measured using a nonoptical
technique, which determines the density of samples through a
flow injection–pervaporation method (González-Rodríguez et al.
2003). The obtained sample throughput is 15 h−1. However, distillation is required to implement this technique, which makes it
time consuming compared to optical methods.

25.12 Conclusions
Alcohol determination in food samples is a difficult and important task that requires complex sample preparation and detection
methods. Chromatographic techniques (HPLC and GC) have
been traditionally employed because, by a proper selection of
the detector and separation conditions, it is possible to discriminate among the concentrations for several alcohols. However,
currently, there is an increasing interest for the use of techniques
that do not require a separation step. The problems encountered
by these methods are based on interferences as well as sensitivity degradation, lack of linearity, or cost. Nonetheless, they offer
an attractive approach to carry out the direct determination of
alcohols in foodstuff. Table 25.4 summarizes the analytical figures of merit encountered for different techniques, thus showing
the promising results found for some of them.

Table 25.4
Analytical Techniques for Quantification of Ethanol in Different Types of Foods
Technique

Sample

Detection Limit

HPLC/FTIR
HPLC/FID
FT-NIR spectrometry
MIR
FT-Raman spectrometry
NIR spectrophotometry, flow injection
Pulse amperometry, Pt electrodes

Wine
Alcoholic beverages
Alcoholic beverages
Food
Alcoholic beverages
Liquor
Alcoholic beverages

0.05% (w/w)
0.03%
0.2% (w/w)
10 g/L
0.02 mM

Photometry, pervaporation

Wines

1%

Bacterial cell (Methylobacterium
organophilium) immobilized on a Clark
O2 electrode biosensor

Beer and liquor

0.025 mM

Linear Range

1–10 mg/mL

200–500 g/L
0.02–1700 mM

0.05–7.5 mM
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Acronyms and Abbreviations
ADH
AOAC
AOX
ATR
CNT
DHLPME
DI
DVB
E-noses
ECL
ELSD
EU
FID
FT
FTIR
GC-O
GC
GPMAS
HPLC
HSSE
HTLC
ICP-OES
LC
LLE
LPME
MIR
MS
MW
MWNT
NIR
NMR
OMC
PAD
PA
PDA
PDMS
PEG
PLS
PRP
PS-DVB
QC-lasers
RI
SAFE
SAX
SBSE
SDE
SDLPME
SED
SIA
SPE
SPME
SW-NIR
UAE
VPG
WAX

Alcohol dehydrogenase
American Official Methods of Analysis
Alcohol oxidase
Attenuated total reflectance
Carbon nanotubes
Dynamic headspace liquid-phase microextraction
Direct injection
Divinylbenzene
Electronic noses
Electrochemiluminescent
Evaporative light scattering
European Union
Flame ionization detector
Fourier transform
Fourier transform infrared spectroscopy
Gas chromatography olfactometry
Gas chromatography
Gas-phase molecular absorption spectrometry
High-performance liquid chromatography
Headspace sorptive extraction
High-temperature liquid chromatography
Inductively coupled plasma optical emission spectroscopy
Liquid chromatography
Liquid–liquid extraction
Liquid-phase microextraction
Medium-infrared spectrometry
Mass spectrometry
Microwave
Multiwalled carbon nanotubes
Near-infrared spectrometry
Nuclear magnetic resonance
Ordered mesoporous carbon
Pulsed amperometric detection
Polyacrylate
Photodiode array
Polydimethylsiloxane
Polyethylene glycol
Partial least squares
Polystyrene divinylbenzene
Poly(styrene-divinylbenzene)
Quantum cascade lasers
Refractive index
Solvent-assisted flavor extraction
Strong anion-exchanger
Stir bar sorptive extraction
Simultaneous distillation extraction
Solid drop liquid-phase microextraction
Simultaneous extraction distillation
Sequential injection analysis
Solid-phase extraction
Solid-phase microextraction
Short-wavelength NIR
Ultrasound-assisted extraction
Vapor phase generation
Polyethylene glycol
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26.1 Introduction
Vitamins are low-molecular-weight organic compounds (or
related set of compounds) that make possible several biochemical processes essential for life. They are essential substances, as
they cannot be synthesized in sufficient quantities by an organism, and must be obtained from the diet. The intake of vitamins
comes from foods of animal and plant origin; fruits and vegetables, in particular, are rich in them or other metabolites (provitamins) subsequently converted into active vitamins by the human
organism. All the compounds structurally related to a vitamin
that fulfil the same specific function, also if less biologically
active than the vitamins, are known as vitamers.
Vitamins A, D, E, and K are reported as fat-soluble vitamins
(FSVs) because of their capability of being dissolved in fats or
oils unlike the other vitamins that are known as water-soluble
vitamins. FSVs show a slower metabolism with respect to the
water-soluble ones and can lead to toxic symptoms (hypervitaminosis), when taken in excessive quantities.

26.2 Vitamin A
Vitamin A is a group of important carotenoid metabolites (Figure
26.1). It includes retinol (vitamin A1), dehydroretinol (vitamin
A2), retinal, retinoic acid, and several provitamin A carotenoids
(β-carotene is the most important among these).
The β-ionone ring is essential for the vitamin activity. Indeed,
only carotenoids with one unsubstituted β-ionone ring and with
an at least 11-carbon polyene chain possess vitamin A activity
(Gentili and Caretti, 2011). Vitamin A1 originates in the intestinal mucous cells by an oxidative cleavage of β-carotene due

to oxygen-dependent dehydrogenases. Although two molecules
of the aldehydic intermediate retinal (20 carbon atoms) can be
obtained from each β-carotene molecule (40 carbon atoms),
usually asymmetric cleavage leads to the apocarotenals, whose
chain shortening produces retinal (Tang et al., 1991). Vitamin
A2, characterized by the presence of a cyclohexadienyl ring, is a
vitamer 40% less bioactive than retinol.
Retinol is transported to the liver by chylomicrons and then
transferred to the different tissues bound to a protein called
serum retinol-binding protein (Kawaguchi et al., 2007).
Vitamin A is not a limiting nutrient in well-fed human beings,
while its deficiency is a public health problem in nutritionally
vulnerable populations. Vitamin A accumulates particularly
in liver and it is toxic at high doses, so that its intake should
not exceed the tolerable upper intake level. On the other hand,
vitamin A deficiency may occur because of inadequate intake,
increased requirement during rapid growth in children and high
urinary losses during enteric infections. Meta-analyses of most
of the trials suggest that supplements of vitamin A to children
aged between 6 months and 5 years in developing countries
reduce their mortality by about 20%–30% (Imdad et al., 2011;
Mayo-Wilson et al., 2011; Sherwin et al., 2012). However, the
latest 5-year trial (named DEVTA, Deworming and Enhanced
Vitamin A Supplementation) in 1 million preschool children
showed that mortality benefit is not as great as previously suggested (Awasthi et al., 2013).
Dietary needs for vitamin A are supplied as preformed retinol
(mainly as retinyl ester) and provitamin A carotenoids. Preformed
vitamin A is found almost exclusively in animal products while
provitamin A carotenoids are found in green leafy and yellow
vegetables and yellow noncitrus fruits. The food sources with the
highest content in vitamin A, expressed as retinol equivalents,
are reported in Table 26.1.
563
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Retinol (vitamin A1)
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Retinoic acid

Retinal

β-Carotene
FIGURE 26.1 Vitamin A forms and provitamin A1 (β-carotene).

Vitamin A content values are influenced by different household
cooking methods and technological processing so that the intake
evaluation is not strictly comparable to nutrient content values of
raw food. In green vegetables, β-carotene is in caroteno-proteins
in the chloroplasts with inhibitory effect on carotenoid digestion
and absorption, while in yellow vegetables, β-carotene is dissolved
in oil droplets in the chromoplasts and can be readily extracted
during digestion. Hence, the bioavailability of β-carotene in vegetables depends on the molecular link and food nature. Cooking
can increase the extractability of β-carotene and then its bioavailability, disrupting the caroteno-proteins. On the other hand,
cooking can determine an isomerization of all-trans-β-carotene
to cis- isomers that are less bioavailable. It was demonstrated
that cooking leads to the release of all-trans-β-carotene and
cis- isomers in green vegetables due to increased extractability
coupled with improved bioavailability, whereas in yellow vegetables cooking leads to a degradation of β-carotene dissolved
Table 26.1
Selected Food Sources of Retinol Equivalents
Food
Bovine liver
Pork liver
Ovine liver
Equine liver
Bitter chicory
Carrots
Dried apricots
Taraxacum or wild chicory
Butter
Parsley
Chili
Arugola
Basil
Egg yolk
Pumpkin

µg/100 g Edible Portion
16,500
16,500
15,000
11,000
1315
1148
1090
992
960
943
824
742
658
640
599

Source: Dietosystem Database, Istituto Nazionale di Ricerca per gli Alimenti
e la Nutrizione (INRAN), Italy.
Note: R.E. = 1 µg retinol = 6 µg β-carotene = 12 µg carotenoids.

in oil droplets that is much more vulnerable against oxidation
(Bernhardt and Schlich, 2006). According to FAO-WHO, the
world’s food supply is sufficient to meet global requirements even
if great differences exist in amounts and sources of vitamin A.
For the requirement and safe level of intake of vitamin A, it can
be referred to FAO/WHO expert consultation on human vitamin
and mineral (2001) where the mean requirement for an individual has been defined as “the minimum daily intake of vitamin A as presented in μg retinol equivalents (μg RE) to prevent
xerophthalmia in the absence of clinical or subclinical infection.” According to National Health and Nutrition Examination
Survey (NHANES), the average daily dietary vitamin A intake
in Americans aged 2 years and older is 607 μg RE, 649 μg RE/
day in men, and 580 μg RE/day in women.
The intake of total vitamin A in European consumers is
equally divided between carotenoids in foods of plant origin and
foods of animal origin. The European Food Safety Authority
(EFSA) estimates a mean intake of preformed vitamin A in the
adult European population between 400 and 1200 μg RE/day in
men and between 350 and 1000 μg RE/day in women. Only a
small percentage of European people have an intake exceeding
the tolerable upper intake level (3000 μg RE from preformed
vitamin A per day), especially because of liver and vitamin A
containing supplement consumption (EFSA, 2008).
Retinol is the most multifunctional vitamin in the human body
as it is essential from embryogenesis to adulthood. All-transretinoic acid and other active retinoids generated from vitamin
A1 are able to induce cellular differentiation: retinoids generated
by one cell type can affect nearby cells, so retinoids also function in intercellular communication (Gudas and Wagner, 2011).
In adults, vitamin A is well known to be essential for several
functions such as vision, immune functions, and reproduction.
The role of vitamin A in the visual cycle is specifically related
to the retinal. The trans-retinol is transported from the liver to
the rods, a type of photoreceptor cells in the retina of the eye.
First, it is esterified with lecithin and isomerized to cis-retinol
(Figure 26.2) by a process of addition–elimination, catalyzed
by the putative isomerohydrolase, that allows the rotation of
the C11–C12 sigma bond of the substrate bound to the enzyme
(Golczak et al., 2005). The cis-retinol is then oxidized to cis-retinal, an aldehyde, able to bind the protein opsin by an imine formation, producing, in this way, the red pigment rhodopsin. Upon
absorption of a photon of light in the visible range, cis-retinal in
the rhodopsin isomerizes to all-trans-retinal and this molecular
change originates a nerve impulse to the brain. In order to continue the process, the rhodopsin is hydrolyzed and the all-transretinal, after reduction to alcohol, is converted back into the cis
form by a series of enzyme-catalyzed reactions, whereupon it
reattaches to another opsin ready for the next photon to begin the
process again.
However, new biologic functions for vitamin A are continuously being discovered in new fields such as lipid metabolism
(Sauvant et al., 2011), insulin response (Berry et al., 2011), energy
balance (Esteban-Pretel et al., 2010), and the nervous system
(Yu et al., 2012). Recently, Al Tanoury et al. (2013) highlighted
that the spectrum of activities of vitamin A and retinoid acids is
much broader and complex than previously suspected due to the
diversity of their receptors and the large spectrum of their extra
nuclear and nontranscriptional effects.
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FIGURE 26.2

Proposed trans-cis isomerization mechanism of retinol catalyzed by the putative isomerohydrolase.

26.3 Vitamin D
Vitamin D is a group of secosteroids (molecules similar to steroids but with a broken ring) responsible for intestinal absorption
of calcium and phosphate. The most abundant form of vitamin D
in animals is vitamin D3, colecalciferol, originated by a photochemical reaction starting from 7-dehydrocolesterol, following
skin exposure to sunlight, mainly UV-B rays (see Figures 26.3
and 26.4). Thanks to this endogenous production, it is also often
referred as a prohormone (Picciano, 2010).
Upon the photochemical reaction, the precolecalciferol is
formed and then converted in colecalciferol following a thermically induced 1,7-shift of a hydrogen atom. Vitamin D2, ergocalciferol, is synthesized from ergosterol, a sterol present in plants
and yeasts, with the same mechanism. Other compounds showing activity similar to vitamin D3 are produced starting from
other phytosterols (Figure 26.5).

After hydroxylation in the liver into 25-hydroxyvitamin D3
(calcidiol) and kidney into 1α,25-dihydroxyvitamin D3 (calcitriol), the active metabolite can enter the cell and bind to the
vitamin D receptor. The complex forms a heterodimer with the
specific nuclear receptor and subsequently binds a responsive
element on the gene of calcium-binding protein (Lips, 2006).
Other physiological properties of vitamin D are reported.
Vitamin D receptor is found in significant concentrations in the T
lymphocyte and macrophage populations. The significant role of
vitamin D compounds as selective immunosuppressant is illustrated by their ability to either prevent or markedly suppress animal models of autoimmune disease (Deluca and Cantorna, 2001).
It has been demonstrated that a sufficient intake of this vitamin
is linked to decreased risk of developing diverse types of cancer (Holick, 2008), such as cancer of esophagus, stomach, colon,
rectum, pancreas, lung, breast, and so on, as well as to reduced
risks for bacterial infections and other diseases. However, the
prolonged routine consumption of vitamin D may interfere with

H
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HO

HO
Ergocalciferol (vitamin D2)

H

Colecalciferol (vitamin D3)

H

H

H

HO

HO
Ergosterol (provitamin D2)

7-Dehydrocholesterol (provitamin D3)

FIGURE 26.3 Vitamins D2 and D3, provitamins D2 (ergosterol), and D3 (7-dehydrocholesterol).
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FIGURE 26.4 Photochemical production of vitamin D3.
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FIGURE 26.5 Vitamins D4 –D7 obtained from phytosterols.

Klotho and FgF23 regulation of phosphate homeostasis with detrimental consequences for human health (Glade, 2012). Vitamin
D has been also used as rodenticide as it mobilizes calcium from
the rodent’s bones into its bloodstream, producing hypercalcemia and heart failure.
Severe vitamin D deficiency, due to inadequate exposure to
sunlight and insufficient consumption of naturally occurring
vitamin D and its precursors (Glade, 2012), causes rickets or
osteomalacia, an inadequate or delayed mineralization of osteoid
in mature cortical and spongy bone (Whyte and Thakker, 2005).
Vitamin D occurs in few foods and fish is its most important
dietary source (Table 26.2) even if, in the last years, especially
in the United States, high quantities of vitamin D come from
fortified foods.
Household cooking and storage in general cause only slight
losses of vitamin D (Lešková et al., 2006; Kobayashi et al., 2011).
Since vitamin D comes from the diet but it can be also produced in the skin, it is rather difficult to estimate its adequate
intakes (AIs) for the overall population. FAO/WHO recognize
in recommending vitamin D intake that the most efficient way
to reach high quantities of it is to produce it endogenously in the
skin by sunlight exposure, at least for populations living between
latitudes 42°N and 42°S.
However, since vitamin D synthesis is influenced by several
factors such as ageing, season, latitude, and skin pigmentation,
Recommended Dietary Allowances (RDA), defined as the average daily level of vitamin D intake sufficient to meet the nutrient requirements of nearly all (97%–98%) healthy people have
been developed by the Food and Nutrition Board (FNB) at the
Institute of Medicine of The National Academies (2010). It was

established that for individuals who cannot synthesize vitamin
D, the RDA should be 15 µg/day (from 1 to 70 years old, including pregnancy and lactation) and 20 µg/day for over 70 years old.
For infants (0–12 months), an adequate intake (AI) of 10 µg/day
has been established, as evidence is not sufficient to develop an
RDA. At these doses, adverse toxic effects such as hypercalciuria
and hypercalcemia do not occur given that the lowest observed
adverse effect level is 50 μg/day (FAO/WHO, 2001).
Table 26.2
Selected Food Sources of Vitamin D
Food
Cod-liver oil
Herring
Brine salmon
Tuna
Smoked herring
Swordfish
Anchovies
Grouper
Trout
Salmon
Sardine
Caviar
Egg yolk
Porcine mushrooms
Mackerel

µg/100 g Edible Portion
10,000
19
17
16.30
16
11
11
11
10.60
8
7.50
5.87
4.94
3.10
2.90

Source: Dietosystem Database, Istituto Nazionale di Ricerca per gli Alimenti
e la Nutrizione (INRAN), Italy.
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The medium intake of vitamin D in European countries is
highly variable also depending on the exposure to suboptimal
levels of sunlight of some European populations. For this reason,
most countries have their own recommendations for vitamin D
intake, recognizing that there may be insufficient sun exposure in
larger or smaller groups of the population. The current allowance
of vitamin D recommended by most European countries is 5 µg/
day for adults and 10 µg/day vitamin D per day for the elderly.
The European Food Safety Authority has recently revised the
tolerable upper intake levels for vitamin D unlikely to pose a risk
of toxicity for all population groups. These new reference levels
are based on the most recent study results. The vitamin D tolerable upper intake level has been recognized at 100 μg/day for
adults, pregnancy and lactation included, as well as for adolescents. For children (ages 1–10 years), the levels were established
at 50 μg/day while for infants up to 1 year of age, 25 μg/day. Data
from European populations indicate that vitamin D intakes from
all sources in high consumers are below the maximum tolerable
level for all population groups (EFSA, 2012).
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γ-Tocotrienol
δ-Tocotrienol
FIGURE 26.7
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26.4 Vitamin E
Vitamin E is a group of chemical compounds that act as antioxidants maintaining the stability of cell membranes against oxidative stress. The antioxidant activity of vitamin E seems to be
correlated with their capacity to quench free radicals and, in particular, reactive oxygen species produced by the cell metabolism.
They are tocochromanols, characterized by a 6-hydroxychroman
ring and a terpenoid side chain constituted by four isoprenic
units. They can be divided in two main classes, tocopherols and
tocotrienols, and each class includes four derivatives (α, β, γ, and
δ), differing in the number and position of the methyl groups on
the chromane ring.
Naturally occurring tocopherols (Figure 26.6) have three chiral carbons with absolute configuration R,R,R.
Tocotrienols (Figure 26.7) are characterized by the presence
of three double bonds in the side chain. The naturally occurring
tocotrienols have R configuration at the chiral carbon and E configuration at the double bonds.
Other minor analog compounds have been reported from natural sources. Tocomonoenols (Figure 26.8) are natural metabolites characterized by the presence of only one double bond in
the side chain (Matsumoto et al., 1995; Yamamoto et al., 1999;
Fiorentino et al., 2009).
R2
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O

α-Tocopherol
β-Tocopherol
γ-Tocopherol
δ-Tocopherol
FIGURE 26.6

Tocopherols.
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Minor naturally occurring tocols.

The antioxidant effect of vitamin E originates from the reaction with a peroxyl radical that produces a radical stabilized by
resonance. This intermediate reacts with other peroxyl radicals
and generates, as end product, a tocopherylquinone (Decker,
2008).
γ-Tocopherol possesses anti-inflammatory activity by reducing PG-E2 synthesis (Jiang et al., 2000). It has been proposed
that this anti-inflammatory effect, associated with increased
expression of cyclooxygenase-2 and formation of prostaglandin
E2, might prevent the incidence of human colon cancer. The
inhibiting role of α- and γ-tocopherols against glioma cell proliferation by increasing integrin B1 and A5 protein levels has
been also investigated (Samandari et al., 2006). Other activities
of tocopherols such as the antidiabetic effect, the attenuation of
vascular smooth muscle cell proliferation, and the prevention of
prostate cancer (Saldeen and Saldeen, 2005) have been reviewed.
Vitamin E is exclusively obtained from the diet and its intestinal absorption is directly correlated to bile secretion, pancreatic
solubilization, and micelle formation. Digestion and transport of
all the tocopherol homologs from the enterocyte to blood and tissues is similar and follows the dietary fat digestion and absorption even if the α form prevails in blood and tissue. This happens
for the action of binding proteins that select the α form over the
others determining the different antioxidant potencies of the
homologs.
Vitamin E deficiency as a result of scarce intake of vitamin E
is rare. A deficiency can occur as a result of genetic abnormalities in the liver-tocopherol transfer protein (Shils et al., 2006) and
as a result of various fat malabsorption syndromes.
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Table 26.3

O

Selected Food Sources of Tocoferol
Food
Sunflower oil
Corn oil
Paprika
Almond
Olive oil
Wheat germ
Curry powder
Peanut oil
Oregano
Soybean oil
Wheat germ
Hazelnut
Pine nut
Caviar
Avocado

mg/100 g Edible Portion
68
34.5
29.83
26
22.4
22
21.99
19.10
18.86
18.50
16
15
9.5
7
6.4

Source: Dietosystem Database, Istituto Nazionale di Ricerca
per gli Alimenti e la Nutrizione (INRAN), Italy.

Vitamin E is naturally present in oils and plants. Foods with
the highest content in vitamin E are reported in Table 26.3.
In the leaves of higher plants, vitamin E occurs generally as
α-tocopherol inside chloroplasts and its concentration is higher
in dark than in light green leaves. Different cooking methods
of vegetables showed an increase of α-tocopherol extractability
with an enhancement of its bioavailability, while cooking yellow/red vegetables did not modify its extractability. It is still
unclear how the food matrix influences absorption and bioavailability (Bernhardt and Schlich, 2006). Despite the considerable
antioxidant properties of vitamin E, no evidence for dietary supplementing of this vitamin to protect organisms against chronic
diseases has been demonstrated.
According to FAO/WHO, data are not sufficient to give recommendations for vitamin E intake for population subgroups
except for infancy, which is more susceptible to oxidative stress
(low concentrations of low-density lipoproteins, poor body stores
of vitamin E, impaired absorption). On the basis of the information and data from the Member States, the European Food Safety
Authority (2010) also reported that a cause-and-effect relationship has been established between the dietary intake of vitamin
E and the protection of DNA, protein, and lipids from oxidative
damage. Other cause–effect relationships have not been established and the necessary amount of vitamin E can be easily consumed as part of a balanced diet.

26.5 Vitamin K
Vitamin K is a group of naphthoquinone derivatives involved in
the process of blood coagulation (Greer, 2010). It exists in two
forms: vitamin K1, also known as phylloquinone, present in plants,
and vitamin K2, a series of homologous compounds with unsaturated side chain (from 1 to 13 isoprenic units long) synthetized by
microorganisms and referred as menaquinones (Figure 26.9).
Vitamin K acts as a cofactor in the conversion of intracellular
precursors of vitamin K-dependent proteins (such as prothrombin

O
Phylloquinone (vitamin K1)
O

O
Menaquinone-3 (vitamin K2)
FIGURE 26.9

Vitamins K1 and K 2.

and other coagulation factors) to the active forms. These activated vitamin K-dependent proteins have a γ-carboxyglutamic
acid residue (Gla), obtained, in the presence of CO2 and O2, by
γ-glutamyl carboxylase, the vitamin K-dependent enzyme. This
residue represents the location of specific binding sites of calcium
ions, important for the Ca++ -mediated action of these proteins.
During this transformation, vitamin K is converted to vitamin K
epoxide, which is subsequently reduced to the active form by an
epoxide reductase first and then by a quinone reductase enzyme
(Figure 26.10). The epoxide reductase is a key enzyme inhibited
by dicoumarol and warfarin and analog anticoagulant molecules.
The intestinal absorption of vitamin K follows the pathway of
most of the dietary lipids.
The major sources of vitamin K are green leafy vegetables
followed by phylloquinone-rich plant oils (Table 26.4). Gut
microflora contributes as long-chain menaquinone endogenous
source but its contribution is still not well known (Shearer et al.,
2012). The various forms of vitamin K are relatively stable to
heat and are retained after most cooking processes while they
are destroyed by sunlight. In general, only a few studies deal with
the stability of this vitamin, probably for its good stability during
cooking combined with sufficient intake of this nutrient worldwide (Lešková et al., 2006).
The only disease consequence of clinical concern, specifically
related to a nutritional deficiency of vitamin K in healthy individuals occurs during early infancy. This is a bleeding disorder
known as vitamin K deficiency bleeding (Shearer, 2009).
The U.S. Dietary Reference Intakes for vitamin K were last
updated in 2001 and the committee decided that data were not
sufficient to recommend an RDA, setting only an AI based on
dietary intake data from healthy individuals. In this way, the committee stated that any diet was adequate to prevent risk of bleeding. The established AI was 90 μg/day for women and 120 μg/day
for men for the United States and Canada considering the median
phylloquinone intakes estimated from national surveys (Food and
Nutrition Board, 2001). So far, the controversy regarding biochemical measures of subclinical vitamin K deficiency does not
allow to define the optimal intake of vitamin K for adults (Booth,
2009) also because a substantial difference in the reported intakes
from a number of countries, probably related to different food
consumption practices, is found (Booth, 2012). When compared
globally (EURRECA Micronutrients Database), the guidelines
for vitamin K dietary AIs in two adult groups, 19–50 years and
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FIGURE 26.10 Mechanism of vitamin K.

Table 26.4
Selected Food Sources of Phylloquinone
Food
Thyme
Turnip tops
Oregano
Marjoram
Soybean oil
Spinach
Chick peas
Lentils
Cauliflower
Soybean
Pinto bean
Kale
Brussels sprouts
Egg yolk
Lettuce

µg/100 g Edible Portion
1714.5
650
621.7
621.7
542.8
264.3
264.3
221.4
192
189.3
171
148.6
148.6
147
110

Source: Dietosystem Database, Istituto Nazionale di Ricerca
per gli Alimenti e la Nutrizione (INRAN), Italy.

51+ years, distinguished for gender, show for United Kingdom reference intake of 1 µg/kg body/day equal to 75 µg/day for men and
60 µg/day for women, while for other countries, the intake varies
from a minimum of 50 µg/day for the two groups of women in
Belgium to a maximum of 70 and 80 µg/day, for the two groups
of men, respectively, in Germany/Switzerland/Austria. However,
the AIs for vitamin K in Europe are always lower than those estimated for the U.S. population.

26.6 FSVs Analysis: Sample Preparation
The determination of vitamin content of food is of primary
importance. Prior to analysis, an extraction step is usually
required. In various official procedures for FSVs, extractions are
usually carried out either by saponification/solvent extraction or

by direct solvent extraction. In all these procedures, it is important to avoid losses by oxidation. Low-actinic glassware should
be used to reduce these losses (Castanheira et al., 2006).
Since FSVs are bound to a lipoprotein complex in many food
matrixes, the protein–fat bonds must be broken to release the
vitamins, and saponification is commonly used. Saponification
is generally performed with the addition of antioxidants such
as ascorbic acid, butylated hydroxytoluene (BHT), pyrogallol,
or hydroquinone, along with nitrogen flushing, to reduce oxidation losses (Blake, 2007). Various international methods propose several saponification conditions, depending on the matrix
type, size of test portion, and fat content. It was concluded that
overnight saponification in either methanol or ethanol media at
room temperature provides the best conditions for simultaneous
extraction of FSVs (Blake, 2007).
After saponification, FSVs are usually separated by multiple
liquid–liquid extractions (LLE) with nonpolar organic solvents
(e.g., petroleum ether, hexane, heptane, ethyl acetate) or mixtures
of them.
The use of large amount of organic solvents, long operating time and tedious extraction procedure, and the tendency
of emulsion layer formation in LLE step, are the drawbacks
of this extraction method. On the other hand, direct solvent
extraction overcomes these drawbacks and avoids saponification, with increased rapidity and simplicity. Nevertheless, both
extraction methods require large amount of extraction solvents
(with production of considerable quantities of waste solvent).
Furthermore, both procedures require multiple steps in the
sample preparation and the solvent evaporation step, which is
time consuming, limits the possibility to analyze more samples, and could introduce errors in the results (Shammugasamy
et al., 2013).
Supercritical fluid extraction (SFE) with CO2 has been reported
as an alternative procedure but has not yet been accepted as the
official method (Blake, 2007).
In the last few years, solid-phase extraction (SPE), matrix solidphase dispersion (MSPD), as well as new miniaturized extraction
procedures have been successfully introduced (Asensio-Ramos
et al., 2011).
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SPE offers significant advantages: considerably reduced solvent consumption, faster sample preparation, and high recoveries
of vitamins A, D, and E.
MSPD eliminates most of complications of classical LLE (e.g.,
avoids saponification [Gentili and Carretti, 2011]), and/or SPEs
of solid and semisolid samples. Moreover, compared to SPE,
MSPD technique accomplishes complete sample disruption and
dispersal onto particles of very small size, providing an enhanced
surface area for subsequent extraction of the sample. Finally, the
physical and chemical interactions of the components of the system are greater in MSPD.
Pressurized liquid extraction (PLE), a technique that uses
solvents at high pressure and a temperature above their boiling
point to extract substances from a solid matrix, is also applied to
vitamin extraction. It has been used as a simple and rapid analytical method without cleaning steps before chromatographic
analysis for the simultaneous determination of tocotrienols and
tocopherols in cereal and palm oil samples (Delgado-Zamarreño
et al., 2009). Current trends are moving toward its simplification, miniaturization, and automation involving also the use of
solvent-free or environmental friendly procedures, and maintaining at the same time good/acceptable extraction efficiencies. Such
enhancement constitutes a challenging task, especially in the food
analysis field in which samples have a high complexity and where
important implications in terms of food safety or quality take
place (Asensio-Ramos et al., 2011). Over the last years, some new
miniaturized extraction procedures, liquid-phase microextraction
(LPME) techniques, have been introduced with success. In general, the LPME technique combines extraction and concentration
in one step. LPME has been carried out under different extraction
modes, which can be classified into three main categories: singledrop microextraction (SDME), dispersive liquid–liquid microextraction (DLLME), and hollow-fiber LPME (HF-LPME).
Concerning vitamin A extraction, saponification is routinely
used to release esterified forms. In this context, a wide variety of
conditions (Table 26.5), as well as the use of different nonpolar
solvent for LLE (Kim et al., 2013), are employed. Direct extraction with organic solvents avoids saponification and in addition to
the AOAC method (Official Methods of Analysis 2006, Method
2002.06) for determining liquid milk supplemented with vitamin A palmitate, recently, a procedure for the recovery of total
carotenoids from tomato waste using ethyl lactate, a new environmental friendly solvent, has also been reported (Strati and
Oreopoulou, 2011a). In order to eliminate complications related
to classical methods, DLLME and SDME for extraction of alltrans-retinol from enriched fruit juices (Viñas et al., 2013b) and
vitamin A from mixed fruit juices (Sobhi et al., 2008) have been
introduced with success.
Recently, in order to reduce extraction time, ultrasoundassisted extraction (with or without saponification step) was used
for the extraction of vitamin A and carotenoids from green leafy
vegetables (Santos et al., 2012), dairy products (Herrero-Barbudo
et al., 2005), and multivitamin dietary supplements (Breithaupt
and Kraut, 2006).
SFE has been reported as an alternative procedure for the
extraction of carotenoids and vitamin A from crude palm oil
(Wei et al., 2005) and pumpkin (Seo et al., 2005).
Although vitamin D can also be directly extracted with
organic solvents (Kim et al., 2013), several classic methods for
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the determination of vitamin D (Table 26.5) in milk, fishes, soybean oil (Ostermeyer and Schmidt, 2006; Kienen et al., 2008) as
well as official methods (Huang et al., 2009), require saponification. Recently, Supelclean™ LC-NH2 cartridges were used to
extract vitamin D3 and provitamin D3 from oily dietary supplements (Bartolucci et al., 2011). Moreover, an SDME was used as
a rapid and efficient microextraction method for the determination of D2 and D3 vitamins in aqueous and juice samples (Sobhi
et al., 2008).
Also for the extraction of vitamin E from food, several classic and recent methods (Table 26.5) are used: saponification/
solvent extraction (Habib et al., 2013), direct solvent extraction
(Pellegrini et al., 2007), SPE (Irakli et al., 2012), SFE (Gelmez
et al., 2009), ultrasound-assisted extraction (Nielsen and Hansen,
2008), PLE (Delgado-Zamarreño et al., 2009), and DLLME
(Shammugasamy et al., 2013).
Saponification/solvent extraction is also the popular sample
preparation technique for the analysis of vitamin K (Table 26.5)
in food matrixes as date seed oil (Habib et al., 2013), Allium
sativum (Kim et al., 2013), and powdered milk (Kienen et al.,
2008). Nonpolar solvents (such as hexane and petroleum ether)
are utilized in extraction procedures. In order to hydrolyze lipids, a lipase is also sometimes used in place of saponification
(as vitamin K is not stable at alkaline pH), followed by a single extraction into hexane (Official Methods of Analysis 2006,
Method 999.15). In order to avoid this pretreatment for vitamin K
extraction from food samples, an SPE, MSPD, and in tube-SPE
have been used for green tea leaves (Reto et al., 2007), corn (Xu
and Jia, 2009), and kiwi (Gentili and Carretti, 2011), respectively.

26.7 FSVs Analysis: Analytical Methods
Several methods for the analysis of vitamins in foods and dietary
supplements are available. Official methods have been published
by AOAC International and have been reviewed by Blake (2007).
CEN and ISO methods have also been reported (Blake, 2005).
Most of these methods are based on high-performance liquid
chromatography (HPLC), which is the gold standard for the analysis of this class of compounds, but they also include spectrophotometric and gas chromatographic (GC) analysis.
Various spectrophotometric methods were used, but now they
are almost completely supplanted by more selective procedures
based on chromatographic techniques (Blake, 2007). Also, some
immunoassays kits are commercially available, but they seem
to need optimization in order to be suitable for reliable routine
analysis. Furthermore, they are seldom useful for the analysis of
food matrixes characterized by high complexity.
Concerning vitamin A analysis by liquid chromatography,
a number of different chromatographic conditions have been
explored (Table 26.6).
Concerning the detection methods, UV is normally used (often
using diode array detector (DAD), with detection at 325 nm), but
sometimes it can be substituted by fluorescence (FLD, with excitation wavelength of 325 nm and emission wavelength of 480 nm)
or electrochemical (ED) detection (Table 26.6). Furthermore,
mass spectrometry (MS) detection has also been explored with
methods able to simultaneously analyze several vitamins (Table
26.6). It was shown that LC with a single quadrupole MS is
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Extraction Procedures for Vitamins
Analyte
Classical Methods
Carotenoids
α- and β-Carotene
cis-β-Carotene
Cryptoxanthin
Lycopene
Lutein
α- and β-Carotene
Lutein

Matrix

Crude palm oil
Pumpkin
(Curcurbita moschata)

Pretreatment

–
Homogeneous freeze-dried samples
mixed with hydromatrix

Wheat
Method 2: hot saponification;
45 min at 70°C, in ethanolic
pyrogallol with sodium chloride
and KOH

Extraction Mode

Extraction Solvent
and/or Conditions

SFE
SFE

CO2
CO2

Wei et al. (2005)
Seo et al. (2005)

Method 1: solvent
extraction
Method 2:
saponification/
solvent extraction
Method 3: solvent
extraction
Solvent extraction

Method 1: water
saturated 1-butanol
Method 2: hexane/
ethyl acetate (9:1 v/v)
Method 3: THF
extraction

Hidalgo et al. (2006)

Isopropyl alcohol/
hexane (1:1 v/v);
solvent-to-waste
ratio = 2.5:1 (v/w)
Homogenization in
acetone containing
2 g L−1
BHT in refrigerated
condition followed by
sonication for 30 s
Ethyl lactate

Sachindra et al. (2006)

Hexane/ethyl acetate
(9:11 v/v); solvent-towaste ratio = 9.1:1
(v/w); ground
material particle
size = 0.56 mm
Hexane

Strati and Oreopoulou
(2011b)

Hexane

Perales et al. (2005)

Carotenoids

Shrimp waste

Homogenization by laboratory
mixer

β-Carotene
Lycopene

Tomato
Spinach

–

Solvent extraction

Carotenoids

Tomato waste

Solvent extraction

β-Carotene
Lycopene
Lutein

Tomato waste

Waste air dried at 25°C,
homogenized in a domestic
blender and ground in a laboratory
mill equipped with a 1.0 sieve
Waste air dried at 25°C,
homogenized by a domestic
blender and ground in a laboratory
mill

Vitamin D3

Cheese
Breakfast cereal
Nutritional tablets
Infant formulas
Fortified milk and infant
formulas

Vitamin D3

Solvent extraction

Overnight saponification

Saponification/solvent
extraction

Overnight saponification at room
temperature with ascorbic acid
and KOH–ethanol solution

LLE

Reference

Pellegrini et al. (2007)

Strati and Oreopoulou
(2011a)

Huang et al. (2009)
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Table 26.5 (Continued)
Extraction Procedures for Vitamins
Analyte

Matrix

Pretreatment

α- and β-tocopherol
α- and β-tocotrienol

Wheat

Hexane:acetone:ethanol:toluene
(10:7:6:7, v/v/v/v) and 40% KOH
in methanol were added to whole
flour

α-Tocopherol

Orange, spinach,
tomato
Avena sativa

–

α-Tocopherol
α-Tocotrienol

α-Tocopherol

Egg yolk

Crude palm oil, soy oil
Grape seeds

α-, β-, γ-, and
δ-tocopherol

Roasted wheat germ

Retinol acetate
Retinol palmitate
α-, δ-, and γ-tocopherol
α-Tocopherol acetate
Lutein
α-, γ-, and δ-tocopherol
α-, β-, and γ-carotene
lycopene
Lutein
α- and γ-tocopherol
α-Tocopherol acetate
Vitamin K1
Vitamin A
Vitamin D3
α-Tocopherol
Vitamin K1

Method 1: direct
solvent extraction
Method 2:
saponification/
solvent extraction
Solvent extraction
Method 1: solvent
extraction
Method 2:
saponification/
solvent extraction
Method 1:
saponification/
solvent extraction
Method 2: ultrasoundassisted extraction
Method 3: solvent
extraction

Extraction Solvent
and/or Conditions

Reference

Method 1: methanol in
stirring
Method 2: hexane

Hidalgo et al. (2006)

Acetone/chloroform
(8:7, v/v)
Method 1: methanol
Method 2: hexane/
ethyl acetate (9:1 v/v)

Pellegrini et al. (2007)
Peterson et al. (2007)

Zhang et al. (2012)
Method 1: hexane
Method 2: methanol
Method 3: methanol
(12 h at room
temperature)
CO2
CO2 (optimal extraction
temperature = 80°C)
CO2 (optimal extraction
conditions = 405 bar,
60°C, and 10 min)
Ethanol followed by
reextraction with
hexane

–
Milling;
hot saponification
–

SFE
SFE

Infant milk-based
formulae

–

Solvent extraction

Australian native fruits

Pulverized sample

Solvent extraction

Cold acetone

Konczak and Roulle (2011)

Varieties of Phoenix
dactylifera
Seed oil

Hot saponification (80°C for
20 min) with ascorbic acid,
ethanol, and 50% (w/v) KOH

Saponification/solvent
extraction

Petroleum ether

Habib et al. (2013)

Fortified milk, powdered
milk
Soybean oil

Overnight saponification with
ascorbic acid and KOH–ethanol at
room temperature

LLE

Hexane

Kienen et al. (2008)

SFE

Gast et al. (2005)
Bravi et al. (2007)
Gelmez et al. (2009)

Chávez-Servín et al. (2006)

Handbook of Food Analysis

Tocochromanols
α-Tocopherol

Method 2: hot saponification (80°C
for 25 min) with KOH, EtOH,
NaCl, and pyrogallol
Method 1: saponification for 16 h,
at room temperature

Extraction Mode
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Allium sativum

Garlic powered ethanol with
0.025% BHT treated in ultrasonic
bath to disrupt the fat globule
membranes

LLE

Hexane

Kim et al. (2013)

Spirulina platensis

–

Heptane

Dey and Rathod (2013)

All-trans-retinol
13-cis-retinol

Several fruit juices

Overnight saponification at room
temperature with ascorbic acid,
methanol, and KOH

Ultrasound-assisted
extraction
DLLME

Viñas et al. (2013a)

All-trans-retinol
Retinyl acetate
Retinyl palmitate
β-Carotene

Enriched fruit juices

–

DLLME

Vitamin D3
Provitamin D3
Vitamin D3

Several fishes
Oily dietary supplement

Overnight saponification at room
temperature
Dilution with hexane

α-, β-, γ-, and
δ-tocopherol
α-, β-, γ-, and
δ-tocotrienol
α-, β-, and γ-tocopherol
α-, β-, γ- and
δ-tocotrienol

Several cereals

Ground to a particle size <0.5 mm

SPE (Kieselguhr
cartridges)
SPE (Supelclean™
LC-NH2 cartridges)
Ultrasound-assisted
extraction

Dispersive solvent:
methanol extracting
solvents:
tetrachloroethane/
water
Dispersive solvent:
methanol extracting
solvents:
tetrachloroethane/
water (juice)
Hexane

Cereals (barley, oats,
rye, wheat) palm oil

Ground samples mixed with
Hydromatrix celite prior to
extraction

PLE

α-Tocopherol

Bay leaves

Crushed leaves

α-, β-, γ-, and
δ-tocopherol
α-, β-, γ-, and
δ-tocotrienol
α-, β-, γ-, and
δ-tocopherol
α-, β-, γ-, and
δ-tocotrienol

Durum wheat, bread
wheat, rice, barley, oat,
rye, corn

Treatment with absolute ethanol to
remove protein

Molecularly imprinted
solid-phase extraction
(MISPE)
SPE (Oasis HLB)

Several cereals

Hot saponification (70°C for
45 min) with KOH, EtOH, NaCl,
and ethanolic pyrogallol

DLLME

Green tea leaves
infusion green tea

Isopropanol/hexane (3:2 v/v) in
ultrasound bath for 30 min (green
tea leaves)

Solid-phase
microextraction
(SPME)

Recent Methods
β-Carotene

Vitamin K1 and K2

Viñas et al. (2013b)

Hexane

Ostermeyer and Schmidt
(2006)
Bartolucci et al. (2011)

Hexane

Nielsen and Hansen (2008)

Optimized conditions
for ASE system: oven
temperature = 50°C;
pressure = 1600 psi,
one static cycle with
a static time of 5 min.
Ethanol

Delgado- Zamarreño et al.
(2009)

Puoci et al. (2007)

dichloromethane

Irakli et al. (2012)

Dispersive solvent:
acetonitrile
extracting solvents:
tetrachloroethane/
saponified extract
Hexane

Shammugasamy et al.
(2013)

Reto et al. (2007)
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Table 26.5 (Continued)
Extraction Procedures for Vitamins
Analyte

Matrix

Pretreatment

Extraction Mode

Extraction Solvent
and/or Conditions

Reference

β-Carotene
α-Tocopherol

Green leafy vegetables

Samples freeze-dried and reduced
to a fine powder

Ultrasound-assisted
extraction

Retinol
β-Carotene
α-, β-, γ-, and
δ-tocopherol

Fluid milks vitaminfortified fluid milks,
yoghurts, cheese, curd,
custard, vitaminfortified caramel cream
butter, margarines
Multivitamin dietary
supplements (capsules
and tablets)

Homogenization of solid samples;
cold saponification with 0.1 mL of
β-cryptoxanthin pyrogallic acid,
and 40% methanolic KOH

Ultrasound-assisted
extraction

Tablets pulverized

Ultrasound-assisted
extraction

Hot saponification (80° for 5 min)
with 0.2% (w/v) ascorbic acid,
absolute ethanol, and 50% (w/v)
KOH
–

Semimicro LLE

SDME

1-Undecanol

Sobhi et al. (2008)

Vitamin A
Vitamin A acetate
α-Tocopherol
α-Tocopherol acetate

10 mM ammonium
acetate/methanol
50:50 (v/v) containing
0.1% BHT (watersoluble vitamins)
Ethyl acetate
containing 0.1% BHT
(FSVs)
Hexane stabilized with
BHT (0.01%) and
methylene chloride
(5:1); time: 5 min

t-Butyl methyl ether/
methanol (1:1 v/v) for
capsules;
Petroleum/ethyl
acetate/methanol
(1:1:1 v/v/v) for
tablets;
Time: 30 s
Petroleum ether
containing 1% v/v of
BHT

Santos et al. (2012)

Herrero-Barbudo et al.
(2005)

Breithaupt and Kraut (2006)

Infant milk formulas

Yazdi and Yazdinezhad
(2013)

Vitamin A
Vitamins D2 and D3

Tap water
Mixed fruit juice

β-Carotene
Vitamin A
α-Tocopherol
Vitamin K1

Corn

Protein removal with cold CH3OH

In-tube SPME

Methanol

Xu and Jia (2009)

Lutein
Zeaxanthin
β-Cryptoxanthin
β-Carotene
Vitamin D2
Menaquinone-4
Vitamin K1

Maize flour
Green kiwi
Golden kiwi

Homogenization for kiwi samples

MSPD

Dispersing medium:
C18 sorbent as for
maize flour and
diatomaceous earth
for kiwi

Gentili and Carretti (2011)
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Selected HPLC Methods for the Analysis of Vitamins
Column
Vitamin
A

D

Source

Dimension
(mm)

PD
(μm)

Fish

Silica

–

–

Infant formula

Symmetry C8

150 × 2.1

3.5

Fruit juices

Zorbax Eclipse
XDBC8

150 × 4.6

5

Canadian Arctic
traditional
food
Human breast
milk

Supelcosil
LC-18

250 × 4.6

5

Orange juice

E

Stationary
Phase

Chromatographic Conditions

Capcellpak
C18 UG120

Inertsil1
ODS-2
column
Gemini C18
column

250 × 4.6

5

250 × 2.0

5

Agaricus
bisporus
(champignon)
Hazelnuts

Inertsil 5 SI

250 × 3.0

5

Human milk

Silica C-18

150 × 3.9

–

Multiwhole
grain mix for
drink and
porridge

Merck
Purospher
Star C18
column

250 × 4.6

5

Ulva lactuca
and Durvillaea
antarctica

LichroCART
Superspher Si
60

250 × 4.0

5

Flow Rate
(mL/min)

Mobile Phase
Gradient:
isopropanol:n-heptane
from 0.5:99.5 (v/v)
to 8.5:91.5 (v/v)
Isocratic:
water (0.1% formic acid):acetonitrile
(0.1% formic acid)
(30:70v/v)
Gradient:
methanol:water
from 90:10
to 100% methanol
in 15 min and held for 8 min
Isocratic:
100% methanol
Isocratic:
acetonitrile:H2O (30:70, v/v) in 5 min
followed by a linear gradient
from 30% to 95% acetonitrile in
30 min
Isocratic:
acetonitrile:methanol
(40:60, v/v)
Isocratic:
acetonitrile:methanol
(75:25, v/v)
Isocratic:
n-hexane:1,4-dioxane (95.5:4.5, v/v)
Gradient: acetonitrile in water (from
95% to 100% in 10 min) then 100%
of acetonitrile held for 10 min
Gradient
Solvent A: acetonitrile:methanol:isop
ropanol:aqueous acetic acid
(45:40:5:10, v/v/v/v)
Solvent B: acetonitrile:methanol:isop
ropanol (25:70:5, v/v/v)
Isocratic:
hexane:propan-2-ol
(99.5:0.5, v/v)

Column Temperature
(°C)

Detector

Reference

–

–

UV

Roos et al.
(2007)

Linearly
increasing
from 0.2 to
0.4 in 30 min
0.9

–

ESI-TQMS

Lim et al.
(2011)

–

FLD/
APCI-ITMS

Viñas et al.
(2013b)

0.8

–

DAD

Kuhnlein et al.
(2006)

35

APCI-TQMS

Kamao et al.
(2007a,b)

1

–

DAD
APCI-ITMS

Byrdwell et al.
(2011)

0.2

–

APCI-MS/MS

Koyyalamudi
et al. (2011)

1

45

DAD
FLD
DAD

Amaral et al.
(2005)
Korchazhkina
et al. (2006)

–

–

FLD

Banu et al.
(2012)

FLD

Ortiz et al.
(2006)

0.7

1

–
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Table 26.6 (Continued)
Selected HPLC Methods for the Analysis of Vitamins
Column
Vitamin

Source

Stationary
Phase

Dimension
(mm)

Chromatographic Conditions
PD
(μm)

Inertsil 5 SI

250 × 3.0

5

Canarium
odontophyllum
olive and palm
oils
Cereals

Lichrosper
silica

250 × 4.6

5

Lichrosper
Si60

250 × 4.0

5

A. unedo fruits

Supelcosil
LC-SI

75 × 3.0

3

Various foods

LiChrosorb
Si60

250 × 4.0

5

Seafood

Supelcosil
LC-SI

75 × 3.0

3

K1

Olive oil, chard

C18
μ-Bondapak

300 × 3.9

10

A and E

Canadian Arctic
traditional food

Supelcosil
LC-18

250 × 4.6

5

Isocratic:
hexane:1,4-dioxane
(96.5:3.5, v/v)
Isocratic:
hexane:propanol (99:1, v/v)

Isocratic:
hexane:ethyl acetate:acetic acid
(97.3:1.8:0.9, v/v/v)
Isocratic:
hexane:1,4-dioxane
(98:2, v/v)
Isocratic:
hexane:isopropanol:acetic acid
(98.9:0.6:0.5, v/v/v)
Isocratic:
n-hexane:1,4-dioxane
(97.5:2.5, v/v)
Isocratic:
acetonitrile:dichloromethane:
methanol (60:20:20, v/v/v)
Isocratic.
100% MeOH

Flow Rate
(mL/min)

Column Temperature
(°C)

0.7

Detector

Reference

2

27

ELSD
DAD
FLD
DAD

Cunha et al.
(2006)

1.6

–

FLD

Gasior et al.
(2009)

0.7

21 (room
temperature)

FLD

Oliveira et al.
(2011)

1

–

FLD

0.8

–

DAD

PinheiroSant’Ana
et al. (2011)
Cruz et al.
(2012)

1

20

UV

Otles and
Cagindi (2007)

1

–

DAD

Kuhnlein et al.
(2006)

Azlan et al.
(2010)
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Olive oils

Mobile Phase
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Infant formulas

Pinnacle II
silica short
narrowbore
column
XTerraTM
RP-18

50 × 2.1

3

Isocratic: hexane:ethyl acetate (95:5,
v/v)

0.4

30

DAD

Chávez-Servín
et al. (2006)

250 × 4.6

5

Isocratic: 2.5 mM acetic acid/sodium
acetate in MeOH/H2O (94:6, v/v)

1

–

ED

Isocratic: methanol:acetonitrile:water
(68:28:4, v/v/v)

1.4

36

DAD

Isocratic: 100% MeOH

1.5

49

DAD

DelgadoZamarreño
et al. (2006)
LopézCervantes
et al. (2006)
Plíšek et al.
(2013)
Kamao et al.
(2007a, b)

Shrimp waste

SS Exil ODS

250 × 4.0

5

Human milk

KinetexC18

100 × 4.6

2.6

A, E, and K

Human breast
milk

Capcellpak
C18 UG120

–

–

A, E, D3, and
K1

Fortified milk,
powdered
milk, and
soybean oil

Microsorb C18

250 × 4.6

5

Agilent
ZORBAX
SB-C18

250 × 4.6

5

A, E, D, and K

Isocratic: methanol:H2O (90:10, v/v)
in 10 min followed by a linear
gradient from 0% to 90%
acetonitrile in 30 min
3.00% (w/v) sodium dodecyl sulfate
(SDS) aqueous solution at pH 7
with the presence of 15.0% (v/v)
butyl alcohol
100% MeOH

35

APCI-TQ MS

2

30

DAD

Kienen et al.
(2008)

1

–

DAD

Chen et al.
(2011)
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capable of providing good sensitivity and a linear response over
several orders of magnitude (Blake, 2007).
The analysis of vitamin D is even more challenging than the
analysis of vitamin A due to the low concentrations. For the determination of vitamin D compounds, HPLC with UV detection,
competitive binding assays (CPBA), radio immunoassay (RIA),
and enzyme immunoassay (EIA) are widely used (Kamao et al.,
2007b). Among these techniques, HPLC method is the only one
useful for complex food matrixes. The preferred HPLC method is
the reverse-phase one with isocratic elution (Table 26.6).
Recently, the use of HPLC-MS and tandem MS has also been
reported (Koyyalamudi et al., 2011).
Analysis of tocopherols and related compounds in food matrices is possible only by HPLC or GC techniques that allow quantitative and qualitative analyses with high accuracy and are able
to separate the different vitamers when the appropriate analysis
conditions are used. It is indeed possible to accurately analyze
all forms of tocopherols, tocotrienols, and tocomonoenols with
modern chromatographic methods (Pacifico et al., 2012).
The method generally used to identify and quantify tocochromanols is GC-FID or, more recently, GC-MS (Kadioglu
et al., 2009), but as it requires samples pretreatment, it has been
supplanted by HPLC for routine analysis (no matter its higher
sensitivity).
Currently, analysis of vitamins E is usually carried out by
HPLC (normal or reverse phase), coupled with fluorescence,
ultraviolet, or sometimes electrochemical or light-scattering
detection (Table 26.6).
Normal-phase analysis is usually preferred because it
allows the separation of all the vitamers, especially of β- and
γ-tocopherols and the use of organic solvents, which solubilize
vitamin E. Silica columns are used in both isocratic and gradient elution, typically with binary mixtures as the mobile phase
composed of an alkane (usually hexane) together with a variety
of organic modifiers, such as alcohols or dioxane.
The use of reverse-phase HPLC (C18) is less common, especially in food analysis, due to its inability to separate β- and
γ-tocopherols.
Vitamin K analysis can be performed by both normal and
reverse-phase HPLC (Blake, 2007).
The main advantage of chromatographic methods is the possibility to separate the individual components of a mixture, with
the only requirement of gradient elution systems, allowing the
contemporary analysis of different vitamins (Chávez-Servín
et al., 2006; Delgado-Zamarreño et al., 2006; Kuhlein et al.,
2006; López-Cervantes et al., 2006; Kamao et al., 2007a,b;
Plíšek et al., 2013).
The possibility to use liquid chromatography-tandem mass
spectrometry techniques allowed the setup of a method able to
analyze vitamins A, E, and K along with carotenoids in human
breast milk, while a different protocol with the same technique
was used for the determination of vitamin D in the same sample. The mass spectrometer was equipped with an atmospheric
pressure chemical ionization (APCI) source and a triple quadrupole (TQ).
A method for the simultaneous analysis of vitamins A and E in
infant milk-based formulae by normal-phase (NP) HPLC using
a short narrow-bore column has been reported (Chávez-Servín
et al., 2006). The parallel use of a diode array detection method
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allowed the simultaneous determination of retinol palmitate, retinol acetate, α-tocopherol, α-tocopherol acetate, γ-tocopherol,
and δ-tocopherol. The method ensured very low time of analysis
(25 min) and very good sensitivity, especially for vitamin A.
Micellar liquid chromatography (MLC) and high-performance
thin layer chromatography (HPTLC) have also been applied to the
separation of vitamins A and E (Momenbeik et al., 2005; Kartsova
and Koroleva, 2007). The main drawback of TLC methods is the
use of toxic solvents, as the best eluent is benzene. The two lipophilic vitamins were analyzed along with B vitamins with high
performance Sorbfil plates using fractional elution with benzene
first and an aqueous micellar solution of SDS as the second eluent.
The noteworthy advances of analytical techniques allow the
contemporary analysis also of fat- and water-soluble vitamins.
Many attempts to simultaneously analyze the two different vitamin groups in a single step have been reported, but many of them
were based on the association with an RP-SPE step or on the
analysis of two different columns. Dabre et al. (2011) published a
method for the simultaneous analysis of nine different vitamins
along with vitamin A using a mixed-mode reversed-phase weak
anion exchange (RP-WAX) stationary phase.
A method for the simultaneous identification of vitamins A
and E along with the water-soluble vitamins B using fluorescence
contour graphs in aqueous micellar medium was suitable for the
qualitative analysis, but failed in the quantification especially of
vitamin A due to low sensitivity (León-Ruiz et al., 2005).
Recently, ultraperformance liquid chromatography (UPLC)-UV
has also been applied to the analysis of vitamin A along with
the other FSVs in the seed oil of 18 varieties of date fruits
(Habib et al., 2013). This technology takes full advantage and
extends chromatographic principles to run separations using
columns packed with smaller particles and/or higher flow rates
for increased speed, with superior resolution and sensitivity.
The column used was an ACQUITY UPLC BEH C18 column
(2.1 × 150 mm, 1.7 μm). It was held at 25°C and the system was
run isocratically with 100% mobile phase (0.1% formic acid in
acetonitrile), at a flow rate of 500 μL/min and pressure limits
of 1000 psi (low) and 14,500 psi (high). The total running time
was 10 min.
Mass spectrometry offers a tool for other methods, which
simplify the task of vitamin analysis, as the “dilute-and-shoot”
method for the analysis of vitamin D and triacylglycerols
(Byrdwell, 2011). In this method, three mass spectrometers in
parallel were used for the analysis along with a UV detector,
an evaporative light-scattering detector (ELSD), and a corona
charged aerosol detector. The reported method used a 130-min
run, but it eliminated saponification and extraction, as well as
preparative HPLC, fraction collection, and reinjection, providing
also a good separation of vitamin D and triacylglycerols.

26.8 Some Recent Examples of Application of
the Analytical Methodology in Different
Food Types
The definition of the vitamin content in food is always a topic of
wide interest. This is mainly due to diseases that originate from
a lack or excess of these micronutrients.
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As previously mentioned, vitamin A active compounds occur
in foods of animal origin as retinoids while they occur in those
of plant origin as carotenoids (provitamins A). Xanthophylls as
astaxanthin, canthaxanthin, and zeaxanthin have been reported
to be the primary specific precursors of retinol in fish. In most
species of fish, including salmonids, astaxanthin is the primary
natural dietary carotenoid and appears to be preferentially mobilized and transferred in ovo for egg production, which is generally associated with improved rates of fertilization, hatching,
and survival. Astaxanthin content in the eggs of fish can be an
indicator of protection against, for example, oxidative stress.
Li et al. (2005) carried out the development and matrix effect
assessment of an LC–ESI(+)–tandem (quadrupole) MS-based
method for the sample isolation, identification, and quantitative
determination of carotenoids and retinoids from fish eggs using
samples from Chinook salmon (Oncorhynchus tshawytscha)
raised under aquaculture conditions, as well from commercial
chicken eggs. For the extraction of Chinook salmon eggs and
chicken egg yolk homogenate, acetone was used as an extractant
solvent. The acetone extracts were pooled, and mixed vigorously
with an equivolume of methyl-tert-butyl ether (MtBE); distilled
water was also added in order to facilitate aqueous/organic phase
separation. The aqueous phase was reextracted with MtBE. All
carotenoids and all-trans-retinol in sample extracts were identified and determined by LC–ESI(+)–MS by comparison of the
chromatographic retention times and full-scan (m/z 100–650)
mass spectra with those of the reference standards. For LC–
ESI(+)–MS and LC–UV–Vis quantification, β-cryptoxanthin
was employed as an internal standard as it was not detected in
either salmon egg or chicken yolk samples. Astaxanthin was
identified as the main carotenoid or retinoid, although substantial
TIC and EIC responses were also observed for all-trans-retinol,
lutein, and canthaxanthin. Using LC–ESI(+)–MS (SIM), the concentrations of astaxanthin, all-trans-retinol, lutein, and canthaxanthin in salmon egg extracts were 4.12, 1.06, 0.12, and 0.45 µg/g
(wet weight), respectively. The profile of astaxanthin, all-transretinol, lutein, and canthaxanthin observed in the LC–MS chromatogram was similar to the LC-UV/Vis chromatograms for the
same salmon egg extract.
Banana (Musa sp.) and papaya (Carica papaya) cultivars
were analyzed for provitamin A pigments through HPLC techniques (Wall, 2006). Papaya or banana samples were homogenized with MgCO3, anhydrous Na2SO4, in cold THF (stabilized
with BHT). Carotenoids were analyzed using an ODS Hypersil
C-18 narrow-bore column (100 × 2.1 mm, 5 µm) and eluent
acetonitrile:tetrahydrofuran:water (170:25:5). A diode array

detector collected signals in the 380–550 nm range, with
maximum detection at 454 nm. In ripe bananas, the major
carotenoids were lutein, α-carotene, and β-carotene. For yellowfleshed papayas, β-cryptoxanthin, α-carotene, β-carotene, and
β-cryptoxanthin esters were quantified.
LC–APCI MS was recently used in order to define the vitamin
A equivalence of dietary spinach and carrots in healthy adults
(Tang et al., 2005). For this purpose, spinach (cultivar Melody)
and carrots (cultivar Danvers) were grown hydroponically using
a nutrient solution enriched with deuterium. At harvest, all edible
leaves and roots were weighed, chopped, and steamed in thin
layers. The steamed vegetables were soaked with tap water.
Afterwards, the vegetables were drained, puréed, portioned,

sealed in plastic containers, and kept at −70°C until analyzed or
used for human feeding studies. Healthy volunteers took them in
labeled doses for an opportune period and frequent blood samples were collected and analyzed. When the chromatographic
separation was performed by LC-MS, it was possible to monitor
the extracted ion chromatograms (EIC) of m/z regions 537–539
and 541–557. The m/z region 537–539 was assigned as the predominant natural abundance isotopomer of β-carotene, whereas
the region of m/z 541–557 was the labeled β-carotene with its
different degrees of deuteration. The provitamin A carotenoids
in labeled spinach and carrots were in the form of all-trans, 9-cis,
and 13-cis β-carotene and α-carotene. The evaluation and quantitation of labeled molecules in the serum of subjects recruited
for the study showed that vegetable provitamin A carotenoids
can provide vitamin A to humans through the conversion of
β-carotene and other provitamin A carotenoids to retinol. Thus,
the use of food material in which the carotenoids intrinsically
labeled with a low-abundance stable isotope allowed the achievement of an accurate assessment of carotenoid bioabsorption and
a subsequent vitamin A value from a food source (Tang, 2010).
In 2012, the vitamin A value of intrinsically labeled golden rice
was also reported: it was demonstrated that β-carotene in golden
rice is as effective as pure β-carotene in oil and better than that
in spinach at providing vitamin A to children. Golden rice is a
biofortified crop specifically developed to target populations for
whom rice is a stable food and vitamin A deficiency (VAD) is particularly severe. In fact, components of the provitamin A biosynthetic pathway into rice endosperm are engineered so that golden
rice contains up to 37 µg total provitamin A carotenoids (~30 µg
β-carotene) in 1 g milled and uncooked rice (Tang et al., 2012).
While few foods are rich in vitamin D, foods such as meats,
which may be heavily consumed, need to be analyzed for D vitamers. Since 2004 there have been advancements in both extraction techniques and instrumentation. Recently, a new method for
the determination of both vitamin D3 and 25(OH)D3 in foodstuffs
(pork, beef, chicken, and eggs) was developed (Bilodeau et al.,
2011). All the investigated samples, previously homogenized,
were saponified overnight at room temperature and extracted
four times with a petroleum ether:diethyl ether (4:1, v/v) solution. Organic phases were first washed with a KOH aqueous solution (5% w/v) and then with deionized water. In order to obtain
cleaner extracts during the purification step, a SPE, using Varian
Bondelut Silica SPE columns, was performed. Vitamins D2 and
D3 were collected and eluted with 2-propanol:dichloromethane
1:249 (v/v), while 25(OH)D2 and 25(OH)D3 were eluted with
2-propanol:dichloromethane 3:97 (v/v).
A second purification step was performed by normal-phase
liquid chromatography using an Agilent 1100 HPLC system
equipped with a fraction collector and a multiwavelength detector.
Vitamins D2 and D3 were eluted on 2 series-connected silica columns (Supelcosil LC-Si 5 μm, 150 × 4.6 mm, Supelco). 25(OH)
D extracts were purified on 2 series connected amino columns
(Waters Spherisorb NH2, 5 μm, 150 × 4.6 mm, Waters). Before
evaporation under N2 at room temperature, ethylene glycol was
added to the fractions to retain and keep analytes in solution during evaporation. For quantification, both extracts were injected
on a Lichrospher RP-18 column (5 μm, 250 × 3 mm) mounted
on an Agilent 1100 HPLC. Vitamin D3 was detected with a
UV-DAD detector and spectra were recorded (measurement at
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265 nm and scan from 210 to 330 nm). When confirmation was
necessary, the outlet of the UV cell was connected to a tripleQuad MS/MS (Micromass Quattro II operated in APCI positive
mode). Owing to chromatographic interferences, 25(OH)D3 was
detected only by MS/MS. The method included many steps that
were essential for obtaining clean extracts and reliable results;
one of the advantages of this method is that it can be reliably
applied for both analytes over a wide variety of foodstuffs.
The use of LC–MS or LC–MS/MS makes it feasible to investigate vitamin D, its precursors, and its metabolites in much more
detail and with less sample preparation even in complex biological samples as plant tissues. In 2011, Jäpelt et al. developed and
validated a sensitive method for the analysis of vitamin D and
sterols in plants. The method was applied for the determination of
7-dehydrocholesterol, vitamin D3, cholesterol, and cycloartenol
in green leaves treated with and without UV. Samples of spinach
leaves (Spinacia oleracea L.) bought at a local grocery were used
as a reference material. UV- and non-UV-treated Solanum glaucophyllum Desf., Solanum lycopersicum L., Sorghum bicolor
(L.) Moench, Capsicum annuum L., and Pisum sativum L. were
grown in growth chambers with a light/dark cycle of 16/8 (light
from 4:00 to 20:00), a temperature setting of 24/17°C, and the
light set to 150 μE/(m2 s). The UV-B treatment was performed
with a bench lamp (UVP-302–15) with 302 nm emission length
equipped with 2 × 15 W tubes. Plants were exposed to UV light
(in addition to normal light supplied according to the light/
dark cycle reported above) for 30 min per day for 7 days (from
6:00 to 6:30). Cold saponification was carried out overnight at
room temperature and ascorbic acid was used as an antioxidant
along with nitrogen-flushing. Despite an effort to minimize the
sample purification steps, it was concluded, based on preliminary experiments, that purification of the extracts was needed.
This was necessary also to avoid contamination of the analytical
column and the analyzer by interfering substances, for example,
chlorophyll and other lipophilic pigments. Consequently, a silica
solid-phase clean-up was included. The liquid chromatographic
analysis was carried out on an Agilent 1200 series HPLC (Agilent
Technologies, Santa Clara, CA) equipped with a thermostated
column compartment. The chromatographic separation was done
on a Phenomenex Kinetex® PFP column (100 × 2.1 mm, 2.6 μm)
fitted with a Phenomenex KrudKatcher ultra column in-line filter (Phenomenex, Torrance, CA) at a flow rate of 0.3 mL/min.
The selectivity by the SRM acquisition on the triple quadrupole
made it possible to separate all of the analytes in 13 min giving
a total run time of 28 min, including cleaning and reequilibration of the column. Furthermore, linearity studies and addition
of internal standard assured the reliability of the method. All
mass spectra were obtained by APCI in positive mode because it
provided the highest signal intensity. ESI mode was also tested
but the sensitivity was very low for vitamin D3 and the sterols. In
fact, the sterols could not even be seen and the sensitivity of vitamin D3 was about 25 times higher in APCI mode, when a 1 μg/
mL standard mixture was used. All compounds were analyzed
in selected reaction monitoring (SRM) mode aiming to improve
sensitivity. As the use of internal standard for the determination
of vitamin D is essential, it is reported that for determination
of vitamin D3, vitamin D2 is the preferred internal standard and
vice versa if vitamin D2 has to be determined (CEN, 2008). This
is not the best approach when vitamins D2 and vitamin D3 occur
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simultaneously as can be the case in plants. Deuterium-labeled
compounds are ideal internal standards for quantification by
LC–MS. Deuterated vitamin D3 was used as an internal standard
for both vitamin D2 and vitamin D3 and the sterols, as it is absent
from food and no cross-talk interference between vitamin D3 and
vitamin D3-[2H3] was observed. Vitamin D3 was identified in the
leaves of Sol. glaucophyllum and Sol. lycopersicum after UVB
exposure. The provitamin D3, 7-dehydrocholesterol, was identified in the leaves of C. annuum, Sol. glaucophyllum, and Sol.
lycopersicum. No vitamin D3 was found in either P. sativum or
Sor. bicolor.
Changes in vitamin D3 and its metabolites were investigated
following UVB and heat treatment in the leaves of Sol. glaucophyllum Desf., Sol. lycopersicum L., and C. annuum L. The analytical method used was a sensitive and selective LC-ESI-MS/
MS method, including Diels–Alder derivatization. Vitamin D3
and 25-(OH) D3 were found in the leaves of all plants after UVB
treatment. Sol. glaucophyllum had the highest content, 200 ng
vitamin D3/g dry weight and 31 ng 25(OH)D3/g dry weight, and
was the only plant that also contained 1,25 dihydroxy vitamin D3
in both free (32 ng/g dry weight) and glycosylated form (17 ng/g
dry weight) (Jäpelt et al., 2013).
The use of the solvent system acetonitrile:methanol (1:1, v/v),
instead of the solvent system routinely used for vitamin D analysis (acetonitrile:dichloromethane, 7:3, v/v), allowed Phillips et al.
(2012) to obtain the chromatographic separation of the vitamin
D3 and vitamin D4 (22-dihydroergocalciferol) from different
mushroom samples. Mass spectral studies were conducted to
confirm the molecular identity. The mushroom compound produced a parent molecular ion at m/z 398.3539. Losses of water
and a methyl group were readily apparent (m/z 380.3426 and
365.3189). The prominent peak at m/z 253.1950 corresponded
to the loss of the vitamin D4 side chain in combination with a
water molecule, while peaks at m/z 136.0901 and 118.0789 were
characteristic for cleavage of the secosteroid structure and subsequent water loss.
Strobel et al. (2013) developed a commercially viable analytical method for the simultaneous and routine analysis of vitamin
D2, vitamin D3, 25(OH)D2, and 25(OH)D3 in meats with reduced
time and complexity of extraction, together with increased
selectivity and specificity of instrumental detection. Samples
were saponified and underwent SPE. Chromatographic analyses were carried out using an Agilent (Varian) 500 MS IT Mass
Spectrometer system comprising of two nanopumps (Varian 212LC), a cooled (5°C) autosampler (CTC Analytics, PAL System),
a column heater (Varian ProStar), a Prevail Silica LC column
5 μm × 250 mm × 4.6 mm ID LC (Alltech, and an ion trap mass
spectrometer. The 500 MS IT Mass Spectrometer was equipped
with an APCI chamber. Limits of detection (LOD) and quantification (LOQ) for vitamin D and 25(OH)D were 0.03 and
0.05 μg/100 g, respectively. Deuterium labeled vitamin D and
25(OH)D internal standards were added as surrogates prior to
saponification, correcting for extraction inefficiencies and potential MS matrix enhancement or suppression effects.
Extraction of vitamin E from natural sources has received
increasing interest due to its high antioxidant activity. New analytical methods for the separation and/or the definition of the
vitamin E contents in food are continuously reported. Recently,
a quick and easy analytical method was optimized to obtain the
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tocopherol profile of almond oil samples (López-Ortiz et al.,
2008). Almond oil was extracted from 5 g dry nonpeeled ground
almond seeds (kernels with tegument) using a commercial fat
extractor with petroleum ether as solvent and maintaining the
heat source at 135°C. The recovery was essentially total after 2 h
of extraction. Chromatographic separation was achieved using
a Luna RP-18 5 mm of 250 × 4.60 mm (Phenomenex) column
and a mixture of acetonitrile and methanol (1:1, v/v) as mobile
phase at a flow rate of 1.5 mL/min. Detection of tocopherols
was carried out by the photodiode array detector set at 295 nm
and, simultaneously, by fluorescence detection at an excitation of
290 nm and an emission wavelength of 325 nm. All tocopherols
were eluted in less than 15 min. The retention times found for
the different vitamers were 9.6 min for δ-tocopherol, 11.2 min
for γ + β-tocopherol, and 12.9 min for α-tocopherol. The internal
standard chosen was tocopherol acetate, and the retention time
found for this compound was 14.1 min.
Three different HPLC detection systems were compared for
the determination of tocopherols and tocotrienols in olive oil:
fluorescence and diode array connected in series, ultraviolet,
and evaporative light scattering (Cunha et al., 2006; Table 26.6).
The comparative study of the detectors was performed using
the same sample and the same chromatographic conditions.
The connection of a more universal detector (diode array) with
a more specific one (fluorescence detector) gave the ability to
get more information from one analysis and directly confirm
the identity of tocopherols and tocotrienols. The possibility to
change, during the acquisition, the gain settled in the fluorescence detector allowed a better detection and, consequently, the
quantification of minor compounds present in olive oil, such as
γ- and δ-tocopherol, and α- and γ-tocotrienol.
Alves et al. (2009) described the development and validation
of an analytical micromethod for tocopherol quantification in
espresso coffee, the most appreciated coffee brew, by normal
phase HPLC with fluorescence detection. Owing to complex
chemical composition of espresso, the usual extraction methods used for other matrices were not applicable. Thus, espresso
aliquots (5 mL) were spiked with tocol (5 mL), BHT (50 mL),
and methanol (5 mL). After homogenization, the extraction was
performed twice with 6 + 4 mL of n-hexane:ethyl acetate (9:1,
v/v), vortexing the mixture (2 min) and centrifuging (3 min,
5000 rpm). The extraction procedure was followed by a liquid–
liquid clean-up with dimethylformamide. The n-hexane fraction was analyzed by an HPLC integrated system connected in
series to an FP-920 fluorescence detector. The chromatographic
separation was achieved with an Inertsil 5 SI column (5 µm,
250 × 3 mm) and using the mixture n-hexane:1,4-dioxane (97:3,
v/v) as eluent. Although the method is slightly laborious, it has
its advantage in the low consumption of solvents; furthermore,
clean chromatograms of tocopherols, without interference of
coeluting compounds could be obtained.
A rapid analytical method, including PLE and LC-ESI-MS,
was developed for the determination of tocopherols and tocotrienols in wheat and rye samples (Bustamante-Rangel et al.,
2007). In order to optimize the PLE system parameters, among
methanol, acetonitrile, and methanol:propanol (1:1, v/v), methanol gave the best results as extractant since it allowed the extraction of larger amounts of analytes, mainly those present at minor
concentrations. Samples were mixed with hydromatrix celite,

a drying agent added in order to prevent the generation of a
dead volume in the extraction cell and to allow the best contact
between the sample and solvent. Extraction of analytes from the
sample using PLE allowed their direct injection into the chromatographic system, which afforded simplicity, speed, and the
possibility of automation of the methodology. LC separation was
achieved using a solution of 6.0 mM ammonia in methanol:water
(97:3, v/v) as mobile phase. The addition of ammonia was necessary in order to obtain better ionization efficiency than other
bases. The ESI was used in negative ion mode. Quantification
of analytes was performed using the external standard method
based on peak areas. The validation of the method was verified
by recovery and repeatability tests.
Kiwifruit contain relatively high levels of vitamin E.
Fiorentino et al. (2009) reported the isolation of a new vitamer,
δ-tocomonoenol, from pulp and peel of the fruit. The structure
of the compounds, as well as those of α- and δ-tocopherols, was
elucidated on the basis of EI MS, 1D, and 2D NMR spectral
data. In order to investigate the presence of δ-tocomonoenol,
and the other tocopherols in the kiwifruits, a GC-MS analysis
was performed. Aliquots of lyophilized pulps and peels were
extracted in n-hexane:ethyl acetate (17:3, v/v) solution in the
presence of BHT. The extracts were dried, resuspended in heptane, and analyzed by GC–MS. The identification of the analytes was obtained by comparison of the retention times with
those of pure standards, and by the fragmentation patterns in
the EIMS spectra.
A comprehensive assessment of different forms of vitamin K
among common foods in the U.S. diet was recently performed
(Elder et al., 2006). Samples representative of meat foods consumed in the United States were purchased from retail outlets
or fast food restaurants in 12 or 24 cities, respectively, around
the country. Yellow light was used during extraction, purification, and analysis because vitamin K is sensitive to photooxidation. The phylloquinone (K1), dihydrophylloquinone (dK),
and menaquinone-4 (MK-4) contents of the meat samples were
analyzed through a reversed-phase HPLC method. Briefly, the
sample was weighed; water and an appropriate amount (equivalent to the approximate amount of phylloquinone projected
for each sample) of internal standard were added, followed by
2-propanol:hexane (3:2, v/v). The mixture underwent sonication. Phase separation was achieved by centrifugation. The hexane phase was processed by SPE on Bond Elut silica columns
(Varian Inc., Walnut Creek, CA) eluting with a hexane:diethyl
ether (193:7, v/v) solution. When, after silica SPE and drying,
the residue appeared oily, C18 SPE was performed to further
purify the sample. The final residue was reconstituted initially
with 30 µL of methylene chloride and then by 170 µL of methanol with 10 mM ZnCl2, 5 mM acetic acid, and 5 mM sodium
acetate. The reconstituted residues were analyzed by HPLC
using the analytical column BDS Hypersil C18 (150 × 3 mm,
5 µm). Fluorescent derivatives of the injected quinones were
produced online using a postcolumn reactor (50 × 2 mm) dry
packed with zinc (–200 mesh). The excitation wavelength
was 244 nm, and the emission wavelength was 430 nm.
Standard curves were prepared from each calibrator injection.
Quantitation was achieved by direct comparison of peak area
ratios [MK-4, K1, or dK to K1(25)] generated from the calibration standard to those generated by the sample. To confirm that
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peaks corresponding to retention times of MK-4 were authentic, GC/MS was used to compare mass spectra of authentic
MK-4 standard with HPLC fractions collected from chicken
tender extracts. Meat and dairy foods contained moderate
amounts of MK-4. Chicken, cheddar cheese, and egg yolks
contained the highest amounts of MK-4, with mean ranges of
6.3–22.1 µg/100 g of MK-4. MK-4 is the main form of vitamin
K in the brain, which suggests that MK-4 may play a particular
role in the function of sphingolipids. MK-4 may also have the
potential to maintain or increase bone mineral density in osteoporotic women when administered in pharmacological doses.
To obtain a closer estimate of dietary intake of phylloquinone and menaquinones, K1, MK-4, and MK-7 contents in food
samples (58 food items) were determined by an improved HPLC
method with fluorescence detection (Kamao et al., 2007b).
Obtained data agreed with those obtained by LC-APCI/MS/
MS method. High amounts of phylloquinone were found in
vegetables such as komatsuna, perilla, garland, broccoli, and
spinach. High amounts were also found in algae such as roasted
and seasoned laver (dried, 413 µg/100 g) and seaweed (dried,
1293 µg/100 g). Phylloquinone content of green powdered tea
was equal to 3049 µg/100 g. MK-4 was widely distributed in
fish, meat, eggs, milk, and dairy products.
In order to determine the bioavailability of plant phylloquinone, Novotny et al. (2010) carried out a study in which
nonsmoking volunteers consumed isotopically labeled kale, and
provided multiple blood samples for several weeks following
the kale ingestion. Kale (Brassica oleracea var. Acephala cv.
Vates) tissue was completely labeled with 13C by growing plants
in controlled environmental chamber with the only source of
carbon being 13CO2. Several plasma samples were collected and
analyzed by HPLC-MS. Selected ion monitoring was used for
the detection of protonated unlabeled phylloquinone and 13C31phylloquinone (m/z 451 and 482).

26.9 Future Trends
The determination of the content of FSVs in foods is a continuing
challenge for chemical and biomedical research. Awareness of
the role of such molecules for the maintenance of the health and
welfare of the organism requires the use of experimental strategies aimed at a clear and reliable definition of their presence
in food. The enrichment and biofortification of food matrices
with these vitamins appears to be a winning path to follow. It
is certainly important to develop dietary strategies to maintain
adequate FSVs nutritional status in the population. The current review highlighted that the scientific community is always
interested in identifying new analytical methods for the extraction and identification of vitamins from animal and plant foods.
Various international methods (AOAC, CEN, ISO) are currently
available, usually based on LC, for determining vitamins A, E,
D, and K in a variety of food matrices. The existing methods
can produce accurate results, but they are time consuming and
expensive. The extraction phase is still strongly limiting. Thus,
new simpler and faster methods to measure FSVs in foods are
needed. At the same time, it seems also necessary to investigate
different foods for their contribution in terms of micronutrient
vitamins.
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27.1 Introduction
Water-soluble vitamins constitute a group of organic compounds
that are, in very small amounts, essential for the normal functioning of the human body. They have widely varying chemical and physiological functions and are broadly distributed in
natural food sources. An accurate and specific determination of
water-soluble content in food is becoming extremely important
to describe the relationship between dietary intake and human
health. In addition, it is essential to know the exact concentration
in different substances, so as to take the right quantity that can
be assimilated. The water-soluble vitamins comprise vitamin C

and the members of the B group, namely, thiamin (vitamin B1),
riboflavin (vitamin B2), niacin (vitamin B3), pantothenic acid
(vitamin B5), pyridoxine (vitamin B6), biotin (vitamin B8), folate
(vitamin B9), and cyanocobalamin (vitamin B12).

27.2 Water-Soluble Vitamins
27.2.1 Vitamin C
27.2.1.1 Properties
Vitamin C exists naturally as a two biologically active vitaminers:
l-ascorbic acid (AA) and dehydroascorbic acid (DHAA), which has
587
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80%–100% of the biological activity of AA. l-AA is a lactone with
an enediol group on carbons 2 and 3 (cyclic ester of a hydroxyl carboxylic acid). The systematic chemical designation is 2-oxo-l-threohexono-1,4-lactone-2,3-enediol. The common substitutes for l-AA
in most food uses are the stereoisomer d-arabosacorbic acid (more
commonly known as d-isoascorbic acid, d-IAA) and d-erythorbic
acid (d-EA), which have little antiscorbutic activity. The stability
properties of vitamin C vary markedly as a function of environmental conditions such as pH, light, and temperature, as well as the
concentration of trace metal ions, oxygen, and degradative enzymes
(Gregory, 1996). Crystalline l-AA is highly stable in the presence
of oxygen when water activity remains low. In solution, the strong
reducing properties of the vitamin can lead to rapid and excessive
oxidative changes. The first product of l-AA oxidation is the radical monodehydroascorbate, also known as semihydroascorbate, or
ascorbate-free radical. If allowed to persist though, two molecules of
monodehydroascorbate will also spontaneously disproportionate to
DHAA. DHAA itself is unstable and undergoes irreversible hydrolytic ring cleavage to 2,3-diketogulonic acid in aqueous solution,
which possesses no vitamin C activity (Davey et al., 2000). Further
reactions in l-AA degradation beyond 2,3-diketogulonic acid are
of no nutritional consequence, but contribute to the flavor and color
changes associated with browning reactions. Vitamin C has many
biological activities in human body. Vitamin C is widely known for
its role in preventing scurvy. In addition, it modulates a number of
important enzymatic reactions. Vitamin C also plays a vital role in
the conversion of 3,4-dihydroxyphenylethylamine to noradrenaline.
Vitamin C increases the absorption of iron by converting Fe3+ into
Fe2+ that is absorbed more readily and is required in the metabolism of the amino acid tyrosine (Burini 2007). Vitamin C is also
an important antioxidant that can reduce or eliminate superoxide,
hydroxyl radical, hypochlorous acid, and other free radical and oxidants. The high concentration of vitamin C in leukocytes and the
rapid decline of vitamin C in plasma and leukocytes during stress
and infection has been used as evidence that vitamin C plays a role
in the immune function (Martín-Belloso et al., 2012). Fresh fruits
(especially guava and blackcurrant fruits) and green vegetables
(gourds, broccoli, and peppers) constitute rich sources of vitamin C.
However, not all fruits and vegetables contain such levels, onions,
lettuce, carrots, root crops, apples, pears, and plums represent a very
modest source of vitamin C (Hägg et al., 1995; Davey et al., 2000).
Liver (23 mg/100 g) is a good source of l-AA and fresh milk contains 2 mg/100 g. Fresh meats provide only traces, but with offal,
supply sufficient to prevent scurvy (Davidson et al., 1986).

27.2.1.2 Methods of Analysis
27.2.1.2.1. Extraction Techniques
The sample is normally homogenized with the extracting solution and then centrifuged and filtered before l-AA determination. Extraction solution should maintain an acidic environment,
chelate metals, inactivate AA oxidase, and precipitate starch and
proteins. Diluted solutions of oxalic, trichloroacetic, perchloric,
and m-phosphoric acid (3%–6%) alone or in combination are
generally used for the extraction of AA from foods. Nevertheless,
m-phosphoric acid is the reagent most widely applied because
of its ability to precipitate proteins and inhibit l-AA oxidase.
Starch is problematic because of its interferences with colorimetric titrations and fluorimetric assays. Addition of ethanol or
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acetone to the metaphosphoric extract precipitates solubilized
starch (Eitenmiller and Landen 1999). All extraction procedures
should be completed rapidly in subdued light to limit light catalyzed oxidative reactions.

27.2.1.2.2 Detection, Identification, and Quantification
Various methods have been reported for the determination
of l-AA and l-DHAA in foods, including spectrophotometric (Hussain et al., 2006; Al-Ani et al., 2007), electrochemical,
enzymatic, chromatographic, and capillary electrophoresis methods. Many methods based on spectrophotometrical determination have been developed for AA analysis. Unfortunately, these
spectrophotometric methods often lack specificity and are subject
to interferences from other reducing agents such as ferrous and
cuprous anions, sugars, glucuronic acid, sulfite, tannins, betanin,
cysteine, glutathione, and reductones generated by nonenzymatic
browning. In addition, the vitamin C content of foods containing
appreciable quantities of DHAA can be underestimated because
only the AA content is determined. Several method modifications have been introduced to eliminate or minimize the effects
of interferences. Recently, two simple and sensitive spectrophotometric methods for the determination of AA in fruit juices and
vegetables have been described by Revanasiddappa and Veena
(2008). These methods are based on the oxidation of AA by a
known excess of Se(IV) or Cr(VI) and subsequent determination of unreacted Se(IV) or Cr(VI). Liquid chromatography (LC)
methods have some advantages, compared to direct measurement
techniques, regarding specificity, sensitivity, or easy operation
(Gökmen and Acar 1996). Because of the ionic character of AA
many different supports have been used such as reversed-phase
(Gazdik et al., 2008; Engel et al., 2010; Fenoll et al., 2011; Scherer
et al., 2012), amino bonded-phase (Odriozola-Serrano et al.,
2007), hydrophilic interaction (Tai and Gohda 2007; Karatapanis
et al., 2009; Barros et al., 2010) and ion-pair (Hernández et al.,
2006; Khan and Iqbal, 2011). A pH equal to or lower than 5 is
necessary in the mobile phase to maintain the stability of vitamin
C during the analysis. Depending on the type of detection technique used, LC methods are generally more sensitive. AA can be
easily detected by ultraviolet (UV) at wavelengths between 243
and 265 nm. However, DHAA is difficult to be detected by LC
methods coupled with UV or electrochemical detectors. In order
to increase the sensitivity for DHAA, derivatization prior to or
after the chromatographic separation is necessary. Prior to LC,
DHAA should be reduced to AA in samples. Various sulfhydrylcontaining compounds such as dithiothreitol (Romeu-Nadal et al.,
2006) and mercapto compounds (Odriozola-Serrano et al., 2007)
or tris(2-carboxyethyl)phosphine (Chebrolu et al., 2012; TarragoTrani et al., 2012) have been studied for the reduction of DHAA
to AA. Recently, several chemical methods based on iodine
(Iglesias et al., 2006) or 2,2′-azobis(2-amidinopropane)dihydrochloride (Burini, 2007) are also employed for AA oxidation. A
new method for AA determination in squeezed orange juice by
gas chromatography was developed and compared to the highperformance liquid chromatography (HPLC) one (Silva, 2005).
The ultra-high-performance liquid chromatography (UHPLC) is
the latest advance in chromatography separation techniques and
is based on the sample principles of HPLC. However, it has some
features that distinguish it from HPLC and makes its application
more advantageous, namely, higher efficiency and resolution,
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shorter time analysis, and increased sensitivity. An improved
UHPLC coupled with a photodiode array detector (PDA) methodology for determination of l-AA and DHA in fruits and vegetables has been developed (Spínola et al., 2012). Analytical
procedures based on the relatively new technique of capillary
electrophoresis are rapidly gaining acceptance. The advantages
of capillary electrophoresis over HPLC were reported to be shortanalysis time, small-consuming sample (nanoliter levels), high
separation efficiency, and simple-experiment separation (Tang
and Wu, 2005). Capillary zone electrophoresis and micellar
electrokinetic capillarity has been used for the determination of
AA in different matrices. These methods have been developed
mainly using uncoated columns (Tang and Wu 2005; Wu et al.,
2007; Peng et al., 2008). Flow-injection analysis has been applied
to determine AA in a large number of foodstuffs by using spectrofluorescence (Maki et al., 2011) and chemiluminescence (CL)
(Kato et al., 2005). The big advantages of flow-injection analyses
are short analysis time, instrument simplicity, and reproducibility
(Tables 27.1 and 27.2).

27.2.2 Thiamin
27.2.2.1 Properties
The chemical name of thiamine is 3-(4-amino-2-methylpyrimidin-5-ylmethyl)-5-(2-hydroxyethyl)-4-methylthiazolium.
Thiamin or vitamin B1 molecule comprises substitute pyrimidine and thiazole moieties linked by a methylene bridge. It is a
quaternary amine that can exist as a monovalent or divalent cation, depending on the pH of the solution. Three phosphorylated
forms of thiamin occur in nature. The predominant form is the
coenzyme, thiamin pyrodiphosphate (TPP). Small amounts of
the thiamine monophosphate (TMP) and thiamine triphosphate
(TTP) esters also occur in animal tissues. The TPP is generally
regarded as the physiologically active form and it functions as
a coenzyme (Ball, 2006). This coenzyme is essential for converting carbohydrates to energy and is necessary for the proper
functioning of the nervous system, the heart, and the musculature system. Thiamine is very important to the brain, especially
in terms of emotional health and well-being and prevention and
treatment of beriberi disease. It has been also suggested that this
vitamin may have a beneficial effect in treating Alzheimer’s disease (Norouzi et al., 2007).
Thiamine is soluble in water, ethanol, and glycerol, but insoluble in solvents such as ether, benzene, hexane, and chloroform.
Thiamin is the most heat-labile among B vitamins. The thiamine
stability in aqueous solutions depends upon pH. In solution, thiamine is most stable between pH 2 and 4. Above pH 5, it is rapidly destroyed by autoclaving, and at pH 7.0 or higher by boiling
(Tanphaichitr, 2001). Mild oxidation produces thiamin disulfide
without loss of thiamin activity; more vigorous oxidation with
alkaline potassium hexacyanoferrate produces the biologically
inactive thiochrome (Ball, 2006). Thiaminase enzymes are relatively common in plant and animal tissues, but they are inactivated by heating or sulfhydryl (–SH) containing compounds.
For food supplementation purposes, thiamin is chiefly used in
the form of its chloride hydrochloride double salt, known commercially as thiamin hydrochloride. Thiamin hydrochloride is a
colorless crystalline substance. It is readily soluble in water, only

partly soluble in alcohol and acetone, and insoluble in other fat
solvents. In the dry form, it is stable at 100°C (Eitenmiller and
Landen, 1999). Thiamine is widely distributed in foods, the richest sources being whole grains, legumes, vegetables, fruits, fish,
eggs, yeast, liver, and milk.

27.2.2.2 Methods of Analysis
27.2.2.2.1 Extraction Techniques
Total thiamine analysis in food products generally include an
acid hydrolysis with boiling diluted acid (mainly HCl 0.1 M at
100–121°C) for 30–60 min to denaturate proteins and to release
vitamers from the food matrix, followed by the use of enzymes
(taka-diastase, papain, or phosphatase) with mixed activities to
hydrolyze phosphate esters. Conditions for enzymatic hydrolysis
typically include incubation at 37°C overnight or at 55°C for 2 h,
which can result in a considerable increase in analysis time (Tang
et al., 2006; Gratacós-Cubarsí et al., 2011; Viñas et al., 2012).
It is difficult to completely extract B1 from products containing cocoa, but the use of 0.5 N HCl in place of 0.1 N increases
the recovery (Arella et al., 1996). In nonfortified meat products,
samples generally require a suitable cleanup and concentration
of the extracts to eliminate matrix interferences and to improve
the detection. This step has been generally carried out by the use
of SPE-C18 cartridges or weak cation exchange SPE columns
(Eitenmiller and Landen, 1999).

27.2.2.2.2 Detection, Identification, and Quantification
The quantification of vitamin B1 in the extracts has been traditionally based on microbiological assays (AOAC 944.13 and
AOAC 985.34) or spectrofluorimetric detection after an oxidation step to convert vitamin B1 to thiochrome (AOAC 986.27,
AOAC 957.17). A highly sensitive spectrofluorimetric method
for the determination of thiamine based on the fluorescence
quenching effect of thiamin on the hemoglobin-catalyzed reaction of H2O2 with l-tyrosine has been proposed (Chen and Tian,
2010; Chen et al., 2011). Nevertheless, these protocols are complex and require large and time-consuming manipulations of the
samples. Thus, HPLC methods have been proposed to improve
speed, robustness, and reliability of the analysis. There are many
kinds of stationary phases used for the analysis by HPLC. Porous
silica particles, which are chemically bound to the monomolecular octadecyl layer, are most frequently used in reversed-phased
HPLC (Kawasaki and Egi, 2000). However, vitamin B1 is generally weakly retained on the reverse phase sorbents and this fact
can reduce the chromatographic resolution from matrix interferences and makes its quantification more difficult in complex food
extracts. To partially solve this problem, mixtures of phosphate
or acetate buffers with the addition of ion-pair reagents and/or
organic solvents have been used as mobile phases (Viñas et al.,
2012). Since the molar absorptivity is rather low, it is usual to
employ the more selective fluorescence detection after oxidation to thiochrome by either pre- or postcolumn reaction using
reagents for alkaline oxidation. Precolumn derivatization is normally used (Tang et al., 2006; Viñas et al., 2012); however, solutions have to be injected immediately after thiocrome formation.
Postcolumn derivatization should be more convenient for routine
analysis since LC could be automated, avoiding manual injection,
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Table 27.1
LC/UV Detector and LC-MS Methods for Vitamin C Analysis in Food Products
Compounds
Determination

Type of Sample

AA vitamin C
(AA + DHAA)

Human milk

AA
vitamin C
(AA + DHAA)

Strawberries, tomatoes,
apples

AA, EA, AA-2G,
and AA-2βG

Jasmine tea, green tea
Dried Lycium fruit

Vitamin C,
vitamin B1, B2,
B3, B6, B9, B12
Vitamin C, vitamin
B1, B2, B3, and B6

Energy drinks

AA and IAA

Fruit juice, chestnuts

AA and DHAA

Peppers, tomatoes,
plum, oranges, and
lemons

Vitamin C

Orange juice, mixed
canned, fruit/
vegetables, fresh fries,
and breakfast cereal
Fruits and vegetables

AA and DHAA

Cereal, cacao powder,
fruit juice

Sample Preparation
Extraction with m-phosphoric acid
(0.56%), centrifugation and AA: filtration
AA + DHAA: reduction with dithiothreitol
(100 mM) and filtration
Extraction with m-phosphoric acid (4.5%),
centrifugation, and AA: filtration
AA + DHAA: reduction with,
-dithiothreitol (0.4%)
-dimercaptopropanol (0.2%) and filtration
Dilution with acetonitrile: 66.7 mM
ammonium acetate (85:15) reduction
with dithiothreitol and filtration
Dilution with acetonitrile and ammonium
acetate redaction with dithiothreitol and
filtration
Extraction with metaphosphoric acid (2%)
centrifugation and reduction with
l-cysteine. Adjust pH with ammonium
solution (pH 7.0–7.2)
Extraction with 6.25% m-phosphoric acid,
2.5 mM TCEP and EDTA, heat at 40°C
and filtration
Extraction with EDTA, centrifugation, and
filtration

Stationary Phase

Mobile Phase

Detection

Reference

C18 Spherisorb
ODS 2

Isocratic phase acetic acid in
water 0.1% and methanol
(95:5)

UV 254 nm

Romeu-Nadal
et al. (2006)

1. C18 Spherisorb
ODS
2. NH2-Spherisorb
S5

UV 245 nm

Odriozola-Serrano
et al. (2007)

UV 260 nm coupled with MS

Tai and Gohda
(2007)

UV 267 nm

Karatapanis et al.
(2009)

UV 266 and 290 nm

Engel et al. (2010)

UV 244 nm

Barros et al. (2010)

Prontosil C18

Isocratic phase
1. Sulfuric acid (0.01%) pH 2.6
2. 10 mM potassium dihydrogen
phosphate buffer adjusted to
pH 3.5: acetonitrile (60:40)
Isocratic phase acetonitrile:
66.7 mM ammonium acetate
(85:15)
Gradient elution: ammonium
acetate (solvent A) and
acetonitrile in water (solvent B)
Gradient elution: 0.1% formic
acid in water (solvent A) and
0.1% formic acid in methanol
(solvent B)
Gradient elution: 0.1%
trifluoroacetic acid (solvent B)
and acetonitrile (solvent B)
Isocratic phase 0.2% formic acid

Fenoll et al. (2011)

Extraction with 5% m-phosphoric acid,
5 mM TCEP and 1 mM EDTA,
centrifugation, and filtration

C18-RP with
polar
end-capping

Isocratic phase 0.05% aqueous
formic phase or 0.02%
o-phosphoric

Negative ion electrospray
ionization (ESI) with
selected reaction
monitoring MS/MS
UV 254 nm

Extraction with 3% m-phosphoric acid and
5% EDTA, reduction with TCEP,
centrifugation, and filtration

C18 Spherisorb

Isocratic phase 0.01 mol/L
dihydrogen ammonium
phosphate

Electron impact ionization
(EI) mass spectra

Chebrolu et al.
(2012)

HILIC Inertsil
diol
HILIC Inertsil
diol
Restek Ultra
Aqueous C18

TSKgel Amide-80
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AA: Ascorbic acid; DHAA: Dehydroascorbic acid; EA: Erythorbic acid; IAA: Isoascorbic acid.
AA-2βG: 2-o-β-d-glucopyranosyl-l-ascorbic acid AA-2G: 2-o-α-d-glucopyranosyl-l-ascorbic acid.
TCEP: Tris(2-carboxyethyl)-phosphine.

Tarrago-Trani et al.
(2012)
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Table 27.2
LC Methods with Fluorescence Detection for Vitamin C Analysis in Food Products
Compounds Determination

Sample Preparation

Stationary Phase

DHAA vitamin C
(AA + DHAA)

Muscle fish

Type of Sample

Extraction with m-phosphoric
acid (4.5%),
homogenization,
centrifugation

Waters symmetry
C18

Methanol (0.01%):
m-phosphoric acid (80:20)

Mobile Phase

DHAA vitamin C
(AA + DHAA)

Foods

Extraction with m-phosphoric
acid (1%), homogenization,
centrifugation

NovaPack C18

0.08 M KH2PO4 (pH 7.8):
methanol (50:50)

Detection

Reference

Postcolumn reaction: oxidation with
oxidation with iodine derivatization
with 4,5-dimethyl-ophenylenediamine (0.3%) and a
posterior liquid–liquid extraction with
isobutanol ex. 350 nm; em. 422 nm
Postcolumn reaction: oxidation with
2,2′-azobis(2-amidinopropane)
dihydrochlororide derivatization with
4,5-dimethyl-o-phenylenediamine
(0.1%) ex. 355 nm; em. 425 nm

Iglesias et al. (2006)

Burini (2007)
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but, in practice, the sensitivity is lower and therefore postcolumn
is not often applied. Other authors have proposed HPLC coupled
with diode-array detector (DAD) methods for the determination
of thiamine in food samples using wavelengths of detection varying between 230 and 270 nm due to the effects of mobile phase
pH on vitamin B1 absorbance (Lebiedzińska et al., 2007). More
recently, hydrophilic interaction liquid chromatography (HILIC)
has been proposed as a simplified and highly selective LC-HILICDAD method to quantify the content of vitamin B1 in dry cured
meat sausages (Gratacós-Cubarsí, et al., 2011) (Table 27.3).

27.2.3 Riboflavin
27.2.3.1 Properties
The principal vitamin B2 active flavins found in nature are
riboflavin, riboflavin-5′-phosphate (FMN) and riboflavin5′-adenosyldiphosphate (FAD), which have equal vitamin
activity in human nutrition. These coenzymes are widely distributed in intermediary metabolism and catalyze numerous
oxidation–reduction reactions. The redox functions of flavin coenzymes include both one-electron transfers and twoelectron transfers from substrate to the flavin coenzyme. In
addition, riboflavin in its coenzyme forms, FMN and FAD,
plays key metabolic roles in a variety of reactions involving
carbohydrates, amino acids, and lipids, and the conversion
of folic acid (FA) and vitamin B6 into their active coenzyme
forms (Rivlin and Pinto, 2001). Deficiency and suboptimal
levels of riboflavin leads to a variety of clinical abnormalities that include degenerative changes in the nervous system,
endocrine dysfunction, skin disorders, and anemia. Yeast
extract is exceptionally rich in vitamin B2. Other significant
sources of riboflavin are meat and meat products, including
poultry and fish, and milk and dairy products. In developing
countries, plant sources such as broccoli, collard greens, and
turnip greens contributed most of the dietary riboflavin intake
(Eitenmiller and Landen, 1999).
Riboflavin is a yellow–green, fluorescent compound, which
produces yellow–orange needle-shaped crystals. Riboflavin,
FMN, and FAD are slightly soluble in alcohol and insoluble
in ether, acetone, benzene, and chloroform. Riboflavin is only
sparingly soluble in water (10–13 mg/100 mL at 25–27.5°C;
19 mg/100 mL at 40°C; 230 mg/100 mL at 100°C). The solubility of riboflavin in water is increased in the presence of aromatic
compounds such as nicotinamide. The sodium salt of FMN is
very soluble in water, and FAD is freely soluble in water. The
most significant chemical characteristic that affects vitamin B2
analysis is its photosensitivity. The wavelength range of 350–
520 nm was generally damaging to riboflavin in aqueous solution, with the 415–455 nm range being particularly destructive.
The principal photodegradation product under neutral and acidic
conditions is lumichrome, while under alkaline conditions, the
major product is lumiflavin (Ball, 2006).

27.2.3.2 Methods of Analysis
27.2.3.2.1 Extraction Techniques
Most of the methods involve a pretreatment procedure to remove
the protein-bound coenzymes from the respective flavoproteins
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and to hydrolyze phosphoric ester bonds. Usually, total riboflavin analysis is initiated with acid hydrolysis by HCl or H2SO4
to convert coenzyme forms in free riboflavin (Rodriguez et al.,
2012). Enzyme digestion can benefit analyte recovery and
ensure the conversion of FMN and FAD. An effective enzyme
mixture has been reported to be clara-diastase (MondragónPortocarrero et al., 2011) or a mix of taka-diastase, amylase,
papain, and phosphatase enzymes (Jakobsen, 2008). Additional
precipitation of proteins by the addition of trichloroacetic acid,
ammonium sulfate, or metaphosphoric acid can be used in
the samples (Bueno-Solano et al., 2009). To concentrate the
samples and to remove some of the interfering materials, the
riboflavin-containing solution can be passed through reversedphase cartridges.

27.2.3.2.2 Detection, Identification, and Quantification
Traditionally, riboflavin analysis was performed by microbiological (AOAC 960.46) and fluorimetric methods (AOAC
970.65, AOAC 985.31), but these methods are tedious, and time
consuming. HPLC methods are the most widely used techniques for the analytical determination of vitamin B2, which
combine high separation power with speed, precision, specificity, and reasonable accuracy, are nondestructive and permit
the possibility of simultaneous quantification of other vitamins (Russell, 2004). Numerous reversed-phase HPLC methods have been reported for the determination of riboflavin in
various foodstuffs (Jakobsen, 2008; Bueno-Solano et al., 2009;
Mondragón-Portocarrero et al., 2011; Rodriguez et al., 2012;
Tuberoso et al., 2012). These methods employ a UV or a fluorescence detector to detect riboflavin in foodstuff. For riboflavin, the excitation wavelength for fluorimetric detection is
usually in the range 370–450 nm, and the emission wavelength
500–530 nm. The spectrofluorimetric analysis of vitamin B2
has the advantage of being extremely sensitive but requires
specific equipment that is not always available for many laboratories. Some HPLC-UV methods have been described for
determining B2 in food products, but often have the disadvantages of being less sensitive, and with a limited application to
various food samples due to the presence of many interfering
compounds absorbing light in the UV range (Rodriguez et al.,
2012; Tuberoso et al., 2012). Capillary electrophoresis method
with blue light-emitting diode-induced fluorescence detection
has been reported for the determination of riboflavin in beer
(Su et al., 2004). More recently, the experimental conditions
of capillarity electrophoresis with laser-induced fluorescence
detection were optimized and successfully applied to the analysis of green tea (Hu et al., 2007) and cereal grains (Jie et al.,
2013) (Tables 27.4 and 27.5).

27.2.4 Niacin
27.2.4.1 Properties
Niacin refers to nicotinic acid and nicotinamide, which have
equal biological activity. Nicotinic acid is, chemically, pyridine
3-carboxylic acid and nicotinamide is pyridine 3-carboxylic
acid amide. The biologically active forms of niacin compounds
are the nicotinamide adenine dinucleotide (NAD) and nicotinamide adenine dinucleotide phosphate (NADP) coenzymes.
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Table 27.3
LC Methods for Thiamine Analysis in Food Products
Compounds
Determination

Type of Sample

Thiamine and
riboflavin

Meat and fresh pig
liver

Thiamine,
pyridoxamine,
pyridoxal,
pyridoxine, and
vitamin B12
Thiamine

Apple juice, smoked
salmon, mussels,
oysters

Thiamine

Beer, brewer’s yeast,
honey, baby foods

Spanish dry-cured
sausages
(salchichón,
chorizo, fuet)

Sample Preparation

Stationary Phase

Extraction with 0.1 M HCl followed by
heating at 100°C for 15 min and
centrifugation. Then, enzymatic
digestion with taka-diastase, papain, or
acid phosphatase (37°C, 18 h) and
addition of trichloroacetic acid,
filtration
Extraction with 0.055 M HCl followed
by heating at 121°C for 4 h. Then,
enzymatic digestion with diastase and
papain (37°C 18 h) and filtration

C18 Inertsil ODS 2

Isocratic phase
methanol:water (80:20)

Fluorescence detection:
derivatization by portioning
into isobutanol with 1%
potassium ferricyanide in 15%
sodium hydroxide ex. 366 nm;
em. 434 nm

Tang et al. (2006)

RP-LC 18

Isocratic phase methanolphosphate buffer (10:90)
with 0.018 M
trimethylamine pH 3.55
and 85% o-phosphoric acid
Gradient elution:
acetonitrile: 50 mM
ammonium acetate (90:10)
(solvent A) and acetonitrile:
10 mM ammonium acetate
(50:50) (solvent B)
Isocratic phase potassium
phosphate:acetonitrile
(90:10)

Thiamine The DAD wavelength
between 230 and 270 nm. The
other vitamins electrochemical
detection 1–50 µA

Lebiedzińska et al.
(2007)

The DAD wavelength between
220 and 420 nm.

Gratacós-Cubarsí et al.
(2011)

Fluorescence detection: ex.
375 nm; em. 438 nm
Derivatization by oxidation
with ferricyanide at pH 13

Viñas et al. (2012)

Extraction with 0.1 M HCl followed by
heating at 100°C for 30 min. Then,
enzymatic digestion with taka-diastase
and addition of sodium acetate (37°C
overnight) and filtration onto WCX
cartridge
Extraction with 0.1 M HCl followed by
heating at 90°C for 10 min. Then,
enzymatic digestion with alkaline
phosphatase (55°C for 2 h). Addition of
tricholoroacetic acid followed by
heating at 90°C for 10 min and
centrifugation

Luna® HILIC

C18 inertsil ODS 2

Mobile Phase

Detection

Reference
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Table 27.4
HPLC Methods for Riboflavin Analysis in Food Products
Compounds
Determination

Type of
Sample

Riboflavin

Shrimps

Thiamine and
riboflavin

Turnip
tops,
spinach,
lettuce,
chard

Thiamine and
riboflavine

Breakfast
cereals

Riboflavin and
lumichrome

Honey

Sample Preparation

Stationary
Phase

Mobile Phase

Detection

Extraction with 0.1 M HCl, heat
at 100°C for 30 min followed
by enzymatic digestion with
clara-diastase (50°C for 3 h),
addition of tricholoroacetic
acid and filtration
Extraction with 0.1 M HCl,
heat at 100°C for 30 min
followed by enzymatic
digestion with clara-diastase
(50°C for 3 h) and filtration

Chromsep
SS C18

Isocratic phase 5 mM
ammonium acetate–
methanol (72:28)

Fluorescence
detection: ex.
450 nm; em.
525 nm

Bueno-Solano
et al. (2009)

Kromasil
100 C18

Isocratic phase 5 mM
ammonium acetate–
methanol (72:28)

MondragónPontacarrero
et al. (2011)

Extraction with 0.1 M HCl
adjusted to pH 4.5 with 2.5 M
sodium acetate followed by
enzymatic digestion with
papain, diastase, and
α-amilase (37°C overnight)
and filtration
Extraction with methanol and
filtration

PurospherSTAR
RP-18e

Isocratic phase 12.5 mM
sodium acetate in a
mixture of methanol:water
(25:75) and 2.5 mM
sodium heptanesulfonate

Fluorescence
detection:
Thiamine ex.
370 nm; em.
435 nm Riboflavin
ex. 370 nm;
em. 520 nm
UV 268 nm

Gemini C18

Gradient elution 0.2 M
phosphoric acid (solvent A)
and acetonitrile (solvent B)

The DAD at 210,
280, and 360 nm

Tuberoso
et al. (2012)

The oxidized forms of the coenzymes carry a positive charge
(NAD+ and NADP+); reduced form carrying two electrons and
one proton and one proton (associated with an additional proton)
are represented as NADH and NADPH. The acid and the amide
forms are readily interconvertible and nicotinic acid is converted
to the amide in formation of NAD and NADP (Gregory, 1996).
Like nicotinic acid, nicotinamide is a white crystalline substance with a maximal UV absorbance at 263 nm. In contrast
to nicotinic acid, nicotinamide is highly soluble in water and
ether, characteristics that allow the separation of the two vitamers. Both nicotinic acid and nicotinamide are unaffected by
atmospheric oxygen light, and heat in the dry state and in aqueous solution. Apart from leaching losses, niacin is stable during
processing, storage, and cooking of foods (Ball, 2006). Niacin is
present in uncooked foods mainly as NAD and NADP, but these

Reference

Rodriguez
et al. (2012)

nucleotides may undergo some degree of hydrolysis during cooking to yield nicotinamide. Niacin can be synthesized from tryptophan in vivo. Because of the contribution of tryptophan, foods
containing balanced protein are important contributors to total
niacin equivalent intake. The niacin activity of food, therefore,
can be expressed in niacin equivalents, which are the sum of the
niacin content plus 1/60 of the tryptophan content in milligrams.
This chapter is focused on the niacin vitaminers and does not
cover tryptophan methodology.
Lean red meat, poultry, and liver contain high levels of both
niacin and tryptophan and, together with legumes, are important
sources of vitamin B3. In meat, niacin is present largely in the
form of nicotinamide formed by postmortem hydrolysis of NAD.
Peanut butter is an excellent source of niacin. Cheese and eggs are
relatively poor sources, but these high-protein foods have a high

Table 27.5
Capillary Electrophoresis Methods with Fluorescence Detector for Riboflavin Analysis in Food
Compounds
Determination

Type of Sample

Sample
Preparation

Stationary
Phase

Mobile Phase

Riboflavin

Beer

Adjust the pH to
5.8 by adding
250 mM
sodium
phosphate

Fused silica
capillary
(75 cm of
length)

100 mM
sodium
tetraborate
pH 8.2
+11 kV

Riboflavin

Tang (nonalcoholic
beverages and
Zhuyeqing (green tea)

Centrifugation
and filtration

Uncoated fused
silica (55 cm
of length)

10 mM borate
buffer pH
9.6 +18 kV

Detection Conditions
Blue light-emitting diode
(LED)-induced fluorescence
detection. Operating current:
20 mA, viewing angle
2θ1/2 = 15°, emission
wavelength 467 nm and spectral
half width: 30 nm
Fluorescence detection
ex. 474 nm; em. 515 nm

Reference
Su et al.
(2004)

Hu et al.
(2007)
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niacin equivalent. Fruits and vegetables provide useful amounts,
depending on the dietary intake (Eitenmiller and Landen, 1999).
Niacin is essential for the metabolism of carbohydrates and fats.
It shows hypolipemic activity at high doses, possesses vasodilating and fibrinolytic properties of niacin. Niacin deficiency leads
to pellagra, a disease that is characterized by inflammation of
mucous membranes, skin lesions, and diarrhea.

27.2.4.2 Methods of Analysis
27.2.4.2.1 Extraction Techniques
Free niacin has been usually measured by determining nicotinic
acid and/or nicotinamide after extraction with acidic aqueous solution. For the analysis of total niacin, it is usually required to extract
niacin after the conversion of all forms of niacin to free niacin
by heating the sample with alkali or acid (Ball, 2006). HCl and
H2SO4 are the common acids, whereas NaOH and Ca(OH)2 are
the most used bases. Saccani et al. (2005) reported an accurate
acid hydrolysis with 1 N HCl and methanol at 121°C to free all
the bound forms (NAD and NADP) and to convert all the niacin into nicotinic acid in dry cured pork products. This treatment
did not completely liberate the bound nicotinic acid from cereals;
thus an alkaline hydrolysis should be conducted in these products.
Shin et al. (2013) proposed an alkaline hydrolysis with NAOH
(5 mol/L), heated in a boiling water bath for 1 h, for the accurate
determination of total niacin in breakfast cereals. Although alkaline hydrolysis has been used to ensure the complete liberation
of bound nicotinic acid in microbial assay, the use of H2SO4 or
HCl are preferred in LC methods for practical reasons because
alkaline extraction of fatty samples produces extracts that are difficult to clarify (Eitenmiller and Landen, 1999). Tricholoroacetic
acid has been also proposed for nicotinamide extraction prior to
HPLC analysis (LaCroix et al., 2005). Niacin analysis by HPLC in
a complex food matrix is complicated by the presence of endogenous compounds, which may interfere with the purity of the peak.
Solid-phase extraction (SPE) as a sample cleanup procedure to
remove these materials before analysis has been used by several
authors (LaCroix and Wolf, 2007).

27.2.4.2.2 Detection, Identification, and Quantification
Analysis of niacin in food products is probably still accomplished
by microbiological (AOAC 985.34) or colorimetric (AOAC 961.14)
methods. Free niacin has been determined by Lactobacillus casei
or Leuconostoc mesenteroides. Lactobacillus plantarum has been
used to measure total niacin because this particular microorganism responds to nicotinic acid, nicotinamide, nicotinuric acid (an
inactive metabolite), and NAD. The colorimetric determination
of niacin is based upon the Köning reaction in which nicotinic
acid and nicotinamide react with cyanogens bromide, yielding a
pyridinium compound. Rearrangement produces derivatives that
couple with aromatic amines to form colored compounds in the
polymethine dye family with absorption maxima at 436 nm. Under
properly controlled conditions, the color produced is proportional
to the niacin content. However, these methods suffer from several disadvantages. The microbial method is time consuming,
and the reproducibility is rather low, whereas the colorimetric
method has low sensitivity and the reagents required are harmful
and unstable (Shibata and Taguchi, 2000). More robust LC methods have been reported as a replacement of the labor-intensive

microbiological methods for these determinations. Vitamin B3 in
food products is typically determined by means of RP-LC with
UV detection (LaCroix et al., 2005; Saccani et al., 2005; LaCroix
and Wolf, 2007). Mass spectrometry (MS) coupled with LC has
been introduced to improve the efficiency of niacin in coffee bean
samples (Perrone et al., 2008) and meat products (Saccani et al.,
2005). Furthermore, HPLC-MS with electrospray ionization was
introduced to analyze nicotinamide in rice (Cao et al., 2009).
HPLC-MS/MS using external calibration techniques has been
also reported to quantify nicotinamide among other water-soluble
vitamins in infant products (Zafra-Gómez et al., 2006). Adopting
isotope dilution techniques eliminates the systemic bias through
the accurate correction of the recovery of the target analyte along
the sample cleanup process. Stable isotopically labeled internal
standards (ISs) have been applied to simultaneously quantify
nicotinic acid and its amide in complex matrices such as roasted
coffee (Lang et al., 2008), breakfast cereals (Shin et al., 2013), and
infant formula (Ting et al., 2010) (Table 27.6).

27.2.5 Pantothenic Acid
27.2.5.1 Properties
Vitamin B5 exists in foodstuffs in its free form as pantothenic
acid, as well as bound in coenzyme A and acyl carrier protein.
Pantothenic acid is composed of d-(+)-pantoic acid linked by an
amide bond to β-alanine. The molecule is optically active but only
the d(+)-enantiomorph occurs in nature. Pantothenic acid is a yellowish viscous oily liquid, which is readily soluble in water, alcohols, and dioxane, slightly soluble in diethyl ether and acetone,
and virtually insoluble in benzene and chloroform. The stability of pantothenic acid in aqueous solutions is very pH dependent. It is most stable in a slightly acidic medium (pH 4–5). It is
hydrolytically cleaved both in acidic and alkaline media to yield
pantoic acid and its salts, respectively, and β-alanine. In acidic
solutions, pantoic acid spontaneously eliminates one molecule of
water, forming (R)-2-hydroxy-3,3-dimethyl-4-butanolide referred
to as pantoyl lactone or pantolactone. Pantothenic acid is susceptible to leaching in the blanching of vegetables and home cooking.
In addition, in foods, it has proven to be relatively labile during
storage and, especially, during thermal treatment (Velíšek and
Davídek, 2000). Pantothenic acid itself is not used as it is hygroscopic and unstable. It is more stable sodium salt and, especially
the calcium salt is synthesized chemically as an additive compound for some foods (such as infant milk formula) and domestic
animal feeds. Pantothenic acid is found in practically all foods
of plant and animal origin, but usually only in small quantities.
Relatively large amounts are present in liver, kidney, yeasts, eggs,
cheese, whole-grain products, and legumes. Exceptionally high
levels are found in royal jelly (Ball, 2006). Vitamin B5 is involved
in several biological functions and its deficiency is associated
with metabolic and energetic disorders in humans.

27.2.5.2 Methods of Analysis
27.2.5.2.1 Extraction Techniques
The release of the bound forms is always required for the quantification of total vitamin B5 in foods. Neither acid nor alkaline
hydrolysis conditions are suitable to release this vitamin due to

www.ebook777.com

Free ebooks ==> www.ebook777.com
596

Handbook of Food Analysis

Table 27.6
LC Methods for Niacin Analysis in Food Products
Compounds
Determination

Type of
Sample

Stationary
Phase

Sample Preparation

Mobile Phase

Total niacin

Fresh and
dry-cured
meat

Extraction with 1 M HCl
and methanol followed by
heating at 121°C for
30 min. Addition of
tricholoroacetic acid and
filtration

OmniPac® PCX
500

Isocratic phase 80 mM
formic acid, 50 mM
ammonium formate and
5% acetonitrile

Nicotinamide

Cereal
products

Extraction with 0.6 M
tricholoroacetic acid,
centrifugation and
filtration

Vydac 201
TPC18 RP

Total niacin

Flour

Extraction with 2.5 M
H2SO4 followed by heating
at 121°C for 45 min and
filtration by a SPE column

Nicotinic acid,
caffeine,
trigonelline,
and sucrose
Nicotinic acid,
nicotinamide,
and trigonelline

Coffee

Extraction with acetate
solution, filtration, and
addition of isotope ratio
standards
Dilution with water,
filtration with RP18 SPE
cartridge and addition of
isotope standards

Poly(styrenedivinylbenzene)
trimethyl
ammonium
anion-exchange
C18 Spherisorb
ODS 2

Isocratic phase 250 mL of
methanol and formic acid
diluted to 1.0 L with water
and 1 g of dioctyl
sulfosuccinate
Isocratic phase Sodium
acetate and acetic buffer a
pH 4.0–4.2

Total niacin

Infant
formula,
breakfast
cereals

Coffee, rice,
liver

Alkaline hydrolysis with
NaOH, heat in boiling
water and adjust the pH
with HCl, filtration with
SPE OASIS HLB, addition
of isotope standards

Synergi Fusion
RP80 Polar

Phenomenex
Synergi Fusion
RP-C18

its thermolability at acid or basic pH. Extraction of free pantothenic acid was made by autoclaving an aqueous suspension of
the food product at 103°C for 20 min (Mittermayr et al., 2004).
A combination of enzymatic treatments is generally used to liberate pantothenic acid before quantification. The release of the
pantothenic acid from CoA was successfully accomplished by
the simultaneous action of alkaline phosphatase and pigeon liver
pantetheinase (Andrieux et al., 2012). Even though this enzymatic treatment does not release the vitamin from acyl carrier
protein, it is one of the most commonly used treatments for the
determination of total vitamin B5 in food stuffs, irrespective of
the procedure subsequently used for the determination of pantothenic acid. Total pantothenic acid could also be extracted by
treating the samples with taka-diastase and papain in an acetic
solution (Andrieux et al., 2012).

27.2.5.2.2 Detection, Identification, and Quantification
The determination of released or free pantothenic acid was
usually accomplished by a microbial assay based on the turbidimetric growth of L. plantarum in infant formula (AOAC 945.74).
Although very sensitive, the specificity of the microbiological
assay remains limited when applied to complex food matrices. In

Gradient elution 0.3%
aqueous formic solution
(solvent A) and methanol
(solvent B)
Gradient elution formic acid
in methanol containing
ammonium acetate (solvent
A) and formic acid in water
containing ammonium
acetate (solvent B)
Gradient elution
ammonium acetate in
water (solvent A) and
ammonium acetate in
methanol (solvent B) both
containing formic acid

Detection

Reference

UV at 262 nm
Positive
electrospray
ionization
(ESI) with
selective ion
monitoring MS
DAD and
wavelength
detection at
260 nm

Saccani et al.
(2005)

DAD and
wavelength
detection scan
from 220 to
300 nm
Negative ESI
with selective
ion monitoring
MS
Positive ESI
with selective
ion monitoring
MS/MS

LaCroix and
Wolf (2007)

Positive ESI
with selective
ion monitoring
MS/MS

Shin et al.
(2013)

LaCroix et al.
(2005)

Perrone et al.
(2008)

Lang et al.
(2008)

addition, these methods are time-consuming and generally exhibit
poor precision. Biospecific methods of analysis, including the
radioimmunoassay and the enzyme-linked immunosorbent assay
(ELISA), were also developed and applied to the quantification of
pantothenic acid in foods (Walsh et al., 1979; Smith et al., 1981).
Both methods present results close to the microbial assay and the
tests are less labor intensive. Gas chromatography methods for
the determination of pantothenic acid in foodstuffs have also been
reported; however, these methods require a derivatization step
due to the low volatibility of pantothenic acid. A simple approach
seems to be the procedure based on the acid hydrolysis of pantothenic acid and the analysis of the trimethylsilyl derivatives
(Rychlik and Roth-Maier, 2005). HPLC methods can be also used
for the determination of food with adequate sensitivity, but lack
of chromophore makes the detection (220 nm) quite unspecific.
Pakin et al. (2004) developed a HPLC-fluorimetry method for
the determination of free and bound pantothenic acid in a large
variety of food stuffs. It includes a postcolumn derivatization of
pantothenic acid as the fluorescent 1-alkylthio-2-alkyl-isoindole
by reacting β-alanine formed from the alkaline hydrolysis of
pantothenic acid with ortophthaldialdehyde in the presence of
3-mercaptopropionic acid. Recently, vitamin B5 in food products
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has been analyzed by HPLC-MS in the positive mode using electrospray ionization (Mittermayr et al., 2004). A stable isotope
dilution assay for the quantification of free and total pantothenic
acid has been developed by HPLC-MS/MS using [13C3,15N]pantothenic acid as the IS (Rychlik, 2003). Authors reported good
agreement between the microbiological assay and the HPLC-MS/
MS for products derived from plants, whereas for products of
animal origin, higher contents were measured by the microbiological method than by the LC. Andrieux et al. (2012) proposed
the UHPLC-MS/MS method for the analysis of free pantothenic
acid in fortified food products such as infant formula, cereals,
and cocoa beverages. The high selectivity of the MS detection
techniques combined with the fast chromatographic conditions
obtained using UPLC make the method an attractive, faster, more
selective, and precise alternative to HPLC-UV for the analysis of
pantothenic acid (Table 27.7).

27.2.6 Pyridoxine
27.2.6.1 Properties
Pyridoxine is systematically named as 3-hydroxy-4,5-bis
(hydroxymethyl)-2-methylpyridine. Vitamin B6 exists in foods
as pyridoxine, pyridoxal, and pyridoxamine and their 5′-phosphate esters as well as pyridoxine glucoside. Vitamin B6 is present in all natural unprocessed foods, with yeast extract, wheat
bran, and liver containing particularly high concentrations. Other
important sources include whole-grain cereals, nuts, pulses, lean
meat, fish, kidney, potatoes, and other vegetables (Leklem, 2001).
Pyridoxine and pyridoxamine (or their respective phosphorylated
forms) are the predominant forms in plant foods. In raw animal
and fish tissue, the major form of vitamin B6 is pyridoxal 5′-phosphate, which is reversibly bound to proteins as Schiff bases and
substituted aldamines. The hydrochloride salt is the only form of
vitamin B6 used in the fortification of foods. This salt is a white,
odorless, crystalline powder with a salty taste. It is readily soluble
in water, sparingly soluble in ethanol, and very slightly soluble
in diethyl ether and chloroform. The free base is readily soluble
in water and slightly soluble in acetone, chloroform, and diethyl
ether. In aqueous solutions, the B6 vitaminers exist in a variety of
equilibrium forms, depending upon the pH. Pyridoxine exists as
the cation in acidic solutions, as the anion in alkaline solutions,
and primarily as the electrically neutral dipolar ion at neutral pH.
Pyridoxamine also exists as the cation in acidic solutions and the
anion in alkaline solutions, but at neutral pH the predominant
owing to the possibility of hemiacetal formation or hydration.
At neutral pH, the predominant form of pyridoxal is the hemiacetal dipolar ion (Ball, 2006). The nonphosphorylated vitaminers fluoresce strongly from slightly acidic to strongly alkaline
pH. Pyridoxal-5′-phosphate fluoresces weakly compared to
pyridoxine-5′-phosphate and pyridoxamine-5′-phosphate, which
fluoresce similarly to the respective nonphosphorylated forms. In
general, vitamin B6 is unstable during prolonged heat treatments,
and is not sensitive to oxidation by air. The stability of vitamin
B6 toward food processing and storage depends to some extent
on the B6 vitamer content of the food, because pyridoxine is considerably more stable to heat than pyridoxal and pyridoxamine.
Interconversions between the aldehyde and amine B6 vitamers
via reversible interaction with proteins or carbonyl compounds

occur during the processing of animal tissues (Eitenmiller and
Landen, 1999). Pyridoxal phosphate is involved as a coenzyme in
a number of transamination reactions of amino acid metabolism
and biosynthesis. Dietary vitamin B6 deficiency has been implicated in cerebrovascular disease, cardiovascular disease, and cancer (Ames and Wakimoto, 2002). In infants, it will manifest in
the failure to develop (weight loss) and in various neuro-specific
symptoms such as convulsions. Pyridoxine, pyridoxal, and pyridoxamine are metabolically interconvertible and considered to be
biologically active equivalents.

27.2.6.2 Methods of Analysis
27.2.6.2.1 Extraction Techniques
Traditional methods used to assay vitamin B6 in food products
may overestimate the bioavailability of the vitamin due to the
use of extraction techniques that completely liberate pyridoxine
from glycosylated forms. Nishimura et al. (2008) determined
the total vitamin B6 in food samples converting pyridoxine into
pyridoxolactone, a highly fluorescent compound, through the
combination of enzymatic reactions and HCl hydrolysis. The
5′-phospahte forms and pyridoxine-β-glucoside were hydrolyzed with the HCl. Pyridoxine was totally converted into pyridoxolactone through a coupling reaction involving pyridoxine
4-oxidase and pyridoxal 4-dehydrogenase, and pyridoxamine
was transformed into pyridoxolactone with pyridoxaminepyruvate aminotransferase and pyridoxal 4-dehydrogenase.
Pyridoxolactone was then determined by HPLC. Lebiedzińska
et al. (2007) proposed the combination of acid digestion using
HCl with an enzymatic extraction (papain and diastase) to
release phosphorylated vitamins from foodstuffs of animal
origin and subsequent quantify pyridoxine, pyridoxal, and
pyridoxamine. Mann et al. (2005) used a further reaction with
glycoxylic acid in the presence of Fe2+ catalyst to transform
pyridoxamine into pyridoxal, which is subsequently reduced to
pyridoxine by the action of sodium borohydride in the alkaline
medium to determine total vitamin B6 in food samples. Values
obtained with required mild extractants such as 0.01 M sodium
acetate significantly overestimate nutritionally available vitamin B6. For the simultaneous analysis of B6 vitamers, including
phosphorylated vitamins and glycosylated forms, extraction
has been conducted with deproteinizing agents such as trichloroacetic acid at room temperature (Gatti and Gioia, 2005). The
use of selective extraction procedures allows the various bound
forms of vitamin B6 to be determined by HPLC.

27.2.6.2.2 Detection, Identification, and Quantification
Vitamin B6 in food is a difficult analytical problem because all six
vitamers occur in relatively low concentrations in complex matrices. Several different microorganisms such as Saccharomyces
carlsbergensis, Streptococcus faecalis, L. casei, Neurospora
sitophila, Saccharomyces cerevisiae, and Lactobacillus helviticus were used in the past to determine total vitamin B6 in food
samples. This procedure forms the basis of the AOAC methods
(AOAC 961.15, 985.32). Although microbiological assays are the
traditional methods for the determination of vitamin B6 in foods,
inaccuracies are introduced because microorganisms respond
differently to the B6 vitamers. The sensitivity and efficiency
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Table 27.7
HPLC Methods for Pantothenic Acid Analysis in Food Products
Compounds
Determination

Type of Sample

Sample Preparation

Stationary Phase

Mobile Phase

Breakfast cereals

Extraction with buffer containing calcium [15N,
3C ] (R)-pantothene and [2H ] FA and filtration
3
4

Aqua C-18 RP

Gradient elution: aqueous
formic acid (solvent A) and
acetonitrile (solvent B)

Pantothenic acid

Infant formula,
breakfast cereals,
soya-based
products
Yeast, pig liver,
chicken, salmon,
eggs, frozen
spinach, frozen
French beans,
lentils, avocado

Dilution with water, addition of IS hopantenic
acid followed by heating at 103°C for 20 min
and filtration

RP C18

Extraction with 200 mM Tris buffer (pH 8),
centrifugation and filtration

Lichrospher 100
RP 18 endcapped

Gradient elution: water with
0.025% trifluoroacetic
(solvent A) and acetonitrile
(solvent B)
Gradient elution: Methanol
(solvent A) and phosphate
buffer (solvent B)

Infant formula,
cereals, cocoa
beverages

Free pantothenic acid Addition of 0.4 M
ammonium acetate (pH 3.8). Enzymatic
digestion with taka-diastase and papain (37°C
for 1 h) in an acetic solution and filtration
Total pantothenic acid Extraction with Tris buffer
(pH 7.9). Enzymatic digestion with
pantetheinase and alkaline phosphatase (42°C at
30 min). For products containing starch addition
of α-amilase

T3 column

Pantothenic acid

Free pantothenic
acid and total
pantothenic acid

Gradient elution 0.1%
aqueous formic solution
(solvent A) and acetonitrile
(solvent B)

Reference

Positive electrospray
ionization (ESI) with
selective ion monitoring
MS/MS
Positive ESI with selective
ion monitoring MS

Rychlik (2003)

Fluorescence detection:
ex. 345 nm; em. 455 nm
Postcolumn derivatization:
200 mM NaOH, 1.0 mM
ortophthaldialdehyde and
1.6 mM
3-mercaptopropionic acid
Positive electrospray
ionization (ESI) with
selective ion monitoring
MS/MS

Pakin et al. (2004)

Mittermayr et al.
(2004)

Andrieux et al.
(2012)

Handbook of Food Analysis

Pantothenic acid
and FA

Detection
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Table 27.8
LC Methods for Vitamin B6 Vitamers Analysis in Food Products
Compounds
Determination

Type of
Sample

Total vitamin
B6

Infant
formula

Pyridoxal
5′-phosphate,
4-pyridoxic
acid,
pyridoxal,
pyridoxine,
pyridoxamine,
and riboflavin

Milk

Riboflavin,
pyridoxine,
nicotinamide,
and caffeine

Pyridoxine and
riboflavin

Sample Preparation

Stationary
Phase

Mobile Phase

Detection

Reference

Addition of 0.625 M sodium
acetate, 1 M glyoxylic acid,
ferrous sulfate, and
phosphatase solution in a
shaker bath at 37°C
overnight and filtration.
Addition of 0.1 M sodium
borohydride solution, acetic
acid and filtration
Acid digestion with 1 M
trifluoroacetic acid,
centrifugation, and dilution
with mobile phase

Luna
phenyl-hexyl
T: 37°C

Isocratic phase: methanol:
0.01 M phosphoric acid
(26:74)

Fluorescence
detection:
ex. 290 nm;
em. 395 nm

Mann et al.
(2005)

Phenomenex
Luna C8

Gradient elution: 10 mM
sodium pentanesulfonate in
1% acetic acid (solvent A)
and
methanol:tetrahydrofuran
98:2 (solvent B)

Gatti and
Gioia
(2005)

Energy
drinks

Dilution with methanol and
water

Twin through
chamber up
to a migration
distance of
80 mm.

Infant
meals

Dilution with acetic acid
followed by heating 70°C
for 40 min, centrifugation,
and filtration

C18
Ultrasphere
Beckham

Chromatography Chloroform,
ethanol, acetic acid, acetone,
and water (54:27:10:2:2)
MS isocratic phase:
methanol:formate buffer
(95:5)
Gradient elution: Water:
acetic acid (99:1) (solvent
A) and acetonitrole: acetic
acid (99:1) (solvent B)

Fluorescence
detection Pyridoxal
5′-phosphate,
pyridoxal,
pyridoxine,
pyridoxamine
ex. 295 nm; em.
400 nm 4-pyridoxic
acid ex. 310 nm; em.
400 nm Riboflavin
ex. 370 nm; em.
524 nm
Positive electrospray
ionization (ESI)
with selective ion
monitoring MS

Positive ESI with
selective ion
monitoring MS

Zand et al.
(2012)

provided by the current LC-based methods makes them the clear
choice for use in the analysis of this vitamin. With the aid of
LC, it is possible to measure simultaneously all of B6 vitamers
and obtain reliable vitamin B6 values. UV detection is not usable
for analysis of vitamin B6 in foodstuff because these compounds
presented relatively low sensitivity. For this reason, fluorescence
is the universal detection mode. Reversed-phase HPLC methods
coupled with fluorescence detection for vitamin B6 determination have been reported in infant formula (Mann et al., 2005) as
well as chicken, eggs, dried anchovy, carrots, and garlic (Huong
et al., 2012). Recently, some methods have been proposed to
enhance fluorescence of B6 vitaminers in several foods. Gatti and
Gioia (2005) reported the simultaneous LC determination with
fluorescence detection of B6 vitamers (pyridoxal 5′-phosphate,
pyridoxal, pyridoxine, and pyridoxamine) as well as riboflavin,
under gradient elution conditions in commercial milk. The fluorescence intensity of pyridoxal 5′-phosphate was enhanced by
postcolumn photochemical conversion. LC-based methods using
conventional UV or fluorescence detection often lack sufficient
sensitivity and selectivity and may produce chromatograms with
unresolved interferences with other compounds from the sample matrix. To overcome these problems, modern LC methods
coupled with MS have been proven to be a rapid and sensitive
method for the determination of vitamin B6 among other B vitamins in food stuff (Aranda and Morlock, 2006; Zand et al., 2012;

Aranda and
Morlock
(2006)

Hälvin et al., 2013). The HPLC coupled with electrochemical
detector is a sensitive and selective method for the determination
of redox active compounds. A reliable HPLC method with electrochemical detection for the analysis of pyridoxine, pyridoxal,
and pyridoxamine in animal (salmon, oysters, and mussels) and
plant foods (fruit juices) has been developed by Lebiedzińska
et al. (2007) (Table 27.8).

27.2.7 Biotin
27.2.7.1 Properties
Biotin
(hexahydro-2-oxo-1H-thieno(3,4-d)imidazole-4-pentanoic acid) is a monocarboxylic acid containing a cyclic urea
structure and a sulfur atom in a thioether linkage. The molecule
contains three asymmetric carbon atoms, and hence eight stereoisomers are possible. However, only the d-(+)-biotin occurs
in nature and possesses biological activity. It is synthesized in a
wide variety of bacteria and plants. However, several microorganisms as well as higher animals are not able to synthesize it and
their needs in this vitamin are met by dietary intake (Livaniou
et al., 2000). It is a water-soluble B-vitamin that is present in low
amounts in every living cell, and it is also found in a variety of
foodstuffs, such as cheese, beans, chicken liver, and cooked eggs
(Ball, 2006).
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Biotin is a coenzyme of certain enzymes, known as carboxylases, transcarboxylases, and decarboxylases, which catalyze the
incorporation, transfer, or elimination, respectively, of a carboxyl
group to (or, from) a biomolecule. These biotinyl enzymes catalyze significant metabolic reactions and are involved in important biochemical processes, such as gluconeogenesis, lipogenesis,
aminoacid metabolism, and energy transduction (Zempleni and
Mock, 1999).
Biotin deficiency is characterized by periorificial scaly dermatitis, conjunctivitis, loss of hair, loss of appetite, hallucinations, depression, and developmental delay. Evidence indicates
that pregnant women develop marginal biotin deficiency during
normal pregnancy (Mock, 1999; Zempleni and Mock, 1999).
In contrast to other water-soluble vitamins, biotin is very stable
and can be autoclaved without being affected. However, biotin
can be easily oxidized into biotin sulfoxides and biotin sulfone
in dilute solutions, which can be prevented by using carefully
degassed solvent in chromatography applications. It is soluble in
alkali solutions but sparingly soluble in water (20 mg/100 mL at
25°C) and 95% ethanol. It is insoluble in organic solvents. It is
stable when exposed to heat, light, and oxygen, and at pH 4.0–9.0
(Eitenmiller and Landen, 1999).

27.2.7.2 Methods of Analysis
27.2.7.2.1 Extraction Techniques
Biotin can occur in food as free biotin, but is usually bound to
protein (e.g., carboxylase enzymes) (Mock, 2001). Protein-bound
biotin needs to be released by acid hydrolysis. Acid hydrolysis
performed with chlorhydric acid released biotin from foods with
a variety of protein levels, while minimizing degradation (Staggs
et al., 2004). Hydrolysis treatment was also performed in sulfuric
acid at 120°C for 1 h (Hayakawa et al., 2008). In soy-based infant
formula, milk-based infant formulas, and infant cereals, severe
hydrolysis conditions with sulfuric acid (H2SO4, 0.5 mol/L,
120°C, 1 h) showed lower results, pointing to a degradation of
biotin at high temperatures in acidic conditions. The extraction of biotin from a food matrix was also obtained by milder
enzymatic digestion with papain (Campos Giménez et al., 2010).
The reason for choosing this milder hydrolysis was to make the
method easily applicable in all laboratories, including those not
equipped with autoclaves.

27.2.7.2.2 Detection, Identification, and Quantification
Analytical methods have been developed in order to determine
biotin in biological fluids, as well as in food products and pharmaceutical preparations. Microbiological methods, biological
methods (bioassays), instrumental methods, and binding assays
are the main analytical techniques to determine biotin in various
samples, as it was reviewed by Livaniou et al. (2000). The most
widely used method is probably the microbiological method using
L. plantarum as the test microorganism. This method is based on
the principle that the growth of many microorganisms depends
upon the presence of biotin in the culture media, as an essential
nutrient for the microorganism (Livaniou et al., 2000). This assay,
although sensitive and inexpensive, is rather time consuming, and
exhibits low precision and lack of specificity. Biotin bioassays are
based on the animal development curve. These assays are usually
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less sensitive than the microbiological ones and are used to determine the bioavailable biotin present in food samples (Livaniou
et al., 2000). Binding assays have been developed based on the
strong affinity of the glycoprotein avidin or streptavidin for biotin.
This interaction is highly resistant to a wide range of chemical, pH
range variations, and high temperatures. These assays are rapid
but tend to overestimate free biotin and underestimate total biotin because of the binding of biotin metabolites to avidin (Mishra
et al., 2005). Bioassays characteristically suffer from interference
by unrelated substances, nonspecificity for biotin versus its metabolites, the incomplete release of biotin form from its protein-bound
state, the destruction of biotin during release from protein binding, and the release of substances that cause assay artifacts during acid hydrolysis (Staggs et al., 2004). Systems that distinguish
between biotin and biotin metabolites based on bioaffinity reaction coupled to physicochemical methods such as chromatography
have been recently reported (Holler et al., 2006). HPLC methods
could clearly discriminate between biotin and its main analogs,
for example, dethiobiotin, biotin sulfoxides, and biotin sulfone.
Sophisticated analytical systems, based on the reaction between
biotin and antibiotin, were also recently developed. Various HPLC
methods have been described to improve the selectivity. Using
9-anthryldiazomethane (ADAM) or fluorescein isothiocyanate
(FITC) as precolumn reagents, biotin was derivatized and determined by fluorometric detection (Hayakawa et al., 2008, 2009;
Campos Giménez et al., 2010). 2-Nitrophenylhydrazine precolumn
reagent was also used for the derivatization of carboxylic acids
(Yomota and Ohnishi, 2007) (Table 27.9).

27.2.8 Folates
27.2.8.1 Properties
Folates, classed as water-soluble vitamins belonging to the B group
complex, are polyglutamates (usually 5–7 glutamyl residues) of
pteroic acid that exhibit vitamin activity in humans (Konings,
1999). The parent compound FA (C19H19N7O6) comprises a bicyclic 2-amino-4-hydrozypteridine (pterin) moiety joined by a methylene bride to p-aminobenzoic acid, which in turn is coupled via
an α-aminobenzoic acid, which is further coupled via an α-peptide
bond to a single molecule of l-glutamic acid (Ball, 2006).
FA is the monoglutamate of pteroic acid and is not a natural physiological form of the vitamin but is applied mainly for
the enrichment of food (Konings, 1999). In nature, the pteridine ring is reduced to give either the 7,8-dihidrofolate (DHF)
or 5,6,7,8-tetrahydrofolate (THF). These reduced forms can be
substituted with a covalently bonded one-carbon adduct attached
to nitrogen positions 5 or 10 or bridges across both positions. The
following substituted forms of THF are important intermediates in folate metabolism: 10-formyl-, 5-methyl-, 5-formimino-,
5,10-methylene-, and 5,10-methenyl-THF (Ball, 2006).
The most important dietary sources are fortified foods, liver,
green vegetables, and cereal products (Ball, 2006). Naturally
occurring folates in reduced form are heat labile and readily
destroyed by oxidation. Fortification of food with vitamins is
intended to compensate for the loss of these compounds due to
the heat treatment to which they are subjected during manufacture
(Akhtar et al., 1999). The predominant natural forms of folate in
animal products are 5-methyltetrahydrofolate (MTHF) (5-CH3–H4

Free ebooks ==> www.ebook777.com
601

Water-Soluble Vitamins
Table 27.9
LC Methods for Biotin Analysis in Food Products
Type of Sample
Meat, fish, poultry, eggs,
dairy, cereals, vegetables,
fruits and berries, bread
and grain, sweets,
entrees, condiments,
sauces, beverages, nuts,
and miscellaneous
A drink containing vitamin
C (1000 mg/250 mL)

Japanese fermented
soybean food, other
Japanese foodstuffs,
human breast milk, milk
powders, special milk
powders for diseases
Infant formula, infant
cereals, cocoa-malt
beverages

Sample
Preparation

Stationary Phase

Mobile Phase

Extraction with
acid chloride
(3 mol/L),
incubation at
100°C for
120 min

C18 reversed-phase
column

Gradient elution 0.05%
trifluoroacetic acid, pH 2.2
(solvent A) 0.05%
trifluoroacetic acid, 50%
acetonitrile, pH 2.2
(solvent B)

Elution with
water and
filtration
through an
ODS cartridge
eluted with
methanol
Hydrolysis in
sulfuric acid at
2.25 M for 1 h
at 120°C

An RP l-column ODS
and a TSK guardgel
ODS-80Ts

Isocratic elution mixture of
20 mM potassium
dihydrogenphosphate (pH
4.5) (solvent A) and
acetonitrile (solvent B)
(75:25)

Trypsin-treated avidin
silica gel column

Isocratic elution propan-2-ol
in an acidic phosphate buffer
system containing 0.7 M
NaCl (pH 2.4)

Enzymatic
digestion
with papain
(60°C, 1 h)

Zorbax SB-Aq
4.6 × 50 mm, 5 μm
equipped with a
guard column
Zorbax SB-Aq.
4.6 × 12.5 mm, 5 μm

Isocratic elution with cleanup
step: 6% methanol in
phosphate buffer 0.1 mol/L
pH 6.0 (solvent A) 10%
propanol in mobile phase A
(solvent B)

folate) and THF (H4 folate) and 5-CH3–H4 folate in fruits and vegetables. In cereal products, folates are 5-formyltetrahydrofolate
(5-HCO-H4 folate) and 10-formyl-folic acid (Ball, 2006).
Biologically active folate is not FA itself but its reduced
metabolite THF. THF acts as a carrier of one-carbon units in
biochemical reactions that lead to the synthesis of purines (adenine and guanine) and one of the pyrimidines (thymine), which
are the base constituents of DNA. In another important reaction,
5-methyl-THF donates its methyl group to homocysteine to form
methionine (Ball, 2006).
Anemia and neural tube defects in infants caused by folate
deficiency are prevalent phenomena worldwide, especially in
developing countries. Folate deficiency decreases DNA biosynthesis and thus affects cellular functions, growth, and development. Research over the past decade has shown that low or
inadequate folate deficiency may contribute to congenital malformations and development of chronic disorders, including
neural tube defects, megaloblastic anemia, and elevated levels of
homocysteine. Folate deficiency causes approximately 300,000
neural tube defects per year and is the main cause of megaloblastic anemia in pregnant women (Kondo et al., 2009).

27.2.8.2 Methods of Analysis
27.2.8.2.1 Extraction Techniques
In food analysis, the determination of the chain length of folate
polyglutamates is not required, and the folates are determined as

Detection/
Quantification

Reference

HRP-avidin binding
assay for quantitating
biotin. Biotin was
quantified by optimal
density using a
spectrophotometer at
490 nm
HPLC with UV detector
400 nm and LC
equipped with positive
ESI

Staggs et al.
(2004)

Biotin-ADAM was
detected with a
fluorescence detector.
ex. 365 nm; em. 412 nm
Precolumn
derivatization with
ADAM
Postcolumn reaction with
avidin-FITC (avidin
labeled with FITC) and
fluorometric detection
ex. 350 nm; em. 422 nm

Hayakawa
et al. (2008,
2009)

Yomota and
Ohnishi
(2007)

Campos
Giménez
et al. (2010)

their monoglutamyl forms after enzymatic deconjugation (Ball,
2006). Many procedures exist for folate extraction, which are
summarized in the literature (Eitenmiller and Landen, 1999;
Russell, 2004; Arcot and Shrestha, 2005; Ball 2006, Yazynina
et al., 2008). Sample preparation generally involves extraction
of the folates from the sample matrix and deconjugation of the
folate. The sample must generally be hydrolyzed using conjugase (pteroylpolyglutamyl hydrolase) to cleave polyglutamate
forms and obtain mono- or diglutamate. Sample preparation
involves the grinding of the sample and homogenization in a
suitable buffer system followed by protein and carbohydrate
precipitation. Folate extraction is often optimized from foods by
the addition of α-amylase and proteinase to extract folate effectively from carbohydrates and protein matrices, and conjugase
to hydrolyze polyglutamyl folates (Arcot and Shrestha, 2005).
However, recently, it was demonstrated that heat treatment at
75°C followed by deconjugation with rat serum or chicken pancreas was sufficient to release folates from cereal matrices. An
additional treatment with α-amylase and protease provided no
increase in folate yield; instead, it resulted in enhanced losses of
folates, possibly due to increased oxidative degradation because
of longer treatment at elevated temperatures (Yazynina et al.,
2008).
LC applications typically require laborious sample cleanup
steps such as SPE (Phillips et al., 2005; Chandra-Hioe et al.,
2011) or affinity chromatography (Póo-Prieto et al., 2006)
in order to remove interfering components from the sample
matrix.

www.ebook777.com

Free ebooks ==> www.ebook777.com
602

27.2.8.2.2 Detection, Identification, and Quantification
For several decades, microbiological assay has been the standard
method for quantification of food folates. The microorganism
growth that is dependent on the folate is measured by a change
in solution turbidity. However, the microbiological assay is not
only time consuming but is also limited in that it only quantifies total folates. The biospecific procedures such as radiolabeled
protein-binding assay, enzyme-labeled protein-binding assay,
and immunoenzymatic assays have also provided an alternative
analytical strategy for food analysis (Arcot and Shrestha, 2005;
Alaburda et al., 2008; Lermo et al., 2009). One of the major
limitations of these biospecific procedures is their failure to analyze total folate content in foods. Generally, these methods have
much lower response to folate derivatives other than FA, thereby
underestimating the natural folate content of foods (Arcot and
Shrestha, 2005). Other analytical techniques for the determination of folate in foods are currently based predominantly on
HPLC and more recently, LC-tandem MS (Arcot and Shrestha,
2005; Phillips et al., 2005; Ball, 2006; Holte Stea et al., 2006;
Wang et al., 2010; Vishnumohan et al., 2011). These techniques
permit the separation and determination of the major folate vitamers that occur in food. The coupling of HPLC with MS and
the use of stable isotopes as ISs is currently the most accurate
analytical technique (Ball, 2006).
HPLC techniques are generally based on reversed-phase
chromatography with UV absorption, fluorescence detection,
and DAD (Patring and Jastrebova 2007; Yazynina et al., 2008).
To determine naturally occurring folate forms, for example,
5-MTHF, THF, 5-formyltetrahydrofolate, and 10-formylfolic
acid, a fluorescence detector was used (Patring and Jastrebova
2007), whereas DAD was used for the detection and quantification of 10-formylfolic acid (10-HCO–H4 folate) and FA (Yazynina
et al., 2008). The main advantages of this type of analysis include
high specificity toward folate isomers, proven, reliable technology, unambiguous identification of isomers and minimal interference from food enzymes (Arcot and Shrestha, 2005). Despite the
development of several HPLC methods for food folate analysis
(Phillips et al., 2005; Holte Stea et al., 2006), there is still a need
for better resolution and better sensitivity when analyzing complex food matrices containing different folate derivatives at very
low levels (Arcot and Shrestha, 2005). In addition, these methods require complicated cleanup procedures as well as expensive
affinity columns for purification and concentration (Wang et al.,
2010). Jastrebova et al. (2011) proved that UPLC columns, compared with conventional HPLC, provided considerably better
sensitivity and linearity as well as much higher sample throughput without sacrificing separation efficiency.
To overcome the major problems of HPLC techniques, mass
spectrometric methods with higher selectivity and lower detection limits can be also used (Arcot and Shrestha, 2005). Patring
and Jastrebova (2007) demonstrated advantages of MS detection over routinely used fluorescence and UV detection for
10-formylfolic acid, 5-HCO-H4 folate, and FA in terms of selectivity and sensitivity. The application of HPLC-MS/MS and
UPLC-MS/MS and the use of a stable isotope as the IS also
provided a rapid, simple, sensitive, and accurate quantification
of polyglutamyl-5-MTHF species in vegetables as well as synthetic FA and 5-MTHF in folate-fortified breads, respectively
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(Wang et al., 2010, Chandra-Hioe et al., 2011). Recently, an
accurate LC-MS/MS method for detecting and quantifying both
synthetic (FA) and the five most commonly occurring folates
in foods (pteroylglutamic acid, 5-MTHF, THF, 10-formylfolate,
and 5-formyltetrahydrofolate) was developed (Vishnumohan
et al., 2011). The quantification of folates was performed using
13C-labeled ISs. Thus, using isotopically labeled ISs, the method
was ideal to simultaneously quantify the different forms of
folates in foods in spite of their structural variety and instability
(Table 27.10).

27.2.9 Cyanocobalamin
27.2.9.1 Properties
Vitamin B12 or cyanocobalamin belongs to the corrinoids.
This is a group of compounds having in common a corrin ring
structure, a four reduced pyrole ring linked to form a single
macrocyclic ring, but differ in the substituent bound to the central cobalt atom. Nutritionally, vitamin B12 includes all cobalamins biologically active in humans. The main B12 vitamers
in food include hydroxocobalamin (HO-Cbl), aquocobalamin
(HOH-Cbl), methylcobalamin (CH3-Cbl), and 5′-deoxyadenosylcobalamin, often referred to as adenosylcobalamin (AdoCbl). In neutral or acid solutions, HO-Cbl occurs as HOH-Cbl.
Cyanocobalamin (CN-Cbl) does not occur naturally, but is
used in food fortification due to its relative stability (Russell,
2004).
Food sources of vitamin B12 include animal products and also
fortified cereal products. Liver is the outstanding dietary source
of the vitamin, followed by kidney and heart. Muscle meats,
fish, eggs, cheese, and milk are other important food sources.
In these products, vitamin B12 exists in several forms. Meat and
fish contain mostly adenosyl- and hydroxocobalamins. These
compounds, accompanied by methylcobalamin, also occur in
dairy products. Sulfitocobalamin is found in canned meat and
fish (Ball, 2006).
There are two vitamin B12 coenzymes with known metabolic
activity in humans, CH3-Cbl and Ado-Cbl. These coenzymes
play an important role in the formation of red blood cells, the
functioning of the nervous system, and the translocation of
the methylene group in DNA synthesis. Deficiency of B12 may
lead to megaloblastic anemia, nervous system disorders, and/or
improper synthesis of DNA (Herbert, 1996; Bernard et al., 1998).
The vitamin is generally considered to be stable under most
food processing operations, but, like all water-soluble vitamins,
it is subjected to large losses through leaching into cooking water.
CN-Cbl is the most stable form of vitamin B12 (Eitenmiller and
Landen, 1999). Ball (2006) discussed the stability of cobalamins
in greater detail.

27.2.9.2 Methods of Analysis
27.2.9.2.1 Extraction Techniques
Cobalamins usually exist in the free form as well as bound
to other compounds like proteins, as reported by Pakin et al.
(2005). Protein-bound cobalamins can be released by heating
the food sample for at least 30 min at 98°C in the presence
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LC Methods for Folate Analysis in Food Products
Compounds Determination

Type of Sample

5-MTHF

Frozen fresh fruits
and vegetables

THFs and 5-MTHF

Cooked, stored, and
reheated peas,
broccoli, and
potatoes
Baker’s yeast

5-MTHF,
THF, 10-formylfolic acid,
5-formyltetrahydrofolate,
and FA
Polyglutamyl-5-MTHF

Raw vegetables

Sample Preparation
Extraction by a tri-enzyme
treatment (α-amylase, protease,
and rat plasma, purification by
strong anion-exchange SPE
Extraction by α-amylase and rat
serum, purification by strong
anion-exchange SPE

Stationary Phase

Mobile Phase

Detection

Reference

AdsorbosphereTM
HSC18 column

Gradient elution: phosphate
buffer (33 mM, pH 2.2) (solvent
A) and acetonitrile (solvent B)

Phillips et al. (2005)

Zorbax SB C8
column

Gradient elution: acetonitrile
(solvent A) and 30 mM
potassium phosphate buffer, pH
2.3 (solvent B)
Gradient elution: acetonitrile and
aqueous buffer or tertiary
mixture of acetonitrile methanol
and aqueous buffer
Gradient elution: formic acid
0.1% (solvent A) and
acetonitrile (solvent B)

Fluorescence detection:
ex. 290 nm; em. 350 nm,
The DAD ranged
280–350 nm
Fluorescence detection:
ex. 290 nm; em. 360 nm
The DAD wavelength was
set to 290 nm
Positive electrospray
ionization (ESI) with
selective ion monitoring
MS/MS
Positive ion ESI with
selected reaction
monitoring MS/MS

Negative ion mode ESI
with selected reaction
monitoring MS/MS

Young et al. (2011)

Fluorescence detection: H4
folate, 5-CH3-H4 folate,
and 5-HCO-H4 folate
ex. 290 nm; em. 360 nm
10-HCO-FA ex. 360 nm;
em. 460 nm
Positive ion electrospray
selected reaction
monitoring MS/MS

Jastrebova et al.
(2011)

Extraction by rat serum conjugase
and purification by strong
anion-exchange SPE

Reversed-phase
column Ace C18,

Steam to inactivate glutamylase
enzymes and liberate folate from
binding proteins and extraction in
a reducing buffer with 13C5
5MTHF stable isotope added as IS
Extraction with DI H2O+ 10 mM
ammonium formate, 0.5 mg/L
methotrexate, 0.05% (w/v) sodium
l-ascorbate, and 12 mM NH3. Stir
for 3 h, centrifugation and filtration

Reversed-phase
sunfire C18
column

Diamond
hydrideTM

FA

Fortified cereal and
juice matrices

5-MTHF, tetrahydrofolate,
5-formyltetrahydrofolate,
10-formylfolic acid, and FA

Egg yolk, pickled
beetroots,
strawberries, soft
drinks

Extracts treated with folate
deconjugase. Purification by SPE on
strong anion exchange (SAX)
isolute cartridges

BEH C18 and
HSS T3

FA 5-MTHF

Folate-fortified
breads (flat bread,
rice, corn starch,
and tapioca starch)

Addition of 13C5-labeled ISs,
treatments with α-amylase and rat
serum, SPE using aromaticselective cartridges and
ultrafiltration

ACQUITY HSS
T3 RP

Gradient elution: DI H2O+
10 mM ammonium acetate
(solvent A) and 90:10
acetonitrile/DI H2O+ 10 mM
ammonium acetate, pH 7
ammonia (solvent B)
Gradient elution: 30 mM
potassium phosphate buffer at
pH 2.3 and acetonitrile (solvent
A) and binary mixture of
10 mM formic acid and
acetonitrile (solvent B)
Gradient elution: 0.1% (v/v)
formic acid (solvent A) and
acetonitrile (solvent B)

Water-Soluble Vitamins

Table 27.10

Holte Stea et al.
(2006)

Patring et al. (2007)

Wang et al. (2010)

Chandra-Hioe et al.
(2011)
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Table 27.11
LC Methods for Vitamin B12 Analysis in Food Products
Compounds
Determination

Type of Sample

Sample Preparation

Stationary Phase

Mobile Phase

Detection

Free and total
vitamin B12

Pig liver, whole
chicken eggs, beef
fillet, fresh salmon,
fresh mackerel,
powdered milk

Enzymatic hydrolysis with pepsin at 37°C and pH 4 for 3 h.
Purification on immunoaffinity column and conversion of vitamin B12
into the fluorescent α-ribazole (with 2.5 M sodium hydroxide at
100°C for 15 min) and alkaline phosphatase (7.5 U) at 37°C and pH 8
for 16 h)

Lichrospher 100
RP 18 endcapped

Gradient elution
methanol
(solvent A) and
distilled water
(solvent B)

Pakin et al. (2005)

Free and total
vitamin B12

Milk powder

For free vitamin B12, homogenization in 50 mM sodium acetate buffer
(pH 4.0), sodium cyanide (1%) and α-amylase followed by heating at
100°C for 35 min. For total vitamin B12, homogenization in 50 mM
sodium acetate buffer (pH 4.0), 1 mL of sodium cyanide (1%), 0.25 g
of α-amylase, and 1 g of pepsin followed by incubation at 37°C for
3h

XTerraTM MS C18
column

Isocratic phase
water and
acetonitrile

Free and total
vitamin B12

Milk-based infant
formula powder,
infant cereals with
milk and fruits,
infant cereals
without milk,
breakfast cereals
with wheat, infant
formula with or
without chocolate
Cold-smoked raw
sausages

Extraction with 50 mM sodium acetate buffer pH 4.0 (at 100°C for
35 min) in the presence of sodium cyanide, followed by a purification
step on an immunoaffinity column prior to the LC analysis. An
enzymatic hydrolysis (pepsin at 37°C and pH 4 for 3 h) prior to the
purification step efficiently released the bound vitamin B12, and thus,
allowed obtaining total vitamin
B12 content in food products

C18, ace 3 AQ
column

Gradient elution
water and
0.025% of TFA
pH 2.6 (solvent
A) and
acetonitrile
(solvent B)

Fluorimetric
detection:
excitation
wavelength of
250 nm and an
emission
wavelength of
312 nm
Positive ion mode
electrospray
ionization (ESI)
with selected
reaction
monitoring MS/
MS.
DAD and
wavelength
detection at
361 nm

Homogenization in 50 mM sodium acetate buffer (pH 4.0), pepsin,
α-amylase, and potassium cyanide (1%). Incubation for 30 min at
37°C in a water bath and then further heating for 30 min at 100°C in
a second water bath. Purification on immunoaffinity column

Nucleosil RP C18
HD 100

Isocratic phase
water/
acetonitrile
87:13, 0.025%
TFA

UV at 361 nm

Guggisberg et al.
(2012)

Total vitamin B12

Reference

Luo et al. (2006)

Heudi et al. (2006)
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of cyanide (Frenkel et al., 1980) or autoclaving the sample
at 121°C in a buffered solution (pH = 4.5) in the presence of
excess cyanide (Indyk et al., 2002). The sample can also be
treated with α-amylase and pepsin at 37°C for 3 h and then
heated at 100°C for 35 min under nitrogen steam reflux and agitation at pH = 4.8 (Heudi et al., 2006). The extracts, obtained
after filtration or centrifugation, may be further purified using
absorption onto charcoal, column chromatography on anionexchange resin, and/or SPE on C18 cartridges (Russell, 2004).
Purification of the samples can also be carried out by passage
through an immunoaffinity column and a precolumn conversion of vitamin B12 into fluorescent α-ribazole and alkaline
phosphatase (Pakin et al., 2005).

27.2.9.2.2 Detection, Identification, and Quantification
Vitamin B12 is routinely determined in food products by microbiological assay, which uses Lactobacillus leishmanii as the test
organism (AOAC, 986.23). However, a relatively low specificity was observed in some food matrices by Heudi et al. (2006).
Radioisotopic dilution has also been applied to the determination of vitamin B12 in food samples (Indyk et al., 2002) but the
method lacks selectivity. Other methods for vitamin B12 analysis
such as spectrophotometry (Karsilayan, 1996), fluorimetric assay
(Li et al., 2000), capillary electrophoresis (Baker, 2000), atomic
absorption spectrometry (AAS), and CL analysis (Viñas et al.,
1996) have also been reported. Several publications reported
the determination of vitamin B12 by reversed-phase HPLC using
either isocratic or gradient elution with UV–visible detection
mode (Kozhanova et al., 2002; Viñas et al., 2003). However, UV
detection is not sensitive enough to detect vitamin B12 in food
products in which it exists in different forms and at very low
concentrations.
Therefore, methods for the determination of vitamin B12
often remain limited due to their low sensitivity and poor
selectivity. Recently, a precolumn formation of fluorescent
α-ribazole from vitamin B12 (nonfluorescent) has made possible the determination of this vitamin by a reversed-phase
HPLC-fluorimetry, with a sensitivity such that the resulting
analytical method can be applied to foodstuff samples Baker
(2000). Sagaya and Thakur (2011) reported a competitive
immunoassay for the analysis of vitamin B12 in food samples
more sensitive than HPLC-UV. It is known that UV detectors
are not as sensitive as others available on the market (e.g., tandem MS [MS/MS] devices). Thus, Luo et al. (2006) proposed
an enhanced sensitivity HPLC-ESI-MS method for vitamin
B12 determination in milk powder whose detection limit was
about 2 ng/g. In beef and beef liver, a method employing SPE
and LC-MS detection was also developed for the determination of vitamin B12. The precision and accuracy of the method
was proved to be high, while liquid–liquid extraction and SPE
cleanup procedures are inexpensive, simple, and fast (Szterk
et al., 2012) (Table 27.11).

27.3 Future Trends
LC is still a very useful technique for the quantitative determination of water-soluble vitamins in foodstuffs. The on-line
combination with MS, which needs expensive equipment and

special expertise, is however a powerful technique for the separation and unequivocal identification of water-soluble vitamins.
Various approved reversed-phase, amino bonded-phase, hydrophilic interaction, and ion-pair LC systems are available for
the separation and determination of water-soluble vitamins. In
addition, the use of UHPLC seems to increase in importance in
the whole field of vitamin analysis. UHPLC has become widely
spread technique due to the possibility to shorten analysis time
while maintaining the resolution and increasing the sensitivity.
High separation efficiency predestines this analytical method to
be useful as a screening tool to determine water-soluble vitamins in food products. It can be expected that future studies
will bring only minor technical modifications of the existing LC
or UHPLC methods and will probably concentrate more on the
careful and reliable extraction of various vitaminers from the
respective samples.
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28.1 Nature and General Properties
Plants possess a unique richness and a variety of metabolites,
including organic acids, sugars, polyols, and amino acids as the
main metabolites. Organic acids occur naturally in many plant
and animal substrates and can, therefore, either be naturally
present as components of foods due to normal biochemical metabolic processes, or due to direct addition as acidulants, hydrolysis, or bacterial growth, or later be added directly or indirectly to
products (Gomis, 1992). These compounds are involved in various fundamental pathways in plant metabolism and catabolism
as intermediate or end products. Citric, malic, succinic, fumaric,
and oxalic acids play a key role in the Krebs cycle, which is
the central energy-yielding cycle of the cell, taking part in the
most important metabolic pathway of carbohydrates, lipids, and
proteins (Bennet-Clark, 1993). Some serve as precursors for a
variety of products, such as acetate in lipid synthesis or formate
in the C1 metabolism. Others, such as malate, are involved in
respiration and photosynthesis. Detoxification or incorporation
of vital metals bring into play chelating agents such as oxalate
or citrate.

Organic acids are compounds that are characterized by their
carboxyl group (–COOH) that dissociates into a proton and a conjugate base that endows them with their acidic property. These
are classified into aliphatic, alicyclic, aromatic, and heterocyclic
according to their carbon chain type. They are also classified
according to the substitution and the number of function groups
(monocarboxylic, dicarboxylic, and tricarboxylic). The shortest
carbon chain monocarboxylic aliphatic acids (C1:0–C4:0) are
highly volatile liquids, whereas organic acids with five or more
carbons are oily and slightly water-soluble liquids (Gomis, 1992;
Zhang and Metzger, 2009).
The organic acids present in foods may originate from biochemical processes, from their addition as acidulants, stabilizers,
or preservatives, or from the activity of some microorganisms.
According to European Union directives, organic acids used as
food additives are legally classified as acidulants and/or acidity
correctors (EC, 1988). They are added in foods at widely variable concentrations (from 200 to 30,000 ppm). Lactic, citric,
phosphoric, adipic, carbonic, fumaric, malic, and succinic acids,
as well as glucono-S-lactone are typically used as acidulant
additives (Gomis and Mangas Alonso, 2004). Citric acid is an
611
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effective natural preservative and is also used to add an acidic
(sour) taste to foods. As an acidulant, the most probable action
of citric acid is lowering the pH of the medium. It is widely used
in carbonated soft drinks. Lactic acid is found in dairy products such as yogurt and sour milk and is the product of cellular
fermentation. It is used in a number of foods to improve stability (Shelef, 1994). These compounds are also used extensively in
foods as preservative agents. Based on their antimicrobial effect,
they can be divided into two groups. One group shows an antimicrobial activity owing primarily to their pH-reducing effect.
This group includes acetic acid, citric acid, formic acid, lactic
acid, malic acid, oxalic acid, and tartaric acid. They work either
directly by lowering the pH of food and thus adding stress to
the microorganism, or in the undissociated form by migrating
through the cell membrane into the cytoplasm of the microorganism where they dissociate and lower the internal pH of the
cell. The other group of organic acid preservatives shows antimicrobial activity only when they are present as undissociated
acids. These include sorbic acid, benzoic acid, and propionic
acid. The performance of these acids therefore depends on the
dissociation constant (pKa) (Meyer et al., 2002). The pKa value
is the pH at which the acid and anion concentrations are equal.
Organic acids have an influence on the organoleptic properties of foods. The sour taste is the key parameter in the flavor
profile of organic acids in food. Lugaz et al. (2005) evaluated
the time-intensity of the sour taste of various organic acids at
equal molar concentrations and reported the order of potency to
be citric, malic, lactic, and acetic acid from the most to the least
sour. Ough (1963) reported that, when citric, tartaric, fumaric,
and adipic acids were added to wine in equimolar concentrations, citric acid was judged as the most sour, followed by tartaric
and fumaric acids, which produced equally sour taste responses,
and by adipic acid, which was judged as the least sour. Within
organic acids, citric acid possesses sour and sweet notes, acetic acid has tart and sour tastes, and succinic acid has salty and
slightly bitter tastes in aqueous solutions (Gomis and Mangas
Alonso, 2004; Da Conceicao Neta et al., 2007). The sour taste
intensity has been associated with the capacity of the acid to

dissociate, which is dependent upon the pKa values of the acids.
Table 28.1 shows some of the organic acids that are most frequently assayed in foods, as well as their dissociation constants
(pK) value and molecular formula.
Color is also related to the type and level of acids present in the
product. Organic acids influence the color of foods since many
plant pigments are natural pH indicators. Gauche et al. (2010)
reported that organic acid structure contributed to the increase in
the half-life of the pigments.

28.2 Organic Acids in Some Foods
Organic acids are one of the most frequently assayed types of
substances found in foods on account of the significant role they
play in maintaining quality and nutritional value. These compounds are widely distributed in wine, vinegar, dairy products,
fruits, and fruit juices.

28.2.1 Wines
Low-molecular-weight organic acids are an important group of
compounds in grape juices and wines due to their influence on
some respects such as sensory characteristics (flavor, color, and
aroma) or on the stability and microbiologic control of these beverages. Some acids (tartaric, malic, and citric acids) originally
come from grapes for making wine, while others (lactic, succinic,
and acetic acids) are by-products from the winemaking processes
such as ethyl alcoholic fermentation, malolactic fermentation,
oxidation of ethanol, the aging process, and so on. In grape juice,
tartaric and malic acids are the predominant organic acids and
succinic and citric acids are present in smaller quantities. Malic
and tartaric acids together contribute to 70%–90% of the total
acidity of grape juice and significantly affect the sensory properties of wine (Dartiguenave et al., 2000). In addition, there are
small amounts of other acids such as galacturonic, glucuronic,
gluconic (especially in botrytized grapes), citramalic, mucic,
dimethylglyceric, pyruvic, oxalic, fumaric, ketoglutaric, and so

Table 28.1
Dissociation Constants of Organic Acids in Aqueous Solutions at 25°C
Monocarboxylic

Di- and Tricarboxylic

Formula

Acid

pK

Formula

CH2O2
C2H4O2
C4H6O3
C3H6O2
C4H8O2
C3H4O3
C2H4O3
C3H6O3
C2H2O3
C7H12O6
C7H10O5

Formic
Acetic
Acetoacetic
Propionic
Butyric
Pyruvic
Glycolic
Lactic
Glyoxylic
Quinic
Shikimic

3.75
4.53
3.60
4.87
4.83
2.39
3.70
3.83
2.98
3.58
4.76

C2H2O4
C4H6O4
C4H4O4
C4H4O4
C4H6O5
C6H10O8
C6H10O8
C4H6O6
C6H8O7
C6H8O7
C4H4O5

Acid

pK1

pK2

pK3

Oxalic
Succinic
Fumaric
Maleic
Malic
Mucic
Saccharic
dl-Tartaric
Citric
Isocitric
Oxacetic acid

1.20
4.22
3.09
1.91
3.46
3.08
3.01
3.03
2.79
3.28
2.22

3.67
5.70
4.60
6.33
5.21
3.63
3.94
4.37
4.30
4.71
3.89

—
—
—
—
—
—
—
—
5.65
6.39
13.00

Source: Adapted from Gomis, D.B. 1992. In Food Analysis by HPLC. L.M.L. Nollet (Ed.), New York:
Marcel Dekker, pp. 371–385.
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on (Ough and Amerine, 1988; Peynaud, 1999; Mato et al., 2005).
Their concentrations in wines vary with different environmental
conditions and metabolic events occurring during winemaking
and storage (Batista et al., 2010). During the ripening of grapes,
there is a marked decrease in the concentration of several organic
acids; the titratable acidity decreases and the pH increases.
Acidity greatly influences the taste, color, and aromatic profile
of the wine as well as the stability and microbiologic control of
the wine quality by stopping or at least retarding the growth of
many potential harmful microorganisms that would spoil the
wine. For the taste, acids give wines a slightly tart taste but this
can be moderated by alcohol, sugars, minerals, and other components. When natural organic acids are absent or deficient in
the winemaking bases, a blend of tartaric, malic, and citric acids
or only citric acid is usually added to make better tasting wine
(Mato et al., 2007). The quantification of citric acid is important
as wines destined to Europe must comply with regulations that
specify the citric acid level in wine that must be below 1.0 g/L
(Regmi et al., 2012). This acid comes from the grape as a photosynthesis metabolite. It is formed during the alcoholic fermentation and lost in the malolactic fermentation. It could be used
as an additive to avoid iron (III) precipitation (López-Tamames
et al., 1996). Lactic acid is produced in wine during malolactic fermentation, where strong malic acid is converted to softer
lactic acid. Succinic acid is created as a by-product of the wine
fermentation process of sugar. This acid makes the taste of wine
salty, bitter, and acidic. Acetic acid contributes to wine spoilage yeasts and bacteria. It can be produced during fermentation
process or by the spoilage of finished wine. Acetic acid is highly
volatile and the presence of high levels of this acid constitutes a
defect in the wine (Kritsunankul et al., 2009).

28.2.2 Vinegar
The level and nature of the organic acids present in vinegars
may provide insights concerning the origin of the raw material, microbiological growth, and even processing techniques.
Moreover, organic acids can contribute significantly to the taste
of vinegars. Organic acids found in vinegars can originally be
from within the grape or be produced with the alcoholic, acetic, or malolactic fermentations. The total acidity is expressed in
acetic acid—the main organic acid in vinegars. However, other
acids are also present. They have different origins; some come
directly from the biosynthesis of the vine (tartaric, malic, and citric acid), others from metabolic pathways related to sugar metabolism (succinic, lactic, gluconic acid), while acetic acid is mainly
due to ethanol oxidation. Tartaric acid is the main acid in wines,
originally occurring in the grape and subsequently in wine and
wine vinegars. It represents the fixed portion of acidity and its
presence in vinegars (up to 4 g/L) is an indication of the origin
of the wine (Morales et al., 1998; Saiz-Abajo et al., 2005). Malic
acid is more common in apple vinegars and can be converted
into lactic acid during malolactic fermentation, accomplished
after alcoholic fermentation. Lactic acid, which has a significant effect on flavor, is considered to be one of the main organic
acids of vinegar. There is a considerable variation in the lactic
acid concentration in different vinegars owing to their diverse
fermentation processes. A relatively high lactic acid concentration of 7.45 g/L can be achieved using solid-state fermentation

technology, while only 1.91 g/L can be achieved by liquid-state
fermentation (Aguiar et al., 2005; Jiang et al., 2010). Citric acid
can also be formed during the fermentative processes (Horiuchi
et al., 1999). Some organic acids allow for the differentiation of
vinegars produced from materials of different origin and different acetification methods. In fact, Natera et al. (2003) analyzed
different vinegar samples, such as wine vinegar (red and white),
balsamic vinegar, apple vinegar, and malt vinegar, finding that
in apple vinegar, citric and malic acid were the organic acids
present in the largest amount. For malt vinegar, lactic acid was
the only nonvolatile organic acid found, while wine and balsamic
vinegars were characterized by their content of tartaric acid and
their relative low amount of malic acid.
Organic acids represent an important fraction of balsamic vinegars. The most abundant organic acid is acetic acid; the other
acids are present in smaller quantities: citric acid, malic acid,
succinic acid, tartaric acid, and lactic acid. Total acidity represents one of the most important parameters both for the marketing and biological safety of the balsamic vinegars (Cocchi et al.,
2002; Masino et al., 2005). Among the organic acids, gluconic
acid is particularly important. This acid is a genuine factor for
traditional balsamic vinegars and comes from glucose and fructose oxidation by Acetobacter spp. and Gluconobacter spp.,
which are bacteria responsible for traditional balsamic vinegar
production (Sanarico et al., 2003).

28.2.3 Dairy Products
Organic acids appear in dairy products as a result of hydrolysis of
milk fat, direct addition as acidulants, normal bovine biochemical
metabolism, or bacterial growth. Also, they are the major products of carbohydrate catabolism of lactic acid bacteria (LAB).
The organic acids commonly determined in dairy products are
orotic acid, citric acid, formic acid, succinic acid, oxalic acid, uric
acid, pyruvic acid, acetic acid, propionic acid, lactic acid, butyric
acid, isovaleric acid, valeric acid, hippuric acid, and fumaric acid
(Akalin et al., 2002; Izco et al., 2002a; Izco et al., 2002b; Ong and
Shah, 2009; Zeppa et al., 2001). The production of acids results in
pH reduction, which is the major factor in milk fermentation. The
resulting acidity prevents the development of spoilage and pathogenic microorganisms, and improves the hygienic quality of dairy
products. However, it is important to note that the ability of LAB
to inhibit undesirable bacteria depends not only on the reduction
of pH, but also on the sort of organic acids they produce. The
quantitative determination of organic acids is important to monitor bacterial growth and activity for nutritional reasons. Organic
acids are also important because they contribute to the flavor and
aroma characteristics of dairy products (Fox et al., 1993; Izco
et al., 2002a; Izco et al., 2002b; Tormo and Izco, 2004; Zhang
and Metzger, 2009). Furthermore, these compounds play a vital
role in the flavor development of cheeses. The organic acid content also reflects the type of fermentation and indicates deviations
from the expected course of maturation that may lead to defects
(Careri et al., 1996; Park and Lee, 2006). Many researchers have
tried to correlate the age/ripeness of a cheese to the content of
organic acid (Lues and Bekker, 2002; Buffa et al., 2004). The
production of organic acid may occur in cheeses as a result of
bacterial metabolism and the breakdown of milk proteins, fat,
lactose, and citrate during manufacture and storage. The level of
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individual organic acids is found to vary according to the processing procedure, the ripening temperature and duration, the
production season, and bacterial counts. Also, it is affected by
the type of starter, adjunct starter, and nonstarter LAB (Skeie
et al., 2001; Akalin et al., 2002; Ong and Shah, 2009). The profile of these compounds differs among cheese varieties and some
organic acids are of importance for the characteristic flavor of
some cheeses (Manolaki et al., 2006). For example, acetic acid
is a major contributor to the flavor of Feta cheese (Abd El-Salam
and Alichanidis, 2004), as is propionic acid for Emmental cheese
(Frohlich-Wyder and Bachmann, 2004).

28.2.4 Fruits and Fruit Juices
Organic acids are natural compounds in fruit and fruit juices.
Malic acid is predominant in apples (Zhang et al., 2010), cherries (Kelebek and Selli, 2011a), and strawberries (Kelebek and
Selli, 2011b); citric acid is predominant in citrus fruits, such as
oranges (Kelebek et al., 2009; Kelebek and Selli, 2011c), lemons (Karadeniz, 2004), pumelos (Sun et al., 2012), and grapefruit (Kelebek, 2010), and in pomegranates (Tezcan et al., 2009);
and tartaric acid is the main characteristic of grape juices (Soyer
et al., 2003). The nature and concentration of the organic acids in
fruits are of interest because of their important influence on the
organoleptic properties, particularly as regards the flavor, color,
aroma, and the stability of fruit juices. They are responsible for
the sourness or the acidity of the fruit. Organic acids can also
enhance fruit resistance to diseases. Soaking fruits in organic
acids to lower the pH can inhibit both the growth of microorganisms and oxidation during storage at low temperature, which
significantly extends the storage life of fruits (Rani, 2009; Sun
et al., 2012). The antimicrobial effect of organic acids has been
attributed to undissociated acid molecules that enter into the cell,
release a proton, and ultimately lower the intracellular pH, which
interferes with cellular metabolism or causes a decrease in biological activity as a result of pH change taking place in the cell’s
environment (Booth, 1985). A set of postharvest properties of
jujube fruit could be altered when treated by exogenous oxalic
acid, including reducing ethylene production, delaying aging,
slowing the reddening of the fruit, decreasing the ethyl alcohol
content, and enhancing the resistance to postharvest pathogenic
microorganisms (Wang et al., 2009). Similarly, treatment of
fruits or seeds with organic acid or vinegar has also been shown
to be effective in reducing fungal decays and foodborne pathogens (Sholberg and Gaunce, 1995). In addition, organic acids
indirectly affect the phenolic metabolism by altering pH, and act
as precursors of phenolics and flavor compounds (Kader, 2008;
Flores et al., 2012). The organic acid profile and concentration in
fruits depends on factors such as species, soil, and stress conditions to which the fruit was submitted (Jones, 1998). Organic acids
are also used extensively as food additives in the manufacture of
beverages and fruit and vegetable drinks and juices. The main
acids used to enhance beverages are citric, malic, and tartaric
acids as acidulants and ascorbic acid as an antioxidant (Scherer
et al., 2012). Citric acid is the most widely used acid while malic
and tartaric acids are important natural compounds of fruits
that are used along with fumaric acid in fruit-flavored drinks.
Ascorbic acid, a water-soluble carbohydrate-derived compound
that has antioxidant and acidic properties, is considered one of
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the most important antioxidants found in fruit and fruit juices.
In addition, benzoic acid is widely used as a preservative in fruit
drinks and juices because the pH imparted by natural processes
and added acids are not sufficient to ensure long-term microbial
stability (Shui and Leong, 2002). Regarding the authenticity
issues in fruit and fruit products, measuring organic acids is of
considerable importance from the standpoint of validating the
authenticity, assessing the quality and the degree of maturity, and
checking the possible microbiological alteration during storage.
Tartaric acid is usually considered an indicator of grape juice
addition to a more expensive juice. Similarly, excess of malic
and/or quinic acid can be used as an indicator of apple juice addition to a more expensive juice. Quinic/citric, quinic/malic, and
citric/malic ratios are important in determining the authenticity
of cranberry juice. The citric/isocitric ratio is especially important in orange juice and tartaric/quinic in pomegranate juice
(Ehling and Cole, 2011).
Separation, identification, and quantification of organic acids
in complex natural aqueous matrices are an important and general problem of primary interest in food sciences, research, quality assessment, and regulatory matters. There are several methods
for determining organic acids in food products, such as titrimetric (Darias-Martín et al., 2003), enzymatic (Shekhovtsova et al.,
2006), gas chromatographic (Jurado-Sánchez et al., 2011), liquid
chromatographic (Scherer et al., 2012), capillary electrophoresis
(CE) (Mato et al., 2007), and voltammetric techniques (Escobar
et al., 2013).

28.3 Analytical Methods for Individual
Organic Acid
28.3.1 Titrimetric Methods
A number of official methods exist for determining the titratable
acidity in various foods. However, determining the titratable acidity in most samples is relatively routine, and various procedures
share many common steps. They are capable of rapid and convenient analyte determinations with high accuracy and precision.
Food acids are usually organic acids, with citric, malic, lactic,
tartaric, and acetic acids being the most common. However, inorganic acids such as phosphoric and carbonic (arising from carbon dioxide in solution) acids often play an important and even
predominant role in food acidulation (Sadler and Murphy, 2010).
Titrimetric analysis is based on the complete reaction between
the analyte and a reagent. The total acidity of food and beverages
due to organic acids is commonly determined by titrating a sample aliquot with an alkali solution of accurately known concentration. When a weak acid or a mixture of weak acids is titrated with
a strong base, a curve is obtained like the one shown in Figure
28.1 (Christian and O’Reilly, 1986). During the early stages of
titration, the net conductance decreases due to the loss of hydrogen ions. At some point, the conductance of Na+ and the weakacid anions produced during titration lead to a linear increase of
conductivity. After the end point, conductivity increases rapidly,
and the slope of the curve changes due to the excess of OH ions
added (the conductance of OH is about three times greater than
that of other anions) (Darias-Martín et al., 2003). This change
of the slope indicates the end point (equivalence point). At the
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Conductance titration of various moderately weak acids

equivalence point, the entire unknown sample reacts with a
quantity of the known concentration standard of titrant, which
is determined by some kind of an indicator, for example, a color
indicator such as phenolphthalein or a potentiometric indication.
The indicator titration method uses phenolphthalein as
the end point indicator and, most often, NaOH as the titrant.
Phenolphthalein is a suitable indicator because its pH range
is 8–9.8 (Gomis and Mangas Alonso, 2004). It is the complex
organic dye that varies its appearance depending on acidity—
colorless in acidic solution while pinkish in basic solutions.
Therefore, if the color of the sample interferes with this color
change, potentiometric titration is the best method.
The potentiometric method is the most suitable for automated
titrations because of its versatility. In potentiometric titration,
the zero current potential changes during the titration and this
is measured at the indicator electrode. For most potentiometric
acid–base titrations, a glass electrode is used as the indicator
electrode, and its electromotive force is measured against that of
a suitable reference electrode. Thus, pH changes can be recorded
as the titrant is added to a solution. The titration is usually finished at pH 8.2 (AOAC, 2000), yet the end point can be assigned
to a pH of 7.0 (European Community, 1988).
If the indicator is chosen well, the end point will represent the
equivalence point of the titration reaction; the point at which the
added amount of the titrant is stoichiometrically equivalent to
the amount of the analyte. By knowing the concentration and volume of the titrant used, the number of moles of titrant can be determined. The reaction stoichiometry then allows us to determine the
amount of analyte present (Gomis and Mangas Alonso, 2004).
Many fruit juices have a sour taste due to the presence of
organic acids. One of the acids present is citric acid. Citric acid
reacts with sodium hydroxide (NaOH), a base, as shown in
Equation 28.1. As can be seen, 1 mole of citric acid therefore
reacts with 3 moles of sodium hydroxide via the acid–base neutralization reaction. Various acids are found in different amounts
in different juices, but for the purpose of this experiment, we
assume the acid is just citric acid.

C
CH2

COONa
COONa

+ 3H2O

COONa

(28.1)
We can determine the amount of acid in a given volume of
fruit juice by titrating the juice with a standard NaOH solution.
Generally, we know the normality of the titrant since it is a
standard solution and we titrate this against a known volume of
the sample. Once the end point of the titration has been determined, one can thus calculate the concentration of the unknown.
Total acidity is usually expressed in terms of the predominant
acid in foods.
Volatile acidity refers to the steam distillable acids present in
foods. The predominant volatile acid found in food is acetic acid,
whether protonated or ionized, with the exclusion of lactic and sorbic acids (occasionally added to foods as an antifungal agent), and
also the compounds carbon dioxide and sulfur dioxide. In acetic
acid fermentations, it is sometimes desirable to know how much
acidity comes from the acetic acid and how much is contributed
naturally by other acids in the product. The acids are separated
by distillation on a steam-distillation apparatus or a cash electric
still (Gomis, 2000; Gomis and Mangas Alonso, 2004). The distillate is titrated with an alkaline solution of accurately known concentration using phenolphthalein as the acidimetric indicator; the
titration is finished 15 s after the pink color of the indicator starts
to appear. Volatile acidity is usually expressed as the percentage
(w/v) of acetic acid, which is the major acid in distillates from fermented foods. The difference between fixed and total acidity is
the volatile acidity. A similar practice is used sometimes in the
brewing industry to separate the acidity due to dissolved CO2 from
fixed acids. Fixed acids are titrated after CO2 is removed by low
heat (30–40°C) and gentle agitation. Determinations of the volatile acidity can also be automated with the aid of segmented-flow
injection techniques (Dubernet, 1976). The sample is diluted in
an acid solution and then mixed with an H2O2 solution in order to
oxidize sulfur dioxide. The mixture is transferred to a distillation
unit and the resulting gas phase is rectified. Then, the distillate is
reacted with bromophenol blue at pH 4.66; the pH decrease produced by the acids in the distillate gives rise to an increase in the
absorbance at 450 nm (Gomis and Mangas Alonso, 2004).

28.3.2 Spectrophotometric Methods
Of all analytical methods, spectrophotometric (colorimetric or
photometric method) methods are, perhaps, the most commonly
used. Direct ultraviolet spectrophotometry can provide a fast,
simple, and reliable method for the determination of organic
acids. However, the absorption of UV light by the sample matrix
is the major problem with this method. Various background correction techniques such as thermal degradation, UV light decomposition, enzymatic, or metal catalytic oxidation have been
proposed to solve this problem (Fung and Luk, 1985; Salkić et al.,
2009). Spectrophotometric methods rely on the Beer–Lambert
law, according to which the measured absorbance of a solution
depends on the concentration of the absorbing species it contains
at its wavelength of maximum absorption. The ultraviolet or
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visible spectrum is usually taken by using a dilute solution of the
sample in a glass or quartz tube, or cuvette. Typically, the sides
of the cuvette are 1 cm, and the total volume is 2–3 cm3. When
the UV or visible light passes through a sample, the amount of
light absorbed or transmitted is an exponential function of the
molecular concentration of the solute and also a function of
length of the radiation path through the sample, and the intensity
of the transmitted beam is recorded across the wavelength range
of the instrument (I). First, the intensity of the light is recorded
with pure solvent in the cuvette (I0) and the absorbance due to the
sample can then be computed as in Equation 28.2:
Log I0/I = ε c l

Light source *

I0

(28.2)

I

Detector

l

where
c = concentration of the solute in mol/L
l = path length of the sample in cm
ε = molar absorptivity or the molar extinction coefficient of the
substance whose light absorption is under investigation
Spectrophotometric methods are based on the reaction of the
organic acid with a certain substance, giving rise to the formation of a compound or colored complex that is measured at a certain wavelength. In order to avoid interferences, organic acids are
isolated by precipitation, ionic exchange resins, and so on (Mato
et al., 2005). As a result of the natural width of molecular absorption spectra and absorbance additivity, the analytical signal is
likely to be perturbed by absorption from other substances present in complex samples and the selectivity to be diminished as
a result. Also, chromophoric groups in the molecular structures
of the organic acids of interest have low molar extinction coefficients and hence poor sensitivity. For all these reasons, application of molecular spectrophotometric techniques to organic acids
entails sample clean-up and purification, as well as the use of a
color-enhancing reaction that depends on the particular application. As a rule, detection is carried out in the visible spectral
region (Amerine and Ough 1976; AOAC, 1984a; Lazaro et al.
1986; Mapa 1986a), but some acids (e.g., sorbic acid) are detected
in the range 252–255 nm (Gomis and Mangas Alonso, 2004).
Organic acids, sample preparation, and detection wavelength
performed in different foods are given in Table 28.2.
Although some methods are available for the determination of
ascorbic acid, very few methods are employed for the determination of both its forms (ascorbic acid and dehydroascorbic acid).
This is because two forms of vitamin C, ascorbic acid and its oxidized form dehydroascorbic acid (DHA), possess different chemical, optical, and electrochemical properties (Selimović et al.,
2011). For example, the AOAC’s official method Kabasakalis
et al. (2000) based on the titration of AA with 2,6-dichloroindophenol in acidic solution is not applicable in all the matrices.
Substances naturally present in fruits such as tannins, betannins,

Cu(II), Fe(II), and Co(II) are oxidized with dye. Moreover, the
method is applicable only when the concentration of DHA is low
(Rahman et al., 2007). Kapur et al. (2012) used spectrophotometric determination of total ascorbic acid based on coupling
with acidic DNPH (2,4-dinitrophenylhydrazine) in 21 different
samples of fruits and vegetables. They reported that DNPH procedure is one of the most simple, accurate, and applicable methods for the determination of total ascorbic acid in fresh food,
such as fruits and vegetables.
Rebelein (1961) determined tartaric, malic, and lactic acids
with a spectrophotometric method. These organic acids were
separated by means of a strongly basic ion-exchange resin. The
portions of the eluent experienced several treatments in order to
form the colored compounds that were measured at several wavelengths (490 nm for tartaric acid, 420 nm for malic acid, and 530
or 570 nm in the case of lactic acid). Other methods for the determination of tartaric acid have been developed with the grounds of
the described method by Rebelein (1961). Basically, these methods differ in the way of clarifing the samples in order to avoid the
interferences due to the color of wine and, also, in the automation
of the process (Vereda et al., 1998; Scherer et al., 2012).
The spectrophotometric method is also commonly used for
sorbic and benzoic acid analysis. The method for determining
sorbic acid relies on its oxidation with a mixture of K2Cr2O7
and H2SO4 in a water bath at 100°C, followed by reaction of the
resulting malonaldehyde with thiobarbituric acid, also at 100°C,
to give a red product, the absorbance of which is measured at
532 nm (Schmidt, 1960; Caputi and Slinkard, 1975; Molina
et al., 1999). For this colorimetric method to be effective, the
reaction mixture with thiobarbituric acid must be cooled in an
ice bath. This method is time-consuming because it entails the
prior distillation of the wine for about 45 min in order to isolate
the sorbic acid from the potentially interfering sample matrix.
Another widely used method involves distilling the wine, acidifying the distillate with HCl, and measuring its extinction at
260 nm (Caputi et al., 1974; Caputi and Slinkard, 1975; Caputi
and Stafford, 1977). This method and that of thiobarbituric acid
provide comparable, satisfactory results in the determination
of sorbic acid in samples. Both are official choices for this purpose. The Official Diary of the European Community recommends a similar method, involving the distillation of the wine,
and the interferent substances are eliminated by evaporation of
the distilled product to dry, and the addition of calcium hydroxide. The absorbance is measured at 256 nm (Official Diary of the
European Community, 1990).
Analytical procedures based on spectrophotometry generally
could present an additional advantage; the cost of the detection instrumentation, associated with the sample processing
approach, such as flow injection analysis (FIA), can improve the
throughput (Spendley et al., 1962; Tsukatani and Matsumoto,
2000; Silva and Álvares-Ribeiro, 2002; Fernandes and Reis,
2006). For the assay of acidity in fruit juices, several procedures
based on the flow injection method have been proposed: employing a mixing chamber or variation in reagent flow rate, using
spectrophotometry or potentiometry as detection techniques
(Zenki et al., 2008). The FIA process as proposed 30 years ago
is a trusted method, which presents a fast way of automatization; thus, procedures with the ability to carry out more than
100 determinations per hour are found in the scientific literature
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Table 28.2
Some Spectrophotometric Methods for Determination of Organic Acids
Organic
Acid

Sample

Ascorbic
acid

Fruits and
vegetables

Ascorbic
acid

Pharmaceutical
materials

Lactic acid

Fruit juices

Wines
Dairy products
Citric acid

Cheeses
Wines

Malic acid

Wines

Tartaric acid

Wines
Vinegars

Pyruvic acid

Onions

Sorbic and
benzoic acid
Sorbic acid

Orange juice
Wines

Sample Preparation

Detection

Bromine water (3%) addition into sample solution to oxidize
the ascorbic acid to dehydroascorbic acid and after that
thiourea to remove the excess of bromine. The method is
based on the oxidation of ascorbic acid to dehydroascorbic
acid by bromine water in the presence of acetic acid
EDTA solution (prepared by dissolving of
ethylenediaminetetraacetic acid disodium salt dihydrate in
the buffer solution) is used to stabilize l-ascorbic acid in
aqueous medium.
Isolation over an anion-exchange resin with acetate. Elution
with 0.5 M sodium sulfite. Oxidation of lactic acid to
acetaldehyde with 0.1 M cerium sulfate
Decarboxylation with CuSO4, Ca(OH)2, and concentrated
sulfuric acid
Deproteination with 20% phosphotungstic acid, extraction
with ether for 3 h
Extraction in hot water (60–70°C) and deproteination with
40% (v/v) trichloroacetic acid
Precipitation with 20% barium chloride and concentrated
ammonium hydroxide. Dissolution with hot 7.1% sodium
sulfate and decolorization with 0.4% activated carbon
Filtering through a cation-exchange resin with hydrogen as
counterion and decolorization with 0.3% activated carbon.
Elution with 1 N formic acid
Dilution and addition of glacial acetic (4%, v/v)
Isolation over an anion-exchange resin with acetate as
counterion. Elution with 7.1% sodium sulfate
Addition of 2 mL of 0.5% benzaldehyde derivative solution
and 2 mL of 60 w/v% KOH
Addition tartaric acid and magnesium sulfate heptahydrate
and distillation, dilution, and filtration
Oxidation with a mixture of K2Cr2O7 and H2SO4 in a water
bath at 100°C, followed by reaction of the resulting
malonaldehyde with thiobarbituric acid

(Andac et al., 2003; Nalewajko et al., 2004; Fernandes and Reis,
2006). Because the reagent solution is pumped continuously and
the sample aliquot is injected while maintaining an intermittent pattern, a portion of the reagent solution is wasted without
participating in the chemical reaction. Furthermore, the wasted
reagent solution increases the volume of the waste generated.
Therefore, this feature could be considered as a disadvantage
with regard to environmental sustainability of the procedure
for the purpose of routine analysis. This problem should be
an incentive for the development of alternative analytical procedures creating a reduction of both reagent consumption and
waste generation. Imato and Ishibashi (1985) and Ishibashi and
Imato (1986) reported the spectrophotometric FIA determination of strong acids and bases by using a pH indicator and buffer
solution. They reported that this method is excellent because
the estimation of the end point is not necessary. The calibration
graph can be constructed from the peak heights (absorbances) of
the standard solutions of various concentrations.

Reference

UV—520 nm
(reaction with
2,4-dinitrophenylhydrazineDNPH, a red complex)

Kapur et al. (2012)

UV—250 nm
(reaction with potassium iodate
solution)

Salkić et al. (2009)

Visible—570 nm
(reaction with piperidine)

Rebelein (1963)

Visible—560 nm
(reaction with p-hydroxydiphenyl)
Visible—560 nm

Pilone and Kunkee
(1970)
AOAC (1984b)

Visible—428 nm
(reaction with pyridine)
Visible—420 nm
(reaction with Grier’s reagent:
sulfanilic acid plus sodium
nitrite)
UV—370 nm
(reaction with
2,7-naphthalenedisulfonic acid)
Visible—490 nm
(reaction with vanadate)
Visible—490 nm
(reaction with vanadate)
Visible—414 nm

Mapa (1986a)

UV—230 and 263 nm
Visible—532 nm

Amerine and Ough
(1976)

Amerine and Ough
(1976)
Lazaro et al. (1986)
Mapa (1986b)
Alghamdi et al.
(2007)
Marsili et al.
(2004)
Molina et al.
(1999)

28.3.3 Enzymatic Methods
Enzymatic methods of analysis are of recent application (Gomis
and Mangas Alonso, 2004; Mato et al., 2005; Zhang and Metzer,
2010). Used at first in medicine and physiology, the field of application has been extended considerably as progress has been made
in enzyme isolation, purification, and commercialization and as
the advantages in precision, specificity, and rapidity of determination have become known (Bergmeyer, 1963). These methods
depend on the property of enzymes that catalyze the quantitative
reaction of substances specifically and reversibly, in general by
either oxidizing or reducing them through a coenzyme, which is
nonspecific and which assures a transfer of hydrogen. The extent
of the reaction can be measured by different methods. The first
method is a photometric technique, which is already named
the Warburg optical test (Peynaud et al., 1966). This method is
based on changes in the optical density of the medium as the
coenzyme is formed or as it disappears. The coenzymes are
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generally oxidized and reduced nicotinamide adenine dinucleotide phosphate (NADP or NADPH), and oxidized or reduced
nicotinamide adenine dinucleotide (NAD or NADH). By a suitable choice of experimental conditions, pH, concentration of reactants, and temperature, one obtains a rapid and complete reaction
in the direction desired. NADH has a characteristic absorption
in the ultraviolet at 340 nm, which is independent of temperature
(Peynaud et al., 1966; Mato et al., 2005). In some cases, detecting
NADP(H) at 340 nm is rendered difficult by the strong absorption
of some matrix component in this spectral region. Such is the case
with the analytical determination of l(−)-malate and acetate in
red wines, which may contain a high concentration of anthocyanins and phenolic substances relative to the organic acids present.
The use of an electron carrier (e.g., 8-dimethylamino-2,3-benzophenoxazine) to transfer charge from NADH to, for example,
3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetra-zolium
bromide
(MTT), allows the formation of a complex (MTT-formazan) that
absorbs at 578 nm, where no matrix component is bound to interfere at alkaline pH values, that is, those where the enzyme activity
is maximal (Lonvaud-Funel et al., 1980; Doneche and Sanchez,
1985; Gomis and Mangas Alonso, 2004). The high sensitivity and
selectivity of enzymatic methods has lately fostered their use for
quantifying organic acids in foods.
Enzymatic methods have been mainly used for the quantification of malic, lactic, and citric acids in grape juices and wines.
However, it can be possible to determine other acids such as
tartaric, acetic, l-ascorbic, dehydroascorbic/l-ascorbic, formic,
d-gluconic/d-glucono-δ-lactone, d-isocitric, oxalic, and succinic
acids (Bergmeyer, 1985; Boehringer Mannheim, 1995). In the
case of wines, the method for the determination of citric acid
is a Final Action method in the AOAC (Association of Official
Analytical Chemists, 2000).

Enzyme-based methods utilize a series of biochemical reactions carried out by specific enzymes. Table 28.3 lists the enzymatic reactions that are most frequently used for the determination
of organic acids.
There are many enzymatic analysis methods to determine organic
acids in different foods, which are summarized in Table 28.4.

28.3.3.1 l-Malic Acid
The enzymatic method for the determination of l-malic acid is
based on the spectrophotometric measurement of NADH formed
through the combined action of l-malate dehydrogenase (l-MDH)
and aspartate aminotransferase (AST) (Equation 1 in Table 28.3).
The detection of l-malic acid requires two enzyme reactions. In
the first reaction catalyzed by l-malate dehydrogenase (l-MDH),
l-malic acid is oxidized to oxaloacetate by nicotinamide adenine
dinucleotide (NAD+). However, since the first equilibrium of
the reaction lies firmly in the favor of l-malic acid and NAD+,
a further reaction is required to “trap” the NADH product. This
is achieved by the conversion of oxaloacetate to l-aspartate and
2-oxoglutarate, in the presence of a large excess of l-glutamate,
by glutamate oxaloacetate transaminase (GOT), in order to favor
the reaction toward the production of NADH. The amount of
NADH formed in the above coupled reaction is stoichiometric
with the amount of l-malic acid. It is the NADH that is measured
by the increase in absorbance at 340 nm (Peres et al., 2008).

28.3.3.2

d -Malic

Acid

The determination of d-malic acid is based on the spectrophotometric measurement of NADH formed through the action of
d-malate dehydrogenase (d-MDH) (Equation 2 in Table 28.3).

Table 28.3
Enzymatic Reactions Used for Determination of Organic Acid in Foods
Analyte
l-Malic acid

Reaction
L-Malic

acid + NAD + L-MDHL

→ oxaloacetate + NADH + H +

Oxaloacetate +
d-Malic acid
d/l-Lactic acid

D-Malic

Equation

GOT

L-glutamate 
→ L-aspartate

1

+ 2-oxoglutarate

acid + NAD D-MDH

→ pyruvate + CO2 + NADH + H +

D-Lactate

+ NAD + D-LDH
→ pyruvate + NADH + H +

L-Lactate

+ NAD + L-LDH
→ pyruvate + NADH + H +

2
3

Pyruvate + L-glutamate GPT

→ L-alanine + α -ketoglutarate
Citric acid

Citrate CL
→ oxaloacetate + acetate

4

Oxaloacetate + NADH + H + MDH

→ L-malate + NAD +
Pyruvate + NADH + H + LDH

→ L-lactate + NAD +
l-Ascorbic acid

L-Ascorbate
L-Ascorbate

(x-H 2 ) PMS

→ dehydroascorbate + MTT-formazan + H +

5

+ 1/2O 2 AAO

→ dehydroascorbate + H 2 O

Note: MDH, malate dehydrogenase; GOT, glutamate-oxaloacetate transaminase; LDH, lactate dehydrogenase; GPT, glutamate pyruvate transaminase; CL, citratelyase; PMS, 5-methylphenazinium methosulfate; AAO, ascorbate oxidase.
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Table 28.4
Enzymatic Analysis Methods for Organic Acids in Foods
Analyte

Sample

Ascorbic acid

Fruit juices and milk

l-Malic acid

Fruit juices

UV—340 nm (NADPH)

Wines

Oxidation of l-malate to oxaloacetate, catalyzed by
l-malate dehydrogenase
Dialysis-enzymic derivatization; collecting into a
nicotinamide adenine dinucleotide (β-NAD+);
oxidation of the coenzyme
Dilution and pH adjustment

Fruit and vegetables

Extraction with hot water and dilution

Vis—570/578 nm
(MTT-formazan)
UV—340 nm (NADH)

Use of H2O2 to oxidize reductants and catalase to
quench H2O2

Vis—660 nm (Prussian blue)
or UV—340 nm (NADPH)

Adjusting to pH 10.5 with 0.1 N KOH; 10 min at
room temperature was allowed for hydrolysis

UV—340 nm (NADPH)
(using gluconate kinase and
6-phosphogluconate
dehydrogenase)
Vis—660 nm (Prussian blue)
or UV—340 nm (NADPH)

Mato et al. (2007)

UV—340 nm (NADH)

Stój and Targoñski
(2006)

UV—340 nm (NADH)

Mato et al. (1998)

UV—340 nm (NADH)

Boehringer Mannheim
(1985)

UV—340 nm (NADH)

Boehringer Mannheim
(1985)

UV—340 nm (NADH)

Mataix and Luque de
Castro (2001)

UV—340 nm (NADH)

Gomis and Mangas
Alonso (2004)
Boehringer Mannheim
(1985)
Boehringer Mannheim
(1985)
Gomis and Mangas
Alonso (2004)

d-Gluconate
Wines, beers, and fruit
or d-gluconic juices
acid
Honey

Sausages

Fruit and fruit juices

Honey
Bread, meat, cheese,
vegetables, and fruits
Wines and fruit juices

Wines

Milk
Cheese and meat
Succinic acid

Wines and fruit juices
Meat, vegetables, and
cheeses
Vegetables and meats

d-Gluconic
acid

Reference

Oxidation at 460 nm or TMB
oxidation at 375 and 455 nm
UV—340 nm (NADPH)

Wines

Lactic acid

Detection

Dilution and oxidation using horseradish
peroxidase and the reaction of TMB oxidation
Dilution and pH adjustment in neutral region

Wines

Citric acid

Sample Preparation

Honey

Hydrolysis, extraction with boiling water and
defatting, and then using of H2O2 to oxidize
reductants and catalase to quench H2O2
Neutralization with NaOH solution and dilution
with redistilled water, decolorized with PVPP
(polyvinylpolypyrrolidone) and filtration
Dilution and clarification with
polyvinylpolypyrrolidone (PVPP)
Extraction with hot water (60°C); deproteinization
and defatting with perchloric acid and treatment at
low temperature in aqueous medium, respectively
Dilution and decolorization of colored samples
with 1% polyamide or poly (vinylpyrrolidone).
Carrez solution can be used for clearing
Dialysis-enzymic derivatization; collecting into a
nicotinamide adenine dinucleotide (β-NAD+);
oxidation of the coenzyme
Clearance with 6 N HC1 and 6 N NaOH
Extraction with hot water and deproteinized and
defatting as above
Dilution and adjustment to pH 8 and decolorization
with 1% poly(vinylpyrrolidone)
Extraction with hot water; defatting at low
temperature in aqueous medium and deproteinized
with perchloric acid
Extraction with hot water and defatting by storage
at a low temperature; deproteinized with
trichloroacetic acid
Adjustment to pH 10.5 with 0.1 N KOH; hydrolysis
of d-glucono-δ-lactone to d-gluconic acid.
Adjustment to test pH (7.8) with 0.1 N HCl.

In the presence of d-malate dehydrogenase (d-MDH), d-malic
acid (d-malate) is oxidized to oxalo-acetate by NAD. The formed
oxalo-acetate is transformed into pyruvate and carbon dioxide.
The formation of NADH, measured by the increase of absorbance for 334, 340, or 365 nm wavelengths, is proportional to the
quantity of d-malate present.

28.3.3.3

UV—340 nm (NADH)

UV—340 nm (NADH)
UV—340 nm (NADH)
UV—340 nm (NADH)

Shekhovtsova et al.
(2006)
Gomis and Mangas
Alonso (2004)
Segundo and Rangel
(2003)
Mataix and Luque de
Castro (2001)
Lonvaud-Funel et al.
(1980)
Gomis and Mangas
Alonso (2004)
Boehringer Mannheim
GmbH (1989)

Ameyama et al. (1978)

UV—340 nm (NADH)

Boehringer Mannheim
(1985)

UV—340 nm (NADH)

Mato et al. (1997)

d -Lactic

Acid

The method for the determination of d-lactic acid is based on
the spectrophotometric measurement of NADH formed through
the combined action of d-lactate dehydrogenase (d-LDH) and
d-alanine aminotransferase (d-ALT/d-GPT) (Equation 3 in
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Table 28.3). In the presence of d-lactate dehydrogenase (d-LDH),
d-lactic acid (d-lactate) is oxidized to pyruvate by NAD. The oxidation of l-lactic acid requires the presence of the enzyme l-lactate dehydrogenase (l-LDH). The equilibrium of these reactions
lies on the side of lactate. By trapping pyruvate in a subsequent
reaction catalyzed by the enzyme glutamate pyruvate transaminase (GPT) in the presence of l-glutamate, the equilibrium can
be displaced in favor of pyruvate and NADH. The amount of
NADH formed in the above reactions is stoichiometric to the
amount of d-lactic acid and of l-lactic acid, respectively. The
increase in NADH is determined by means of its light absorbance at 334, 340, or 365 nm.

28.3.3.4 Ascorbic Acid
Ascorbic acid (AA) is oxidized to dehydroascorbic acid by AA
oxidase (Equation 5 in Table 28.3). The product is coupled to
o-phenylenediamine to produce a chromophore for which the
absorbance is measured at 340 nm.

28.3.3.5 Citric Acid
Citric acid is converted into oxaloacetate and acetate in a reaction catalyzed by citrate lyase (CL). In the presence of malate
dehydrogenase (MDH) and lactate dehydrogenase (LDH), the
oxaloacetate and its decarboxylation derivative, pyruvate, are
reduced to l-malate and l-lactate by reduced nicotinamide adenine dinucelotide (NADH). The amount of NADH oxidized to
NAD+ in these reactions is proportional to the amount of citrate
present (Equation 4 in Table 28.3). The oxidation of NADH is
measured by the resultant decrease in the absorbance at a wavelength of 340 nm.
In order to reduce cost and analysis time, a way of automatization of these methods is the use of FIA. Puchades et al. (1991)
determined l-malic and l-lactic acids simultaneously in wine
samples by FIA with tubular open reactors with enzymes immobilized in them. Lima and Rangel (1992) also determined these
two acids in wine by FIA with spectrophotometric detection. In
this case, the flow injection system had a unit of dialysis in order
to adjust the composition of the solutions injected to the requirements of the system of analysis.
When we compare enzymatic methods with other methods, the
enzymatic methods are advantageous in terms of selectivity (that
allows the determination of d/l organic acid forms), sensitivity
and simple instrumentation. But these methods require specific
kits for each organic acid and they are time-consuming and consume large amounts of reagents, which make them expensive.
Only one organic acid per method can be determined. Therefore,
if we need to know the organic acid profile, other techniques,
such as chromatography, are more suitable (Mato et al., 2006).

28.3.4 Chromatographic Methods
28.3.4.1 Liquid Chromatography
Besides analytical methods involving colorimetric reactions and
enzyme assays, recently developed chromatographic techniques
allow simultaneous analysis of most organic acids. In this field,
high-performance liquid chromatography (HPLC) is one of the
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most used techniques (Zhang et al., 2011; Flores et al., 2012),
either by direct determination or by the analysis of derivatized
products (Schneider et al., 1987). Many analytical methods have
been reported for the separation and determination of organic
acids (Gomis et al., 1988; Galli et al., 2003; Ding et al., 2006;
Peres et al., 2009). According to some authors, four main methods are commonly used (Mentasti et al., 1985; Ding et al., 1995;
Galli et al., 2003), namely, ion-exchange chromatography (IC)
(Eiteman and Chastain, 1997), ion-exclusion chromatography
(IEC) (Ding et al., 1997), ion-pair chromatography (IPC), and
reversed-phase chromatography (RPC) (Llorente et al., 1991;
Mato et al., 2005). The choice of the method depends on the
nature of the acids to be analyzed and of the matrix in which they
are present as well as their relative concentration in the sample.
The most usual method for the determination of organic acids
in foods and beverages is IEC, followed by RPC (Kordiš-Krapež
et al., 2001; Sánchez-Machado et al., 2008; Peres et al., 2009;
Scherer et al., 2012). Notwithstanding their extensive application
in other fields, ion-exchange and IPC methods are gradually being
superseded as the previous two alternatives provide better, faster,
and more reliable results (Gomis and Mangas Alonso, 2004). The
better shape peaks are obtained by employing ion-exclusion columns and faster analysis time is achieved by using RP columns.
However, for some applications, other organic compounds present
in the samples may interfere if UV detection is used. For this reason, some authors recommended that ion-exchange columns be
combined with a conductivity detector for the simultaneous determination of organic acids in inorganic anions (Gomis, 2000).

28.3.4.1.1 Ion-Exchange Chromatography
IC is part of ion chromatography, which is an important analytical technique for the separation and determination of ionic
compounds, together with ion-partition/interaction and IEC. The
analyte ions and similarly charged ions of the eluent compete to
bind the oppositely charged ionic functional group on the surface of the stationary phase (Haddad and Jackson, 1990). This
separation mode can be thought of as the negative ions in the
mobile phase and the organic acid ions (negative ions) competing
for the positive ions in the packing material. The column retention behavior varies depending on the radius and valence of the
organic acid ions.
Sample preparation for HPLC analysis basically consists of
methanol extraction, followed by an easy clean-up with a C18
cartridge. Separation of different acids can be accomplished by
using an ion-exchange column and detection can be monitored
at 214 nm (Cano et al., 1994). The reproducibility of the minor
organic acids is quite acceptable, and the procedure described
offers a rapid analytical alternative to gas chromatography.
Acetic, butyric, succinic, oxalic, oxoglutaric, citric, galacturonic,
tartaric, ascorbic, l-malic, quinic, formic, isobutyric, pyruvic,
fumaric, and d-malic acids can be quantified by this method
(Cano et al., 1994; Eiteman and Chastain, 1997). Ding et al.
(1995) reported the separation of organic acids using an ionexchange column, TSK gel IC Anion-PW, with 2.5 mM potassium biphthalate as eluent.
As shown in Figure 28.2a, organic acids were separated
within 25 min. Fumaric acid was not included in this sample,
because it overlapped with the system peak. Organic acids were
eluted mainly according to their dissociation constants, because
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Figure 28.2 Chromatograms of organic acids obtained using (a) IC, (b) IEC, and (c) RPC. (1, acetic; 2, lactic; 3, succinic; 4, C1; 5, malonic; 6, malic; 7,
maleic; 8, citric; 9, tartaric; 10, 5042-; 11, fumaric; sp, system peak). (From Ding, M.Y., Suzuki, Y., and Koizumi, H. 1995. Analytical Sciences 11: 239–243.
With permission.)

the electrostatic interaction between organic acid anions and
ion-exchange groups of the stationary phase plays the most
important part. Acetic acid (pKa = 4.757) has the weakest interaction with ion-exchange groups in the resin, because it has the
smallest dissociation constant among the organic acids tested.
Therefore, acetic acid was eluted faster than other organic acids.
However, other factors such as ion charge and ion size of organic
acid anions affect the ion-exchange reaction rate between ionexchange groups and organic acid. In addition, secondary retention mechanisms such as partition between the two phases
would make a contribution to the retention of organic acids.
Consequently, some reversals in the elution order of organic acids
were also observed. In this work, malonic acid (pKa1 = 2.855)
and maleic acid (pKa1 = 1.921) were eluted faster than tartaric
acid (pKa = 3.036).

28.3.4.1.2 Ion-Exclusion Chromatography
This is the most commonly used mode for organic acid analysis. It uses a hydrogen (H)-type cation-exchange polymer for
the packing material and organic acids are separated by the
difference in sizes of Donnan exclusion between the stationary
phase (with H-type ion-exchange groups) and the mobile phase.
In this mode, strong acids are subject to a strong electrostatic
exclusion caused by the negative charge of the stationary phase,
which prevents them from penetrating the pores in the packing
material. Meanwhile, for weak acids, such as organic acids, the
degree they can penetrate the pores is determined by the size of
the charge, which results in differences in elution time. In principle, organic acids elute in the order of pKa size, starting with
the lowest pKa values, and finish the elution by the time neutral
substances start eluting. However, a hydrophobic interaction also
occurs between packing substrate and hydrophobic organic acids
resulting in the delay of the elution.
IEC is generally efficient, but some neutral compounds such
as sugars and polyphenols, two usual components of foods that

possess similar retention times to those of organic acids, are also
retained by cation-exchange resins. Therefore, samples must be
pretreated prior to their chromatographic separation. The column
most frequently used for this purpose is the Aminex HPX-87H
(300 × 7.8 mm i.d.) model from Biorad Laboratories. The mobile
phase is usually 0.0008–0.185 N sulfuric acid. The column temperature is maintained at 50–75°C and a UV (206–230 nm) or
refractive index (RI) detector is normally employed (Gomis,
2000). Separation of organic acids using a TSK gel OApak-A
(Tosoh) column is shown in Figure 28.2b. Seven common organic
acids were separated within about 20 min. Maleic acid was not
included in this standard mixture. Malonic acid was overlapped
with citric acid (Ding et al., 1995).

28.3.4.1.3 Ion-Pair Chromatography
IPC is used for separating ionic or ionizable compounds through
the formation of neutral ion pairs in solution. Its main advantage
over IC is that it facilitates the analysis of samples that contain
both ion and molecular species. In IPC, ionic species are not
retained much and pH is used to control the partition ratios by
modifying the degree of ionization. Two mechanisms have been
proposed to explain the results of IPC. The first one assumes
that the ion pairs are formed in the mobile phase and behave as
nonionic fragments similar to other polar molecules. The other
claims that counter-ions selectively sorb in the stationary phase
and attract and retard the analyte ions with an ion-exchange
mechanism. Ion-pair high-performance liquid chromatographic
(IP-HPLC) methods have achieved a better separation for
organic acids than traditional reversed-phase high-performance
liquid chromatographic (RP-HPLC) methods. However, it is difficult to separate di- and tricaboxylic acids with similar retention
time by an ion-pair reagent, and two or more separate optimum
separation methods for di- and tricaboxylic acids will increase
the time demand for their separation and financial cost (Tatár
et al., 2000; Ding et al., 2006).
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28.3.4.1.4 Reversed-Phase Chromatography

Table 28.5

The reversed-phase liquid chromatographic separation (RPHPLC) is based upon the nonpolar, hydrophobic interaction
between nonpolar sample molecules and the nonpolar stationary
phase (Varvara et al., 2009). If the sample molecule has sufficient hydrophobic nature, it will be retained. Retention could be
adjusted by altering the aqueous-to-organic content of the mobile
phase. If the sample is not polar (e.g., neutral molecules), it can be
retained sufficiently only if a satisfactory change of the ionization form is developed (Snyder and Kirkland, 1979; Weiss, 1995;
Snyder et al., 1997; David and Medvedovici, 2006). When the
sample contains ionic components, they can be too polar to be
retained in an RP mode. In the past, chromatographic separation
of charged analytes had been achieved by ion suppression (the
careful adjustment of the mobile phase pH to result in a nonionized analyte). Determining the optimum mobile phase pH in ion
suppression, however, often requires extensive method development. Samples containing more than one ionizable component
were often unusable. The limitations of ion suppression led to the
development of a new, more generally applicable approach for
the separation of ionized components: IPC (Brocco and Tappa,
1986; Weir et al., 1994). Blanco et al. (1996) recommended the
pH for the capillary chromatographic column operation. They
assayed the pH ranging between 2.5 and 2.9. For pH close to
2.9, a good resolution does not exist among the malic and shikimic acids, whereas for low pH, the elution time of the citric
acid is too high. In consequence, a pH of 2.7 was selected. The
effect of the ionic strength of the eluent on the retention time
of carboxylic acids seems to be slight, but it can be observed
that when the ionic strength decreases (below 10−3 M), the width
of the peaks increases and the chromatograms lose resolution.
In consequence, an ionic strength of 10−2 M was fixed. Taking
into account the low lipophility of carboxylic acids, the acetonitrile organic modifier percentages were varied between 0.25%
and 0.75% (Blanco et al., 1996). Most stationary phases used in
bonded-phase chromatography in its reversed-phase (RP) mode
are based on the octadecylsilane functionality (C18 columns).
A new reversed packing based on perfectly spherical particles
of ultra-pure silica and suitable for a wide pH range and aqueous
mobile phases was used to analyze six organic acids, including
tartaric, malic, lactic, acetic, citric, and succinic acids. A comparison with a conventional octadecylsilane (ODS2) column in
what concerns system suitability parameters such as the number of theoretical plates, and peaks width, and sensitivity is
reported (Quiros et al., 2009). The mobile phases typically used
in this context are water, aqueous buffers of a given pH and ionic
strength, and mixtures of water and a miscible organic modifier
such as methanol or acetonitrile.
RP-HPLC incorporated with an ultraviolet (UV) detector
(Destandau et al., 2005; Chen et al., 2006), a refractive index
(RI) detector (Calull et al., 1992; Geng et al., 2008), or photodiode array detection (Shui and Leong, 2002; Tfouni and Toledo,
2002) has generally been employed. However, UV detection at
approximately 210 nm for carboxylic acids lacks selectivity and
is sensitive to other interfering compounds, while the HPLC system is known to fluctuate under a lower UV wavelength close
to 200 nm. Additionally, rapid quantification of organic acids
during microbial fermentation using ultra performance liquid

Detection Limits (ppm) and Linear Ranges (ppm) Obtained Using
Three Chromatographic Systems
IC
Limit
Acetic
Lactic
Succinic
Malonic
Malic
Maleic
Citric
Tartaric
Fumaric

2.9
4.4
5.1
1.2
3.7
3.8
10.9
3.8
ND

Range
10–4000
10–4000
10–2000
4–800
10–2000
8–800
20–2000
10–2000
–

IEC
Limit

Range

1.4
10–4000
1.4
10–4000
1.5
10–4000
0.5
5–2000
0.8
5–2000
0.009 0.05–25
0.5
5–2000
0.4
5–2000
0.011 0.05–25

RPC
Limit
1.3
1.9
2.0
0.4
0.9
0.009
1.1
0.6
0.008

Range
10–2000
10–2000
10–2000
5–2000
5–2000
0.05–25
5–2000
2–2000
0.05–25

Source: From Ding, M. Y., Suzuki, Y., and Koizumi, H. 1995. Analytical
Sciences 11: 239–243. With permission.
Note: ND = not detected.

chromatography–tandem mass spectrometry has been reported
with detection limits around 0.6–1.0 mg/L, although the instrument system is quite expensive (Ross et al., 2007). Organic acids
in grape juices were determined by RP-HPLC with UV detection and only a dilution and filtration. It is a simple method,
but the time of analysis is long (Llorente et al., 1991). LópezTamames et al. (1996) and Casella and Gatta (2002) developed
ion-exclusion HPLC methods with refractive index and electrochemical detection, respectively, which allow the direct determination of the majority of organic acids in grape juices and
wines. Falqué-López and Fernández-Gómez (1996) developed
an ion-exchange HPLC method with two detectors connected
in series (UV and RI) for the direct determination of organic
acids in grape juices and white wines. Subsequently, Castellari
et al. (2000) also used an ion-exchange HPLC method with two
detectors connected in series (UV and RI). In this method, direct
injection allowed decreasing the time and the cost of analysis and
organic acids, sugars, and alcohols were determined simultaneously with an acceptable resolution. In another study, Tusseau
and Benoit (1986) compared the analysis of organic acids in grape
juices and wines by HPLC using RP and ion-exchange columns.
They reported that the RP is recommended for the determination of tartaric, malic, and lactic acids, but better results were
obtained with ion-exchange columns for citric and acetic acids.
Ion exchange as a separation mechanism implies that organic
acids should be in their ionic form, so a severe control of pH is
required. Pazo et al. (1999) performed an RP-HPLC method with
two columns connected in series and UV detection. Numerous
wine samples have been analyzed without a previous treatment.
Ding et al. (1995) compared the three chromatographic systems with a view to the simultaneous separation and determination of organic acids in wine using an ion-exchange column
(IC-TSK gel IC Anion-PW), ion-exclusion column (IEC-TSK
gel OApak-A), and reversed-phase column (RPC-Zorbax ODS).
The detection limits (ppm) at S/N = 3 and linear range of peak
area calibration curves for organic acids are listed in Table 28.5.
All three systems have enough sensitivity for the determination
of the main organic acids in wine. IEC and RPC showed the
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same lower detection limit for most organic acids, while the
lower detection limits in IC were several times greater than in
the other two systems due to a large amount of noise (base line
width). Maleic acid and fumaric acid showed very high sensitivities with UV detection. The lower detection limits for these
two organic acids were better by two orders of magnitude than
for the other organic acids, because there are conjugated double
bonds in the molecules, so that they show very strong ultraviolet
absorption at 210 nm. Li et al. (2004) reported that the main
advantages of RP-HPLC over ion-pair-HPLC are its ease and the
rapidity of separation, and it is more suitable when the number
of samples is high. But the presence of small inorganic anions
in the saps, such as nitrate ions, can affect the elution of some
organic acids, for example, malic acid (Li et al., 2004). Its separation and determination also depend on the organic modifier,
pH of the mobile phase, flow rate, column selected, and column
temperature (Shen et al., 1998, 1999). Loss of water from evaporation at high temperatures of the column will induce recoveries
of organic acid more than 100%, and different column temperatures will increase the time demand for their separation (Shen
et al., 1999).
There are many studies to determine organic acid in foods
with HPLC, which are summarized in Table 28.6.

28.3.4.2 Gas Chromatography
Gas chromatography (GC) coupled with flame ionization (FID)
(Gomis and Mangas Alonso, 1996; Liu et al., 2002; Horák et al.,
2008, 2009) or mass spectrometric (MS) detector (Ochiai et al.,
2002; Saraji and Mousavinia, 2006) is an alternative method for
the determination of organic acids. In spite of high sensitivity and
selectivity, GC has scarcely been used for the determination of
organic acids. Many short-chain organic acids are thermostable
and sufficiently volatile, thus fulfilling key requirements for GC
measurement (Gomis and Mangas Alonso, 2004). However, other
acids should be derivatized to convert these compounds into less
polar and stable derivates suitable for their GC determination (Liu
et al., 2002; Horák et al., 2008, 2009; Jurado-Sánchez et al., 2011).
For this reason, it is necessary to carry out a derivatization procedure like the formation of trimethylsilyl derivates (TMS) (Ryan
and Dupont, 1973; Bertrand, 1974; Tanner and Zanier, 1976),
methylic esters (Bertrand, 1974; Barden et al., 1997), tert-butyldimethylsilyl derivates (TBDMS) (Kim et al., 1990) or ethylic esters
(Deng, 1997; Mato et al., 2005). The derivatization process is
time-consuming. In addition, the volatility of the derivatized compounds is so high as to reduce the recovery and affect the accuracy
and repeatability of GC quantification (Burke and Halpern, 1983;
Moffat et al., 1991). To solve these problems, headspace analysis
was considered (Mulligan, 1995). Alternatively, the short-chain
organic acids were prepared into less volatile derivatives for GC
analysis (Chauhan and Darbre, 1982; Molnar-Perl and SzakacsPinter, 1986; Shaw and Bickling, 1986; Bahre and Maier, 1996).
However, the procedure is still tedious and not applicable to routine analysis. Some authors have successfully employed capillary
GC columns coated with polar stationary phases such as polyethylene glycol or nitroterephthalic acid modified polyethylene
glycol to avoid the derivatization process of organic acids. It is
possible to obtain a good chromatographic resolution, avoiding

peak tailing by using these columns (Yang and Choong, 2001;
Horák et al., 2008; Jurado-Sánchez et al., 2011).
There are many research to reduce time and optimize
derivatization conditions. Deng (1997) combined the steps of
separation and derivatization carrying out an esterification
directly in the ion-exchange resin where organic acids were
isolated in 60 min at a temperature of 90°C. Another work on
derivatization of organic acids under solvation free energies
(SFE) conditions indicated that once the minimum conditions of
temperature, pressure, reaction times, and reagent concentrations
had been met, large variations in the experimental parameters
had relatively little effect on overall recoveries of derivatized
products (Chatfield et al., 1995). Barden et al. (1997) reported
that increasing the SFE temperature from 60°C to 90°C results
in the improvement of the methylation yield of all acids, particularly tartaric acid. Jham et al. (2002) compared the GC and
HPLC methods for the quantification of organic acids in coffee.
They stated that the GC method for the quantification of organic
acids in coffee was found to be unsuitable since the procedure
was very tedious. The HPLC method was found to be very simple and reliable for the quantification of organic acids in coffee
and superior to that previously described in the literature since
it does not involve purification of the crude extract on two ionexchange columns (where significant losses of some organic
acids were reported).
In conclusion, the choice of this technique for the determination of these compounds is very limited for its cost and complexity. Other alternatives such as liquid chromatography or CE
are more suitable for the determination of organic acids in food
samples.

28.3.5 CE Methods
CE has been used increasingly over the last decade in the area
of food analysis. Numerous food products and food components
have been analyzed using this technique because of its (1) high
efficiency, (2) short separation times, (3) small sample volume
needed for analysis and simple experimental implementation,
(4) low running cost, (5) the possibility of measuring the absorbance at 200 nm or below, where the carboxylic group absorbs,
because it works in aqueous media, and (6) suitability for automatic analysis (Galli et al., 2003; Cortacero-Ramíreza et al.,
2005; Rivasseau et al., 2006; Peres et al., 2009). One of the other
advantages of CE is the ability to separate small molecules in
complex matrices without sample pretreatment. It is because
once the analytes pass through the detector, the capillary can
be emptied and washed, and it is ready for a new analysis (Galli
et al., 2003). Depending on the separation principle, different CE
separation modes exist: capillary zone electrophoresis (CZE),
capillary gel electrophoresis (CGE), capillary isoelectric focusing (CIEF), and capillary isotachophoresis (CITP) based only
on electrokinetic principles, and electrokinetic chromatography
(EKC) and capillary electrochromatography (CEC) based on the
combination of electrokinetic and chromatographic principles
(García-Ruiz and Marina, 2009).
CZE, the most frequently used CE mode in food analysis, has
been employed to quantitatively determine the organic acids
present in food and beverages (Chanwirat, 2005) (Table 28.7).
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Table 28.6
Studies of the Determination of the Organic Acid in Foods with High-Performance Liquid Chromatography

Sample

Organic Acids

Sample Preparation

Separation

Detection

Analysis
Time
(Min)

0.0080 N H2SO4

UV detector set at 210 nm

20

Doyon et al.
(1991)

0.013 N H2SO4

UV detector set at 210 nm
and RI connected in
series

20

Zeppa et al.
(2001)

Bio-Rad Aminex HPX-87H
column (300 × 7.8 mm
i.d., 9 µm)
Rezex ROA Phenomenex
(300 × 7.8 mm, 8 μm)

0.005–0.05 NH3PO4 with
0–10% THF and 0–5%
n-propyl alcohol
0.01 NH2SO4
0.2 mL/min in the first
40 min and 0.5 mL/min from
41 to 60 min

UV detector set at 210 nm
and RI detector in series

20

Chinnici et al.
(2005)

UV detector set at 210 nm

51

Lin et al.
(2011)

8

Scherer et al.
(2012)

15

Flores et al.
(2012)

40

Llorente et al.
(1991)

Column

Dairy products

17 acids involved in Krebs
cycle

Dilution and
filtration

Cation
exchange

Cheese

Citric, orotic, pyruvic, lactic,
ossalic, and hippuric acids

Cation
exchange

Fruit juices

Oxalic, citric, malic, quinic,
galacturonic, ascorbic,
succinic, fumaric acids
Glutaric, oxalic, citric,
ketoglutaric, tartaric,
pyruvic, malic, ascorbic,
quinic, malonic, aconitic,
lactic, shikimic, succinic,
formic, acetic, fumaric,
propionic, pyroglutamic,
and gluconic acids
Tartaric, malic, ascorbic,
citric acids

Extraction with a
sulfuric acid
solution,
centrifugation and
filtration
Dilution and
filtration
Dilution and
filtration

Ion exclusion

Dilution and
filtration

RP

RP-C18 column
(150 × 4.6 mm i.d., 3 μm)

0.01 mol/L KH2PO4 buffer,
using an isocratic elution

Fruit vinegars

Ion exclusion

ICSep-Ion-300 Organic
Acids Column
(300 × 7.8 mm)
Bio Rad Aminex HPX-87
column
(300 × 7.8 mm i.d., 9 µm)

Mobile Phase

Reference

Glutamic, tartaric, quinic,
malonic, malic, shikimic,
ketoglutaric, pyruvic, citric,
succinic, and fumaric acids

Extraction,
homogenization
and filtration

RP with
tandem-mass
spectrometry

Prontosil C18
(250 × 3 mm i.d., 3 μm)

0.1% (v/v) formic acid

Grape juice

Acetic, ascorbic, citric,
fumaric, glucoronic, malic,
shikimic, tartaric
Citric, malic, tartaric acids

Dilution and
filtration

RP

Methanol

Filtration and
precipitation

Ion exclusion

0.01 N H2SO4

UV detector at 214 nm

11

Soyer et al.
(2003)

Acetic, citric, fumaric,
lactic, malic, oxalic,
succinic, tartaric acids

Ion-exchange resins

Ion exchange

Beckman ODS Ultrasphere
C18
(250 × 4.6 mm i.d., 5 μm)
Bio Rad Aminex HPX-87
column
(300 × 7.8 mm i.d., 9 µm)
Bio Rad Aminex HPX-87H
column
(300 × 7.8 mm i.d., 9 µm)

0.0089 M H3PO4

UV detector at 214 nm

18

Hunter et al.
(1991)

Grape juice

Grape juice
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Fruits and
vegetables

UV—visible diode array
detector set at 210 nm
for tartaric, malic and
citric acids, and 250 nm
for ascorbic acid
Tandem-mass
spectrometry negative
ion mode, capillary
voltage, 4000 V;
nebulizer pressure,
60 psi; drying gas flow,
11 L/min; drying gas
temp., 350°C.
UV detector set at 190 nm

Fruits and fruit
juices
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Acetic, citric, lactic, malic,
succinic, tartaric acids

Filtration

Ion exclusion

Grape juice
and wine

Citric, tartaric, malic, lactic,
acetic acids

Dilution and
filtration

RP

Grape juice
and wine

Acetic, citric, fumaric,
lactic, malic, shikimic,
succinic, tartaric acids
Acetic, ascorbic, ketoglutaric,
citric, fumaric, lactic, malic,
pyruvic, shikimic, succinic,
tartaric acids
Acetic, citric, lactic, malic,
succinic, tartaric acids

Dilution and
filtration

Ion exclusion

Dilution and
filtration/solid
phase extraction

Ion exchange

Derivatization with
p-nitrobenzyl esters

Ion exchange

Orange juice

Citric, ascorbic, malic, and
succinic acids

Dilution and
filtration

RP

Tea and coffee

Acetic, malic, ascorbic,
citric, malic, and succinic
acids
Acetic, ascorbic, succinic,
formic, malic, citric,
tartaric
Acetic, citric, lactic, malic,
succinic, tartaric acids
Lactic and malic acids

Extraction (with hot
Ion exchange
water/80°C),
dilution and filtration
Extraction (with hot
Ion exchange
water/90–100°C),
dilution and filtration
Filtration
Ion exchange

Grape juice
and wine

Grape juice
and wine

Tea

Wine
Wine

Acetic, lactic, malic, tannic,
tartaric acids

Wine

Acetic, citric, formic,
lactic, malic, tartaric

Dilution and
filtration

Ion exclusion

Beverages

Acetic, citric, fumaric,
lactic, malic, shikimic,
succinic, tartaric acids

Solid-phase
extraction

RP

Wine

Acetic, citric, fumaric,
lactic, malic, succinic,
tartaric acids
Citric, ascorbic, malic,
shikimic, and fumaric
acids

Ion-exchange resins

RP

Dilution and
filtration

RP

Strawberry and
sweet cherries

RP
RP

Bio-Rad Aminex HPX-87H
column (300 × 7.8 mm
i.d., 9 µm)
Bio-Rad Aminex HPX-87H
column (300 × 7.8 mm
i.d., 9 µm)
PRP-X110,
(150 × 4.1 mm i.d. 7 μm)
Shim-pack IC-A1
(100 × 4.6 mm i.d.)
Inores H
(250 × 7.8 mm i.d.)
Phenomenex Aqua
(75 × 4.6 mm i.d.)
LiChrosorb RP-18
(4.00 × 250 mm 100Å)
Bio-Rad Aminex
HPX-87H column
(300 × 7.8 mm i.d., 9 µm)
Spherisorb ODS2 with a
precolumn filled with
Bondapack C18
Corasil-Waters
Bio-Rad Aminex
HPX-87H column
(300 × 7.8 mm i.d., 9 µm)
Bio-Rad Aminex
HPX-87H column
(300 × 7.8 mm i.d., 9 µm)

0.1 mM HClO4 and ethanol
solution containing 6 mM
VK3 and 76 mM LiClO4
Trifluoroacetic acid (0.2% in
water) and acetonitrile

Electrochemical detector

0.005–0.05 NH3PO4 with
0%–10% THF and 0 5%
n-propyl alcohol
Acetonitrile (6%) and
0.045 NH2SO4

UV detector set at 210 nm
and RI connected in
series
UV detector set at 210 nm
and and RI connected in
series

20

Chinnici et al.
(2002)

20

Castellari
et al. (2000)

Water and acetonitrile

UV detector set at 265 nm

30

Cunha et al.
(2002)

0.09 mol/L H2SO4 with 6%
acetonitrile

UV detector set at 210 nm

15

Kelebek and
Selli (2011c)

0.6 mM aqueous potassium
hydrogenphthalate (pH 4.0)
containing 4% acetonitrile
0.75 mmol/L potassium
hydrogenphthalate and
0.25 mmol/L phthalate acid
0.005 M H2SO4

Waters 431 conductivity
detector

25

Alcázar et al.
(2003)

CCD-6A Conductivity
detector

40

Ding et al.
(1997)

Real-time Fouriertransform IR
UV detector set at 230 nm

25

Mixture of water, methanol,
and 0.05 M phosphoric acid
(69:1:30)
50 mM HClO4−

UV detector set at 210 nm

20

Vonach et al.
(1998)
Buglass and
Lee (2001)
Radin et al.
(1994)

Electrochemical

15

Casella and
Gatta (2002)

Solvent
A: water
B: methanol

UV spectrophotometry

20

Marcé et al.
(1990)

0.013 N H2SO4

UV detector set at
210 nm

11

Schneider
et al. (1987)

0.09 mol/L H2SO4 with 6%
acetonitrile

UV detector set at
210 nm

15

Kelebek and
Selli (2011a)

0.5 mM H2SO4
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20

Kotani et al.
(2004)

3

Kerem et al.
(2004)

10
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Wine

Dilution and
filtration
Dilution and
filtration

RSpak KC-811 Shodex
with a guard column
RSpak KC-LG
Synergi™ Polar-RP™
column (250 × 4.6 mm
i.d.) with a guard column
(Phenomenex,
1.0 × 4.6 mm i.d.).
Bio-Rad Aminex HPX-87H
column (300 × 7.8 mm
i.d., 9 µm)
Bio-Rad Aminex HPX-87H
column (300 × 7.8 mm
i.d., 9 µm)

Organic Acids

Grape juice
and wine
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Table 28.7
Determination of Organic Acid in Different Types of Food by Capillary Zone Electrophoresis

Sample
Beer

Beer

Beer

Beverages

Sample Pretreatment

Electrophoretic Conditions

Oxalic, formic, malic, citric,
succinic, pyruvic, acetic,
lactic, and pyroglutamic acid
Oxalic, formic, citric, malic,
succinic, acetic, lactic,
pyroglutamic, and pyruvic
acid

Degassing by sonication
and dilution 1:5 with water

Fused-silica capillary (72 cm × 75 μm i.d.)
Indirect UV detection at 350 mm, −25 kV potential
tinj = 2 s, Ta = 20°C, 5 mM PDC, 0.5 mM CTAB, pH 5.6
Fused-silica capillary
(48 cm × 50 μm ID) for UV detection and
(60 cm × 50 μm i.d.) for conductivity detection
a. Indirect UV detection at 254 nm; (b) conductivity
detection −30 kV potential, tinj = 0.2 min 7.5 mM
p-AB containing 0.12 mM TTAB, pH 5.75
Fused-silica capillary
(a total length of 57 cm and an effective separation
length of 50 cm). The DAD system was positioned at
210 nm. Hydrodynamically injection for 7 s at 0.5 psi
pressure and applying voltage of −15 kV
Fused-silica capillary
(40 cm length × 39 cm, 75 μm i.d.)
UV detection at 230 mm; hydrodynamic injection at
0.5 psi, 15–30 kV potential
tinj = 5 s; P = 25°C
eCAP capillary tubing (40 cm × 75 μm i.d.)
Indirect UV detection at 214 nm 10 kV potential
Tinj: 3 s 5 mM Tris, pH 4.6 with benzoic acid
Fused-silica capillary (105 cm × 75 μm i.d.)
Indirect UV detection at 230 and 300 nm, −25 kV
potential
tinj = 10 s, Ta = 25°C
20 mM PDC, 0.5 mM CTAB, pH 12.15
Fused-silica capillary
(57 cm length × 50 μm i.d.), UV detection at 200 nm;
10 kV potential
tinj = 5 s, Ta = 25°C,
0.5 M H3PO4, 0.5 mM CTAB, as cationic surfactant to
decrease electroosmotic flow, and pH 6.25

Oxalic, fumaric,
ketoglutaric, mesaconic,
malic, pyruvic, phthalic,
benzoic acid, pyroglutamic,
and sorbic acid
Acetic, lactic, suberic,
glutaric, succinic, malic,
malonic, tartaric, oxalic,
and citric acid

Dilution 1:10 and
degassification

Degassing and filtration

Mixing with EDC. HCl
(200 mL) and heating at
70°C for 10 min. After
addition of KOH, further
heating and filtration
Dilution with water and
sonication

Bread

Propionic acid

Cheese and yogurt

Oxalic, formic, citric,
succinic, pyruvic, acetic,
propionic, lactic, sulfuric,
and butyric acid

Acidification with H2SO4,
centrifugation and
filtration

Coffee

Citrate, oxalate, formate,
fumarate, mesaconate,
succinate, maleate, malate,
isocitrate, citrate, acetate,
citraconate, glycolate,
propionate, lactate,
furanoate, pyroglutamate,
and quinate
Oxalic, citric, formic,
succinic, orotic, uric,
pyruvic, acetic, propionic,
lactic, sulfuric, and butyric
acid

Mixing 1 g of coffee
(particle size under
0.4 mm) with 10 mL of
purified water for 10 min.
Then, centrifugation and
filtration

Dairy products
(cheddar cheese
and plain liquid
yogurt)

Acidification with H2SO4,
centrifugation and
filtration

Fused-silica capillary (105 cm × 75 μm i.d.), Indirect
UV detection at 200 nm, −25 kV potential,
hydrodynamic injection at 5 psi, tinj = 2 s, Ta = 30°C,
4.4 mM potassium hydrogen phthalate, 0.27 mM
CTAB, pH 11.2

8

LOD

Reference

0.9–2.5 mg/L

Soga and Ross
(1997)

10

a. 0.117–0.229 mg/L
b. 0.034–0.667 mg/L

Klampfl (1999)

15

0.2–11.1 mg/L

Cortacero-Ramíreza
et al. (2005)

10

2–5 mg/L

Santalad et al.
(2007)

15

0.03–0.08 mM

Ackermans et al.
(1992)

20

0.2–5.7 × 10−2 mM

Izco et al. (2002a)

17.5

0.06–156 mM

Galli and Barbas
(2004)

20

Izco et al. (2002b)
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Organic Acid

Analysis
Time
(Min)
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Ascorbic acid

Centrifugation
and filtration

Honey

Oxalic,
formic, tartaric, malic,
succinic, maleic, glutaric,
pyruvic, acetic, lactic,
butyric, sorbic, citric,
benzoic, ascorbic, and
gluconic acid
Citric, tartaric, isocitric, and
malic acid

Dilution with water, pH
adjusting at 10.5 and to 5,
and filtration

Orange juice

Dilution and filtration

Quinic, anisic, salicylic,
benzoic, and sorbic acid

a. For soy sauce: mixing
with CCl4 and vortexing
for 10 min. Extracting the
lipids into the organic
phase, dilution with
double-distilled water to
1:10 (v/v) and filtration
b. Vinegar: dilution 1:10
with distilled water and
filtration
Dilution, addition of
Na2EDTA (0.25 mM) and
filtration

Tea infusions (green
and black tea)

Oxalic, citric, malic,
aspartic, glutamic, and
quinic acid

Vegetables

Oxalic, succinic, citric,
formic, acetic, propionic,
and butyric acid

Wine

Tartaric, malic, succinic,
acetic, and lactic acid

Adding 50 mL of water,
incubating for 30 min on a
warm water-bath at about
50°C and homogenizing
with the mixer for 1 min.
After cooling, and filtration
Dilution 1:40 with water
and filtration

Wine

Tartaric, malic, lactic, succinic,
acetic, and citric acid

Dilution 1:5 with distilled
water and filtration

Fused-silica capillary
(57 cm × 360 μm, 75 μm i.d.)
Indirect UV detection at 254 nm, −20 kV potential,
tinj = 5 s, 10 mM sodium chromate, 0.5 mM TTAB, 0.1
mM Na2 EDTA
Fused-silica capillary
(52 cm × 75 μm i.d.)
Indirect UV detection at 254 nm −20 kV potential tinj:
10 s 10 mM chromate, 2.30 mM CTAB,
pH 11.5
Fused-silica capillary
(60 cm length × 75 μm i.d.)
a. Direct UV detection at 185 nm; 20 kV potential
b. Indirect UV detection at 254 mm; 15 kV potential,
tinj = 30 s; P = 25°C
a. 3 mM phosphate, 0.5 mM MTAB, pH 6.5
b. 7 mM phthalic acid, 2 mM MTAB, 5% v/v methanol,
pH 6.1
Fused-silica capillary
57 cm (50 cm to detector) × 75 μm i.d. × 375 μm o.d.
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2

0.06 mg/L

Choi and Jo (1997)

3.5

0.4–11 mg/kg

Mato et al. (2006)

2–9 mg/L

Saavedra et al.
(2000)

6

0.44–2.19 mg/L

Tang and Wu (2007)

6

–

Horie et al. (1998)

8

–

Jimidar et al. (1995)

6

a. 0.015–0.054 mg/L
b. 1.407–2.296 mg/L

Castiñeira et al.
(2002)

5.5

2.12−5.15 mg/L

Peres et al. (2009)

11
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Soy sauce and
vinegar

Fused-silica capillary
(27 cm × 57 μm i.d.)
Indirect UV detection at
254 and 265 nm 10–30 kV potential, tinj = 5 s, Ta = 25°C
100 mM sodium borate, pH 8.0
Fused-silica capillary
(60 cm length × 75 μm i.d.), 25 kV potential,
hydrodynamic mode, UV direct at 185 nm, phosphate
as the carrier buffer (7.5 mM NaH2PO4 and 2.5 mM
Na2HPO4), 2.5 mM TTAOH as electroosmotic flow
modifier, and 0.24 mM CaCl2 as selectivity modifier,
pH 6.40
Neutral polyacrylamide-coated capillary
(57 cm × 50 μm i.d.)
Direct UV detection at 200 nm
−14 kV potential,
tinj = 5 s, 200 mM phosphate, pH 7.50
Fused-silica capillary
(55 cm × 75 μm i.d. 360 μm o.d.),
20 mmol/L NaOH–20 mmol/L H3BO3 (pH 8.8) as
BGE; applied voltage 20 kV; gravity injection 6.5 cm
for 8 s; UV wavelength 240 nm

Organic Acids

Fruits, vegetables,
juice, and drinks
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The main advantages of CZE include, among others, high separation efficiency, improved selectivity, low operational cost, and
speed of analysis (Altria et al.1995; Li et al., 1995).
Separation by CE is based on the size-to-charge ratio. It uses
high voltage generating electrophoretic mobility (EPM) and
electroosmotic flow (EOF) of buffer solutions and ionic species, respectively within the capillary. The separation mode
is the first election to develop an analytical method for shortchain organic acids. Since their electrophoretic mobility toward
the anode is usually higher than the EOF toward the cathode,
the most common mode of analysis is the mode called reversed
polarity, which means that the injection is performed at the negative end (cathode) while the detector is placed in the positive end
(anode) (Galli et al., 2003). The analysis of organic acids with
the opposite polarity is not frequent, because these compounds
present high electrophoretic mobility toward the anode and could
exit by the injection end without passing through the detector.
Nevertheless, benzoic acid (Jimidar et al., 1993), ascorbic acid
(Choi and Jo, 1997) alone or with isoascorbic acid (Davey et al.,
1996) can be measured with normal polarity. Many approaches
have been suggested for controlling EOF in CZE. These include
use of organic solvents, coating of the capillary wall (Hsieh
and Chang, 1998), addition of surfactants (Kaneta et al., 1991),
adding salts (Fujiwara and Honda, 1986), and application of an
external electric field (Wu et al., 1992). Field-amplification in
CZE is also a good approach to control EOF and to obtain stacking effects inside the capillary (Chien and Helmer, 1991). More
recently, self-regulating dynamic control of EOF by simply performing the separation with running buffers containing different concentrations of cetyltrimethylammonium bromide (CTAB)
has been used to improve the reproducibility for the separation
of organic acids (Chang and Yeung, 1993). For a variety of ionic
analytes, which have very close EPMs in isocratic conditions,
the pH gradient in CZE has been reported for better separation
performance (Foret et al., 1990; Gebaur et al., 1990). Controlling
the temperature of the separation system or performing voltage
programming has been shown to be useful for the generation of
significant changes in the viscosity and pH of the running buffer.
Unfortunately, it is not suitable for the separation of organic acids
in weak acidic conditions because the EOF is too small (Hsieh
and Chang, 1998).
There are two types of injection modes, namely, hydrodynamic
or electrokinetic (electromigration). It is known that electrokinetic injection involves biases. When a voltage is applied to the
capillary length during electrokinetic injection a larger effective
volume of faster ions than slower ones will be injected because
of the different mobilities of the species in the sample solution.
In contrast to electrokinetic injection, hydrodynamic injection is
based on pressure or gravity and does not discriminate between
the ions. Therefore, the same effective sample volume of each ion
is injected. Hydrodynamic injection is also relatively independent of sample matrix effects. Thus, hydrodynamic injection is
more often used than the electrokinetic one (Sladkov and Fourest,
2006). Actually, the choice between hydrodynamic or electrokinetic injection may not initially be given any thought; however,
selection of the right approach for the right application can lead
to significant improvements in performance, particularly with
regard to achieving the lowest detection limits possible. Some
papers reported that the use of electrokinetic injection enhances
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CE sensitivity, but it suffers from matrix and poorer precision
and, therefore, it is not recommended for quantification (Galli
et al., 2003; Gomis and Mangas Alonso, 2004; Mato et al., 2005).
Separation by CE can be detected with several detection
devices. The most commonly used detectors for the CE system
is UV and conductivity spectrophotometry detection. There are
other choices of detectors, for example, fluorescence and mass
spectrometry. To obtain high sensitivity optical detectors and
liner detection range, it is important that the optical light beam
be focused into the capillary and the unwanted/diffusion light be
minimalized (Heiger, 2000).
UV detection is the most frequently employed detection mode.
However, most CE analyses are carried out using indirect UV
detection, because of the low UV absorptivity of organic acids in
the region above 220 nm. It can be carried out according to two
modes, direct (the electrolyte absorption in the UV region is lower
than the absorption of organic acids, so when the analyte passes
through the detector, the absorbance increases) and indirect (the
electrolyte absorption in the UV region is greater than the absorption of organic acids, so when the analyte passes through the
detector, the absorbance decreases, and a negative peak occurs).
The use of low UV detection wavelength, which ranges between
185 and 254 nm, allows the achieving of high sensitivities in the
determination of organic acids (Mato et al., 2005). An alternative
detection system is that of conductivity. This detector has been
found to be more suitable for ions with mobilities, which were
very different from that of the carrier electrolyte co-ion (Klampfl
and Katzmayr, 1998). The separation capillaries (bare fused silica) are 50–100 cm × 50–75 μm i.d. The separation run is carried
out at 20–25 kV (reversed voltage) at 25–30°C constant temperature (Gomis and Mangas Alonso, 2004). Klampfl and Katzmayr
(1998) combined two detection systems: conductivity and indirect
UV, and they concluded that only the combination of both these
detection techniques allowed the quantification of most organic
acids of interest in a single CE run.
Capillary electrophoresis-mass spectrometry (CE–MS) has
been a routine combination because robust and reliable interfaces are available. Negative ion mode detection was used to
determine a range of organic acids in metabolic studies. This was
applied specifically to pineapple leaves to study acid metabolism.
CE–MS has also been used for the analysis of organic acids in
biological samples (Baena et al., 2005).
Different works related to the determination of organic acids in
different types of foods by CE have been published (Galli et al.,
2003; Hagberg, 2003; Santalad et al., 2007; Peres et al., 2009).
Mato et al. (2006) evaluated a rapid CE method with direct UV
detection to determine the most important nonaromatic organic
acids in honey with a really simple treatment of the sample. Oxalic,
formic, malic, succinic, pyruvic, acetic, lactic, citric, and gluconic
acids were determined with an analysis time of 4 min. The electrolyte composition was phosphate as the carrier buffer (7.5 mM
NaH2PO4 and 2.5 mM Na2HPO4), 2.5 mM tetradecyltrimethylammonium hydroxide as the electroosmotic flow modifier, and
0.24 mM CaCl2 as the selectivity modifier, with the pH adjusted at
6.40 constant values. The method was fully validated and applied
to real samples. The advantages of the method were described as
sample preparation simplicity, short analysis times, and low consumption of chemicals. The method was very useful for the separation of more complex samples. The CE method is included in the
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compendium of international methods for wine analysis. Tartaric,
malic, and lactic acids and sulfates are separated and assayed by
CE after simple dilution and the addition of an internal standard.
The method allows quantitation of a range of organic acids (OIV,
2006). A number of papers have also been published showing good
data. For example, a number of Brazilian wines have been profiled
using a CE method with indirect UV detection (Peres et al., 2009).
Sample preparation involves a simple 1:5 dilution with water and
direct injection. Indirect UV detection was used and the method
was fully validated with recoveries of 96%–102%. Tartaric, malic,
lactic, succinic, acetic, and citric acid content were determined
with a run time of 5 min. Erny et al. (2009) determined malic,
citric, succinic, pyruvic, acetic, and lactic acids in beer samples.
A pH 7 sodium hydrogen phosphate buffer was used with direct
UV detection. An analysis time of 4 min allowed rapid determination of these acids. Eleven organic acids in a range of beverages
(wine, beer, and fruit and vegetable juices) were determined by a
CE method (Santalad et al., 2007). The analysis involved a preseparation derivatization with 2-nitrophenylhydrazine and detection
at 230 nm. A pH 10 borate buffer containing 10% acetonitrile was
found to give the optimum separation within 12 min. The method
was fully validated with recovery data of 97%.
In conclusion, CE offers a number of advantages for the analysis of simple organic acids in a range of analytes, which includes
speed, reduced cost of analysis, and simplicity. The methods are
in routine use in a number of industries, including foods and
pharmaceuticals.

28.3.6 Voltammetric Methods
Voltammetry represents a type of electroanalytical techniques in
which the current at the working electrode is measured as a function of the potential applied to that electrode. The potential at the
electrode serves as the driving force for the electrochemical reaction (Ozkan et al., 2003). This method has been widely applied to
the determination of components and contaminants in foods. It
has valuable advantages over other methods, such as being relatively simple and convenient, requiring only a small amount of
sample for accurate measurement and covering a wide pKa range
(Kim et al., 2001). The commonly used voltammetric methods
are linear sweep, cyclic, hydrodynamic, differential pulse, square
wave, and stripping voltammetry. Within these, cyclic voltammetry is the most widely used technique, where the obtained voltammogram allows the characterization of electrochemical processes
(oxidation–reduction) over a wide potential range. On the other
hand, pulse voltammetry is used when higher sensitivity and resolution are required, allowing the detection of lower concentrations of diverse compounds (Dogan et al., 2005). Escobar et al.
(2013) determined the voltammetric (cyclic and pulse) tongues to
quantify ascorbic acid, citric acid, and malic acid in simple and
binary solutions using different electrodes. They reported that
the most selective electrodes for ascorbic acid content prediction
were Ni and Ag for simple solutions, and Ag and Ir for binary
solutions. However, the Cu electrode was not suitable for quantifying ascorbic acid. Positive pulses were more appropriate than
negative ones for quantifying this compound. When predicting
citric and malic acids in simple and binary solutions, all the electrodes were appropriate for prediction, except for Ni and Au, as
their lower R2 shows. No significant differences were identified

between negative or positive pulses. Schmitt et al. (2012) reported
a cyclic voltammetric method for the detection of lactic acid, utilizing a carbon paste electrode modified with cobalt phthalocyanine. Results showed that the modified electrode exhibits good
catalytic activity for the oxidation of lactic acid at 1.18 V versus
saturated Ag/AgCl reference electrode. It had an operational pH
range of 3.6–1.6 and showed the linear dynamic range from 11.9
to 188 mM of lactic acid at pH 2.0 with good reproducibility. The
detection limit was found to be 1.54 mM (3σ).

28.4 Concluding Remarks
A broad range of detection methods for practical analysis and
detection of organic acids in foods are available. There is a necessity for the development of highly sensitive and selective methods for the determination of organic acids in foods because these
compounds have a significant role in maintaining the quality and
nutritional value of foods. The analytes exist in food samples in
low amounts and the food matrices are generally complex. The
majority of analytical methods published in the literature for the
determination of organic acids in food products involve the CE
and HPLC methods coupled with UV detection. While the CE
methods may have potential use in the future for their simplicity
and rapidness, HPLC is the most widely utilized technique.
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This chapter deals with a heterogeneous class of compounds,
generically called organic bases. Many kinds of organic bases
are found in food of both vegetal and animal origins. We have
classified this complex group of compounds in the following
rather arbitrary way:
1.
2.
3.
4.
5.
6.

Biogenic amines
Heterocyclic aromatic amines
Unsulfonated aromatic amines
Purines and pyrimidines
Methylxanthines
Glycoalkaloids

7. Capsaicinoids
8. Ergot alkaloids
9. Other alkaloids
In particular, in this chapter we will discuss all the papers that
have been published on the analysis of organic bases in food and
beverages since 2005 up to now.
The tables report the method used, the experimental conditions, the detection limit (DL), the kind of samples considered
and the amounts found in the different foods investigated, as well
as the essential steps concerning the extraction and the sample
treatment before the analysis.
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29.1 Biogenic Amines
29.1.1 General Information
Biogenic amines (BAs) have been reported to be present in a
great variety of foods, such as beer, eggs, cheese, fish, meat,
vegetables, and wines. They can pose significant problems for
health and thus there is a continued interest in their determination in different foods. A huge number of scientific articles have
recently appeared related to the determination, role, and formation of BAs in food. Only the articles of 2013 are reported in this
chapter.
BAs can be naturally present in food, or they can be formed
during the fermentation processes undergone by some foods or
during their spoilage (fish and meat) caused by improper conservation methods. BA formation through the microbial decarboxylation of amino acids is dependent on the specific bacterial
strain(s) present, the level of decarboxylase activity, and the availability of the amino acid substrate [1,2]. Histamine-oxidizing
bacteria may allow an equilibrium to develop between histamine
production and destruction in foods containing high amounts of
histamine [3]. The most common BAs found in foods are histamine, tyramine, cadaverine, 2-phenylethylamine, spermine,
spermidine, putrescine, tryptamine, and agmatine. In addition,
octopamine and dopamine have been found in meat and meat
products and fish [4]. Polyamines, such as putrescine, cadaverine, agmatine, spermine, and spermidine, are naturally present
in food and are involved in growth and cell proliferation [5–7].
These BAs in the presence of nitrites can perform a carcinogenic
effect when converted into nitrosamines [7]. The aromatic BAs,
tyramine and 2-phenylethylamine, have been reported to be initiators of dietary-induced migraine and hypertensive crisis [8].
Tyramine, 2-phenylethylamine, and putrescine are versoactive
amines and increase blood pressure that can lead to heart failure or brain hemorrhage [6,9,10]. Histamine poisoning (scombroid poisoning) is a worldwide problem [11] that occurs after
the consumption of food containing BAs, particularly histamine
at concentrations higher than 500 ppm [12]. Histamine poisoning manifests itself as an allergen-type reaction characterized by
difficulty in breathing, itching, rash, vomiting, fever, and hypertension. People having deficient natural mechanisms for detoxifying BAs are more susceptible to histamine poisoning [5,13].
Histamine presents a synergistic effect with putrescine and
cadaverine; in fact, it may alone not cause toxicity at low level,
but the presence of other BAs such as putrescine and cadaverine,
at concentrations 5 times higher than histamine itself, enhances
its toxicity [5,8,14] through the inhibition of enzymes able to
oxidize histamine. Oral toxicity levels for putrescine, spermine,
and spermidine are 2000, 600, and 600 ppm, respectively. The
acute toxicity level for tyramine and cadaverine is larger than
2000 ppm. The no observed adverse effect level (NOAEL) is
2000 ppm for tyramine, putrescine, and cadaverine, 1000 ppm
for spermidine, and 200 ppm for spermine [9]. Tyramine alone
at high levels can cause an intoxication known as cheese reaction, which has symptoms similar to that of histamine poisoning. When boiling legumes, BAs are transferred completely into
the boiling water, and thus by this means, any hazard caused by
these molecules can be eliminated. However, sprouted legumes
behave differently when boiled, with the BA concentration being
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only reduced slightly [15]. Moreover, BAs are reported as heatstable compounds [16] and cooking or prolonged exposure to
heat will not eliminate the toxin [12,17,18].
Many factors may influence BA production; among them, the
most important ones are storage, manufacturing processes, manufacturing practices, the proportion of the microbial population
with decarboxylase activity, raw material hygiene conditions,
and the availability of free amino acids.
The prevention of BA formation in food has, therefore, been
achieved using temperature control, using high-quality raw material, using good manufacturing practice, the use of nonamine
forming (amine-negative) or amine-oxidizing starter cultures for
fermentation [19–21], the use of enzymes to oxidize amines [20],
the use of microbial modeling to assess favorable conditions to
delay BA formation [22–24], using packaging techniques (such as
modified atmosphere packaging [MAP]) [10], using high hydrostatic pressure (HHP) [25], using irradiation [26], and using food
additives [27]. Emerging approaches to control histamine production involve the combined effect of an existing method, such
as the combination of HHP and amine-negative starters [28].

29.1.2 Analysis
The most used analytical methods to determine BAs in food are
based on high-performance liquid chromatography (HPLC), usually with a diode array detection (DAD) or fluorescence detector,
after derivatization of the analytes with dansyl chloride (DNS-Cl),
o-phthaldialdehyde (OPA), benzoyl chloride (BZL-Cl), dinitrobenzoyl chloride, 6-aminoquinolyl-N-hydroxysuccinimidyl
carbamate (AQC), and naphthalene-2,3-dicarboxaldehyde. See
the review from Hernández-Cassou et al. [29] for a collection of
derivatization methods applied to the analysis of BAs in wine.
Anyway, some other methods are emerging as potentially interesting for the time required to perform the analysis and the speed
of response, namely, electrochemical methods based on biosensors such as: the electrochemical tyrosinase electrode [30] for
the determination of tyramine, applied to sauerkraut with a limit
of detection (LOD) of 5.7 × 10−7 M; the amperometric biosensor
for the determination of tyramine using plasma amino oxidase
[31], applied to cheese with a LOD of 2.0 ± 0.18 μM; the method
reported in Reference [32] based on the enzyme diamine oxidase
from Pisum sativum, immobilized either on chitosan-coated
magnetic microparticles or on commercial microbeads modified with a ferrofluid, where the enzyme catalyzes the oxidation
of amines under consumption of oxygen. That is determined by
measuring the quenched fluorescence lifetime of the ruthenium
complex showing a LOD of 25–30 μmol/L for putrescine and
cadaverine, higher than that for histidine and spermidine. In this
publication, the author reports a list of several other electrodes
that respond to several BAs with a variety of values of LODs.
Another application of biosensors is reported in Reference [33],
where cadaverine, putrescine, tyramine, and histamine are determined with an amperometric biosensor with pea seedling amine
oxidase and screen-printed carbon electrode modified with
MnO2, showing LOD of 0.3 mM for cadaverine and putrescine
and 3.0 mM for tyramine and histamine in chicken meat.
Ion-exchange chromatography with conductivity detection
[34] permitted the analysis of all principal BAs without previous derivatization with LOD in the range 23–65 μg/kg and LOQ

Free ebooks ==> www.ebook777.com
639

Organic Bases
in spiked blank real samples in the range 65–198 μg/kg applied to
tinned tuna fish, anchovies, cheese, wine, olives, and salami.
The analytical methods present in the literature for the HPLC
determination BAs in food are summarized in Table 29.1.

29.2 Heterocyclic Aromatic Amines
29.2.1 General Information
It has been widely demonstrated today that diet plays an important role on cancer rates [88]. Carcinogens in food are usually
present as minor components; they can have a natural origin,
usually associated with the action of microorganisms, or they
can form during cooking (especially in fish and meat products) as a result of the pyrolysis of amino acids and proteins
[89]. In has also been demonstrated by epidemiological studies that most heterocyclic aromatic amines (HAAs) are highly
mutagenic [90] and almost all of them are carcinogenic [91].
Recently, many epidemiological studies appeared, indicating
a positive correlation between intake of HAAs and increased
risk of cancer [92,93]. More than 25 different HAAs have been
isolated and identified so far [94]; among them, the most frequently determined in food are 2-amino-1, 6-dimethylimidazo
[4,5-b]pyridine (DMIP), 2-aminodipyrido[1,2-a:3′,2′-d] imidazole (Glu-P-2), 2-amino-6-methyldipyrido[1,2-a:3′,2′-d]imidazole (Glu-P-1), 2-amino-3-methylimidazo[4,5-f] quinoline
(IQ), 2-amino-3,4-dimethylimidazo[4,5-f] 
quinoline (MeIQ),
2-amino-3, 8-dimethylimidazo[4,5-f ]quinoxaline (MeIQx),
2-amino-3, 4,8-trimethylimidazo[4,5-f ]quinoxaline (4,8DiMeIQx), 2-amino-3,7,8-trimethylimidazo[4,5-f ]quinoxaline
(7,8-Di-MeIQx), 3-amino-1, 4-dimethyl-5H-pyrido[4,3-b]indole
(Trp-P-1), 3-amino-1-methyl-5H-pyrido[4,3-b]indole (Trp-P2), 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP),
2-amino-9H-pyrido[2,3-b]indole (AαC), 2-amino-3-methyl9H-pyrido[2,3-b]indole (MeAαC), 1-methyl-9H-pyrido-[4,3-b]
indole (harman), and 9H-pyrido-[3,4-b]indole (norharman).
Mutagenic HAAs contain from two to five (usually three) condensed aromatic cycles with one or more nitrogen atoms in their
ring system; usually, they also contain one exocyclic amino group.
HAAs form during heating of food products containing nitrogenous compounds (amino acids and proteins) [95,96]; meat and
fish products are therefore the most affected by this phenomenon.
According to the processing temperature, HAAs can be divided
into two classes: those forming between 100°C and 300°C are
known as “thermic HAAs,” IQ type, or aminoimidazoazarenes,
while those forming at higher temperatures, above 300°C, are
known as “pyrolytic HAAs,” or non-IQ type. The formation and
amount of HAAs depend on different factors: meat/fish type, cooking temperature and time, cooking methods, pH, water activity,
presence of carbohydrate, free amino acids and creatine, heat and
mass transfer, lipid level, oxidation, and antioxidants used [97,98].
Also, human intake of HAAs is affected by food type and cooking
method as well as by portion size and intake frequency [99].
Recently, the research on HAA content of food has mainly
focused on the effect of different cooking methods, temperatures, times [100–108], addition of other ingredients [109–114],
and the use of electron-beam irradiation [115,116] to the final
content of HAAs.

29.2.2 Analysis
The development of analytical methods for the analysis of HAAs
is mainly focused on the improvement of method performances
in order to overcome the problems related to the complex food
matrix and the very low concentrations involved (some nanograms per gram of sample). In particular, attention has to be paid
to the extraction and purification step to eliminate interferents
and preconcentrate the analytes.
The most widespread extraction and purification method for
HAAs is based on the use of solid-phase extraction (SPE), coupling different solvents in tandem, most of the methods present in the literature are based on a previous method by Gross
and Gruter [117] and further modified. The general extraction
procedure involves several steps: the sample is homogenized in
0.1 M NaOH and applied to diatomaceous earth extraction columns, attached in series to Isolute-propanesulfonic acid (PRS)
cation-exchange solid phase extraction (SPE) cartridges. HAAs
are eluted from Extrelut with CH2Cl2 and extracted HAAs are
adsorbed onto the PRS cartridges. The sequential elution of the
separated PRS cartridges provides two HAAs fractions: TrpP-1, Trp-P-2, amino-a-carboline, methyl-amino-a-carboline,
norharman, and harman are eluted with methanol
–1 M HCl
(apolar fraction); and IQ, IQx, MeIQ, MeIQx, 4,8-DiMeIQx,
7,8-DiMeIQx, PhIP, Glu-P-1, and Glu-P-2 are eluted with 1 M
ammonium acetate buffer solution pH 8 (polar fraction). Both
fractions are then concentrated by C18 SPE cartridges and eluted
by a mixture of methanol and ammonia.
This method was then slightly modified by different authors
[100–107,109–111,113–115,118–127]. The tandem extraction
requires few sample transfers and evaporation steps. The original two-step procedure was modified to a single step by the
use of the Oasis MCX LP SPE cartridge; with this copolymer,
both polar and nonpolar HAs can be recovered in one fraction
[109,128–130].
Other extraction procedures make use of supercritical fluid
extraction (SFE) [131], accelerated solvent extraction (ASE)
[132], liquid–liquid extraction followed by SPE [133], microwave-assisted extraction [134], and solid phase micro extraction
(SPME) [135]. A paper by Szterk et al. [108] compares different
extraction procedures: the original method by Gross and Grüter
[117]; its modification where Extrelut was replaced with the Celite
512 diatomaceous earth; liquid–liquid extraction with dichloromethane after saponification and neutralization, followed by SPE
on OASIS MCX ion-exchange cartridges using a slightly modified method proposed by Turesky et al. [136]; a method similar to
Reference [117] but eluting with ethyl acetate (the rest of the procedure follows method III); Method V: similar to method III but
amines and related compounds were subsequently extracted with
300 mL of ethyl acetate and rotary-evaporated to about 5 mL.
The last method was chosen as the best one.
HAAs show some properties important for their detection: they have characteristic ultraviolet (UV) spectra and
are also electrochemically oxidizable; moreover, some
of them, the less polar HAAs and PhIP, show fluorescence in polar solvents. They are therefore usually determined by HPLC coupled to DAD [102,109,111,127,135],
fluorescence detection (FLD) [110,131], both DAD and FLD
[103,106,107,113,114,119–121,126,127,137], or electrochemical
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Table 29.1
Biogenic Amines
Analytes

Analytical Method
HPLC

All, but particularly tyramine
and histamine

HPLC-DAD

Histamine, tyramine,
phenylethylamine,
tryptamine, putrescine,
cadaverine, spermidine,
spermine
Histamine

HPLC-UV

L-Lysine, L-histidine
histamine, tyramine,
tryptamine, putrescine,
2-phenylethylamine,
cadaverine, spermidine,
spermine, serotonin,
dopamine, agmatine,
trimethylamine

HPLC-DAD

HPLC-FLD

Sample Treatment

Reference

Column: Spherisorb C18 S3ODS-2 3 µm, 0.5–1 mg/L
150 × 4.6 mm. HPLC analysis as in
Reference [35]. Mobile phase modified
adding 10% acetonitrile (ACN). Column
temperature increased to 45°C.
Identification based on retention times.
Column: Spherisorb C18 S3ODS-2 3 µm, 5 mg/kg for all the
amines; 8 mg/kg for
150 × 4.6 mm. Injection volume 10 µL.
2-phenylethylamine
Separation conditions adapted from
Reference [37]. Mobile phase: ACN
(A), ultrapure water (B). Gradient: 57%
A for 5 min; to 80% in 4 min; from 80%
to 90% A in 1 min; hold for 5 min. Flow
0.8 mL/min, column T 30°C. UV
detection: 254 nm. Identification based
on retention times.
Column: Cogent HPS C18,
–
150 × 4.6 mm, 5 µm. UV detection:
254 nm. HPLC separation and detection
as in References [41,42].

Experimental Conditions

DL

65 Abruzzo wines

Applications

Purification by SPE through C18 cartridges.
Derivatization with DNS-Cl as in Reference
[35].

[36]

Twelve randomly
purchased
commercial cheeses
produced in
Abruzzo region

Acid extraction and derivatization with
DNS-Cl as in References [38] and [39] and
reported by Reference [37].

[40]

Fish meat offered in
restaurants in Czech
Republic—112 raw
samples

Threefold extraction of BAs from the
lyophilized matter by 0.6 M PCA.
Derivatization with DNS-Cl as in References
[41,42].

[43]

Column: Luna C8 250 × 4.6 mm 5 μm.
Flow 1.0 mL/min. Isocratic elution.
Mobile phase: 0.01 M phosphate buffer
with 0.002 M sodium 1-decanesulfonate
pH 5.4 and ACN 80:20 (v/v). Injection
volume 2 μL. Column T 40°C. Derivat.:
column connection with derivatization
line at 0.4 mL/min; reaction coil T
40°C. FLD λex/em: 343/445 nm.
Column: ODS Hypersil 5 μm
250 × 4.6 mm. HPLC analysis as in
Reference [45]. Gradient elution with
ACN and HPLC-grade water.
Separation time <20 min. Injection
volume 10 µL. UV detection: 254 nm.

LOD and LOQ: 0.6
and 2.4 mg/kg in
matrix

311 samples of fresh
fish and fish
products collected
in Puglia (Italy)

Sample addition to 5% TCA.
Homogenization. Centrifugation (2112 g,
10 min, 10°C); separation of the supernatant.
5% TCA addition to the extract. Filtration by
Anotop 10 LC filter 0.2 µm, 10 mm.

[44]

–

58 isolates of
Streptococcus
thermophilus from
home-made natural
yogurt

Derivat.: Extracted bacterial cultures or
standard solution addition with NaOH 2 M
and BZL-Cl. Vortex mixing for 1 min. Left
at room temperature for 20 min. Reaction
stopped by saturated NaCl solution. Double
extraction with diethyl ether. Organic layer
evaporation to dryness in N2 and residue
dissolution in ACN.

[46]
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Ethylamine,
2-phenylethylamine,
putrescine, cadaverine,
isoamylamine, histamine,
tyramine, spermidine
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White (Pignoletto)
and red
(Sangiovese) grape
berries and wines
from the EmiliaRomagna region
(Italy)

Grape samples homogenization in 4% (v/v)
cold PCA and centrifuged (20,000g, 30 min,
4°C). Aliquots of supernatants or of wines
derivatization with DNS-Cl (3 mg/mL
acetone) and extraction by toluene.

[47]

LOD:
0.01–0.21 mg/L

Cheese: Burgos,
Manchego, Gouda,
Emmental,
Cheddar, Cabrales

[48]

HPLC

HPLC analysis as in Reference [49].

–

Refrigerated storage
of fresh beef
merguez sausage

Sample homogenization with 0.1 M HCl
containing 0.2% 3,3′-thiodipropionic acid
(TDPA) (2 min, 20,000 rpm). Ultrasonication
for 30 min; centrifugation (5000g, 20 min).
Top fat layer removing. Supernatant filtration
through 0.45 μm membrane. Filtrate
deproteinization by passing through
ultrafiltration inserts via centrifugation
(3500 g, 1 h). Cheese extract, 1 M borate
buffer (1 M boric acid added with NaOH
until pH 9.0), CH3OH, I.S. (2 g/L) and
DEEMM incubation at 30°C in an
ultrasound bath for 45 min. Heating at 70°C
for 2 h. Filtration through 0.22 μm
membranes and dilution, when necessary,
with 0.1 N HCl.
Extraction of BAs as in Reference [49].

HPLC-DAD

Column: Spherisorb ODS2 125 × 4 mm,
5 μm. HPLC method as in Reference
[38].

–

–

[51]

HPLC-UV

Column: Spherisorb 3 μm ODS-2
4.6 mm × 150 mm. Injection volume:
20 μL. HPLC analysis as in Reference
[52].

LOD 3 mg/kg of
samples

Mexican-style soft
and Spanish-style
dry-ripened
sausages
Italian dry fermented
sausages packaged
under 100% N2 or
30%CO2/70%N2

Extraction by TCA as in Reference [53].
DNS-Cl derivatization as in Reference [54].
DNS-Cl was solubilized at 5 mg/mL in
HPLC-grade acetone.

[55]

Benzoylation and
HPLC analysis

Column: Inertsil ODS-3 250 × 4.6 mm,
5 μm. Column T 30°C. Gradient elution
with 10 mM ammonium acetate and
ACN. Flow 1 mL/min. UV: 254 nm.

0.5 mg/kg, wet
weight basis

38 samples of sufu, a
Chinese cheese-like
fermented soybean
food

Acid extraction as in Reference [56] and
benzoylation as in Reference [57] with slight
modifications.

[58]

HPLC-FLD

Agmatine, histamine,
ornithine, tyramine,
putrescine, tryptamine,
cadaverine, phenylethylamine

UPLC-UV

Tyramine, histamine,
phenylethylamine,
putrescine, cadaverine,
tryptamine, agmatine,
spermidine, spermine
Cadaverine, histamine,
putrescine, tyramine,
histamine, espermine, and
spermidine
Histamine,
2-phenylethylamine,
tyramine, putrescine,
cadaverine, spermidine,
spermine
Putrescine, cadaverine,
tyramine, tryptamine,
2-phenethylamine, histamine,
serotonin, spermidine,
spermine, agmatine

Organic Bases

Column: Gemini C18 5 µm,
4.6 × 250 mm. Flow 1 mL/min.
Gradient: 0 min ACN:H2O (60/40v/v);
5.5 min ACN:H2O (70/30); 7 min
ACN:H2O (80/20); 9 min ACN:H2O
(100/0); 11 min ACN:H2O (100/0);
13 min ACN:H2O (70/30); 16 min
ACN:H2O (60/40); 21 min ACN:H2O
(60/40).
Column: Acquity UPLC BEH C18
1.7 μm 2.1 × 100 mm. T 35°C. Mobile
phase: 25 mM acetate buffer pH 6.7
plus 0.02% sodium azide, CH3OH and
ACN. Injection volume 1 μL. Flow
0.45 mL/min. UV: 280 nm.

Tryptamine, histamine,
tyramine, diamine–propane,
cadaverine, putrescine,
spermidine, spermine

[50]

(Continued)
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Table 29.1 (continued)
Biogenic Amines
Analytes

Analytical Method

Experimental Conditions

DL

Applications

Sample Treatment

Reference

Extraction as in Reference [38]. Sample
extract alkalinization by 2 M NaOH.
Buffering by saturated NaHCO3. Addition of
10 mg/mL DNS-Cl solution in acetone.
Reaction mixture incubation (40°C, 45 min,
darkness). Residual DNS-Cl removing by
25% NH3. After 30 min volume was adjusted
with ACN. Centrifugation (5000 rpm, 5 min).
Supernatant filtration by 0.22-µm filters.
Sample homogenization in TCA 5% (w/v).
Extraction assisted by ultrasonication for
20 min, followed by centrifugation (15 min,
5000 rpm). Solutions filtering through
0.45 µm syringe filters and dilution 10-fold
in water to a final TCA concentration of
0.5% (w/v).

[59]

Sample homogenization in 0.6 M PCA for
2 min at 11,000 rpm. Shaking for 30 min at
600 rpm. Centrifugation (15,000g, 4°C,
10 min). Extraction was repeated twice.
Extracts combination; I.S. (norvaline
50 mM) addition and filling up to volume.
Acidic extract centrifugation (16,000g,
10 min, 4°C) and supernatant neutralization
with 0.55 M NaOH. Mixing with AccQ.
Fluor borate buffer and AQC reagent. After
1 min rest, heating at 55°C for 10 min.
Filtration by 0.20 µm syringe filter.
Sample homogenization in 6% TCA (3 min,
10,000 rpm/11,180g, 10 min at 4°C) and
filtration through Whatman No. 1 filter.
Brought to 50 mL with distilled water. Stock
derivatization solution: 2% BZL-Cl in ACN.
Derivatization: addition to the standard
solution or the sample extract of 2 M NaOH,
BZL-Cl 2% and vortex mixing for 1 min.
Reaction at 24°C for 20 min. Benzoylation
stopped by saturated NaCl solution. Double
extraction with diethyl ether. Organic layer
evaporation to dryness by N2. Residue
dissolution in ACN.

[61]

HPLC-DAD

Column: COSMOSIL 5C18-PAQ
4.6 × 250 mm. Mobile phase: NH4
acetate (0.1 M; A) and ACN (B).
Gradient: 0 min, 50% B; 25 min, 90%
B; 35 min, 90% B; 45 min, 50% B.
Identification based on retention times.
Flow 0.8 mL/min. Column T 30°C.
Injection volume 10 µL. UV: 254 nm.

–

Different freezing
treatments on the
quality changes of
bighead carp heads

Histamine

Method based on
concept of zone
fluidics (ZF). Online
reaction with OPA
followed by
acidification

LOD: 0.05 µmol/L
(0.6 mg/kg)

Seafood samples
(fresh and canned
tuna, canned
sardines, smoked
mackerel)

Histamine, tyramine,
putrescine, cadaverine, and
tryptamine

UHPLC

ZF: NaOH (2 × 25 µL 0.2 M), OPA
(2 × 25 µL 0.25 mM) and sample/
standard (2 × 35 µL) aspiration in the
holding coil. Mixture left to react for
30 s under stopped-flow conditions.
Aspiration of 200 µL 1.0 M H3PO4;
downstream acidification upon passage
through a 90-cm mixing coil prior to
FLD at 365/450 nm. Sampling rate:
15 h−1.
Column: BEH C18, 50 × 2.1 mm 1.7 µm.
Mobile phase: A (0.1 M sodium acetate
in ultrapure water to pH 4.80 with acetic
acid) and B (ACN). Column T 35°C.
Flow 1.0 mL/min. Gradient: 0–2.5 min
0% B; 2.5–4.0 min 0%–3% B;
4.0–9.0 min 3%–30% B; 9.0–9.5 min
30%–100% B; 9.5–10.0 min 100% B;
10.0–10.5 min 100%–0% B. Injection
volume 2 µL. UV: 249 nm.

LOD: 0.05–
0.29 mg/100 g.
LOQ:
0.16–0.97 mg/100 g

47 ripened acid-curd
cheeses

Putrescine, cadaverine,
spermidine, tryptamine,
spermine, serotonine,
trimethylamine, dopamine,
agmatine,
2-phenyethylamine,
histamine, and tyramine

HPLC-DAD

Column: RP ODS Hypersil, 5 μm,
250 × 4.6 mm. HPLC analysis as in
Reference [62].

–

Study of the effects
of different doses of
γ radiation during
the storage of sea
bream (Sparus
aurata) in ice

[60]

[63]
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Tryptamine, 2phenylethylamine,
putrescine, cadaverine,
histamine, tyramine,
spermidine, spermine
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HPLC

HPLC method as in Reference [49].

–

UPLC

Column: Zorbax Eclipse XDB C18;
504.6 mm, 1.8 μm. HPLC as in
Reference [41].

–

Histamine

HPLC-UV

–

Tyramine, putrescine,
cadaverine spermidine
Histamine, spermine

HPLC-FLD

HPLC as in Reference [66] with slight
modifications. UV at 254 nm. Elution
with 70% 0.1 M ammonium acetate (in
90% ACN) and 30% 0.1 M ammonium
acetate at 0.8 mL/min.
Column: Zorbax XDB C18
4.6 × 250 µm. Gradient elution. Mobile
phase: 50% ACN and 90% ACN. Flow
1.0 mL/min. T 30°C. FLD λem/ex:
515/340 nm.

Same as in Reference [30]

Same as in Reference
[30]

Tyramine

Phenylethylamine, putrescine,
serotonin, spermidine,
spermine, thioproline,
tryptamine, tyramine

Stabilized oil to
reformulate low-fat,
n-3 polyunsaturated
fatty acid enriched
“chorizo”
Fillets of rainbow
trout. Vacuum
packaging followed
by high-pressure
processing
Mackerel during
storage at 0°C, 4°C,
15°C, and 25°C

–

Chinese low-salt
fermented fish
pieces (Suan yu)
inoculated with
mixed starter
cultures

Same as in Reference [30].

–

Electrochemical
tyrosinase (Ty)
electrode

Ty was immobilized over the
electrochemically polymerized Ppy film
by drop and dry technique followed by
cross-linking.

LOD: 5.7 × 10−7 M

Chinese traditional
low-salt fermented
whole fish product
Suan yu
Sauerkraut samples

HPLC-DAD

Column: Gemini C18 90A RP
150 × 3 mm, 5-µm. Flow: 0.5 mL/min.
Column T 30°C. Gradient: 0.1 M Na
acetate (A) and ACN (B), 65% to 90%
B in 15 min.

–

Sardinian fermented
sausage

Sample blending with 7.5% trichloroacetic
acid (20,000 rpm, 3 min) and centrifugation
(5000g, 15 min, 4°C). The supernatants were
filtered through a Whatman No. 1 filter and a
0.22 µm Nylon filter.
Samples homogenization. BAs extraction with
diluted PCA, p.a. (0.6 M). After filtration,
the volume was made up to 150 mL with
PCA (0.6 M). Derivatization with DNS-Cl as
in Reference [41].
Sample homogenization in 6% v/v PCA and
centrifugation (10,000g, 10 min, 4°C). The
volume was adjusted to 25 mL with 6%
PCA. Derivatization with DNS-Cl as in
Reference [66].
Sample addition with 0.4 M PCA.
Homogenization at 3000 rpm for 10 min.
Centrifugation (12,000g, 10 min, 4°C).
Extraction was repeated twice and
supernatants combined. 0.4 M PCA addition.
Derivatization as in Reference [68]. Extract
mixing with standard solution, 2 M NaOH
and saturated sodium bicarbonate. Addition
of DNS-Cl 10 mg/mL, mixing and
incubation at 40°C for 45 min. Residual
DNS-Cl removing by 25% NH4OH. Mixture
complementation to 5 mL with ACN and left
for 30 min at room temperature. Filtration by
0.45-µm membrane.
Same as in Reference [30].

Extraction by phosphate buffer solution as in
Reference [71]. Sample vortex mixing with
phosphate buffer pH 7.0 for 1 min.
Ultrasonication for 10 min and
centrifugation (4°C, 10 min, 5000 rpm). The
supernatant was recovered.
Extraction as in Reference [72]. Sample
homogenization in 5% w/v TCA containing
300 µg 1,7-diaminoheptane as I.S.
Dansylation as in Reference [73].

[64]

[65]

Organic Bases

Tyramine, phenylethylamine,
histamine, putrescine,
cadaverine, agmatine,
triptamine, spermidine, and
spermine
Putrescine, cadaverine,
spermidine, spermine,
histamine, triptamine,
tyramine, phenylethylamine

[67]

[69]

[70]

[30]

[74]

(Continued)
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Table 29.1 (continued)
Biogenic Amines
Analytes

Analytical Method

Experimental Conditions

DL

Applications

Sample Treatment

Reference

Tyramine, phenylethylamine,
histamine, putrescine,
cadaverine, tryptamine,
agmatine, spermidine, and
spermine
Tryptamine,
phenylethylamine,
putrescine, cadaverine,
histamine, serotonin,
tyramine, spermidine, and
spermine

See Reference [55].

See Reference [55].

See Reference [55]

Storage stability of
merguez sausage

See Reference [55].

[75]

HPLC-DAD

LOD in mg/g: from
0.1 (putrescine,
spermidine) to 0.5
(serotonin,
spermine)

Dry-fermented
sausage from
Northern Serbia

Sample preparation and extraction as in
Reference [38]. Determination as dansyl
derivatives as in Reference [76].

[77]

Putrescine, histamine,
tyramine

HPLC-FLD

Column: Eclipse XDBC18 1.8 µm
4.6 × 50 mm. Mobile phase: A (ACN)
and B (water). Gradient: initial 50% B;
to 10% B in 7.6 min, 10% B to 10 min;
to 50% B in 2 min. Flow 1.5 mL/min.
Column T 40°C. Injection volume:
5 µL.
RP-HPLC as in Reference [78]. Column:
Nova-Pak C18 150 × 3.9 mm 60 A
4 µm. FLD λex/em: 340/425 nm.

–

Histidine, tyramine,
typtamine, putrescine,
2-phenylethylamine,
cadaverine, spermidine,
spermine, serotonin,
dopamine, agmatine,
trimethylamine

HPLC-DAD

Analysis as in Reference [45]. Column:
ODS Hypersil 5 µm 250 × 4.6 mm.

–

Cadaverine,
2-phenylethylamine,
Histamine, and spermidine

Micellar liquid
chromatography-UV

Column: C18 125 × 4.6 mm 5 µm.
Mobile phase: 0.15 M sodium dodecyl
sulfate (SDS) pH 7. Flow 1 mL/min.
Injection volume 20 µL. UV: 260 nm.

LOD: 158–375
ng/mL

Histamine, tyramine,
putrescine,
2-phenylethylamine,
cadaverine, spermidine,
spermine, agmatine

LC-UV and LC with
evaporative light
scattering (ELS)
detector

LC–UV. Column: C18 250 × 4.6 mm,
5 µm. LC-ELSD.

LOD: in the range of
0.1 mg/mL

Natural ciders as a
Dilution with 0.4 M borate buffer pH 10.
function of the year
Automatic precolumn double derivatization
and the manufacture with o-phthaldialdehyde (OPA). Filtration
steps
through 0.45-µm Millipore filters.
Ornithine-enriched
Derivatization: Extracted bacterial cultures
broth
addition with NaOH 2 M and benzoyl
chloride. Vortex mixing for 1 min. Mixture
left at room temperature for 20 min.
Benzoylation stopped by saturated NaCl
solution. Extraction twice with diethyl ether.
Organic layer evaporation to dryness in N2.
Residue dissolution in ACN.
Fish sauce
Derivatizing reagent: 3,5-dinitrobenzoyl
chloride 5 mM in ACN. BAs standards, 1 M
NaOH, 2-propanol and 3,5-dinitrobenzoyl
chloride mixing in a reaction tube. After
3 min of shaking at 25°C, addition of 2 M
HCl. After 1 min shaking, filtration.
Different cheese
Sample addition with HCl 0.1 M.
samples
Homogenization (vortex at 40 Hz for
40 min), centrifugation (12,000g, 25 min),
filtration (syringe filter 0.20 µm) and
purification by SPE on a C18 sorbent
(washing by water; twice elution by
CH3OH). Extract drying with N2 and
redissolution with ultrapure water.

[79]

[80]

[81]
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Amperometric
biosensor using
plasma amino
oxidase

Enzyme immobilization on carbon
working electrode by cross-linking with
BSA using glutaraldehyde.
Electrochemical measurements by
amperometry at room temperature in an
electrochemical cell containing the
supporting electrolyte and 22 μM
HOMeFc solution, under stirring.

LOD: 2.0 ± 0.18 μM

Cheese

Putrescine, cadaverine,
histamine, spermidine

Sensor

LOD: 25–30 μmol/L
(putrescine,
cadaverine), higher
for histidine and
spermidine

No specific
application

Heptylamine, histamine,
isoamylamine,
2-phenylethylamine,
propylamine, putrescine,
tryptamine, tyramine

HPLC-FLD

The enzyme diamine oxidase from Pisum
sativum was immobilized either on
chitosan-coated magnetic microparticles
or on commercial microbeads modified
with a ferrofluid. The enzyme catalyzes
the oxidation of amines under
consumption of oxygen. Determination
by measuring the quenched fluorescence
lifetime of the ruthenium complex.
Precolumn derivatization with
naphthalene-2,3-dicarboxaldehyde then
HPLC with fluorescence detector.

LOD: between 5
(histamine) and 330
(cadaverine) μg/L

Fish tissues

Cadaverine, histamine,
putrescine, tyramine

HPLC-UV

Column: LiChrospher 100 RP-18
250 × 4 mm, 5 μm. Mobile phase:
water/ACN mixture. Gradient: 0–5 min
water/ACN 35/65, 5–20 min water/ACN
25/75. Flow 0.8 mL/min. UV: 254 nm.

–

Cheese

Sample homogenization with 5% HClO4 and
vortex mixing for 2 min. Centrifugation
(10 min, 9000 rpm). Supernatant
neutralization by 3% NH3 saturated with
NaCl. Second extraction by ethyl acetate–
acetone (2:1) on a vortex mixer for 2 min.
Centrifugation (10 min, 9000 rpm). Organic
phase drying with anhydrous Na2SO4.
Evaporation to dryness. Solid dissolution in
Milli-Q water.
–

[31]

Addition of TCA 6% (w/v). Vortex mixing for
3 min and ultrasonication for 15 min.
Immersion in a water bath (60°C, 15 min).
Centrifugation (3000 rpm, 402g, 10 min).
Hexane addition to the supernatant and
centrifugation (3000 rpm, 10 min). pH
adjusting of the aqueous layer to 9.0 with
NaOH 1 M. Volume making up by
HPLC-grade water. Dilution with CH3OH.
Addition of 1250 μg/L HEP solution to an
amber vial containing standard BA solution
or fish extract, pH adjusting to 9.0 by borate
buffer 100 mM and KCN solution in borate
buffer. Reaction initiation by NDA solution.
Reaction mixture left at room temperature,
protected from light, for 30 min.
Extraction and DNS-Cl derivatization as in
Reference [39].

[33]

Organic Bases

Tyramine

[32]

[83]

(Continued)
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Table 29.1 (continued)
Biogenic Amines
Analytes

Analytical Method

Experimental Conditions

DL

Applications

Cadaverine, putrescine,
tyramine, histamine

Amperometric
biosensor with pea
seedling amine
oxidase and
screen-printed
carbon electrode
modified with MnO2

Enzymatically produced H2O2
determination to quantify BAs. Flow
injection analysis system with
phosphate buffer (66 mM, pH 7.5) as
mobile phase at +400 mV vs. Ag/AgCl.

LOD: 0.3 mM
(cadaverine,
putrescine), 3.0 mM
(tyramine,
histamine)

Chicken meat

Trimethylamine,
triethylamine, putrescine,
cadaverine, histamine,
agmatine, spermidine,
spermine

Ion-exchange
chromatography
with conductivity
detection

LOD: 23–65 μg/kg.
LOQ (spiked blank
real samples):
65–198 μg/kg

Tinned tuna fish,
anchovies, cheese,
wine, olives, and
salami

Histamine, tyrosine,
putrescine, cadaverine

HPLC after
derivatization with
o-phthaldialdehyde;
LC-MS

Column: IonPac CS17 250 × 4 mm 7 μm,
150 Å, 55% cross-linked
polyethylvinylbenzene—DVB, grafted
with carboxylated functional groups.
Column at room temperature. Gradient:
6-min isocratic step with MSA 6 mM,
from 6 to 11 mM in 16 min, from 11 to
40 mM in 4 min, at 40 mM in 4 min.
Flow 1 mL/min. Injection volume
25 μL. Suppressor current: 100 mA.
In 2006, wine samples were analyzed by
HPLC as in Reference [85]. In 2007,
BAs were quantified by LC-MS as in
Reference [86].

LOQ: 0.005 mg/L

Wine

Sample Treatment

Reference

Sample homogenization with Sørensen
phosphate buffer. Vortex mixing for 1 min.
Extraction by ultrasonication for 10 min at
room temperature. Centrifugation (3500 rpm,
10 min, room temperature). Extraction was
repeated two more times. Supernatant
collection in a volumetric flask and filling up
with phosphate buffer. Filtration through
0.22 µm SCFA filter.
Sample vortex mixing with 3 aliquots of
20 mM MSA for 1 min. Ultrasonication for
10 min. Centrifugation (3000 rpm, 10 min,
4°C). Extracts making up with 20 mM MSA.
Wine (diluted 1:2 in water) and olive
samples (after extraction) required an
additional purification by SPE on a
polyvinylpyrrolidone cartridge. Filtration
through 0.45-μm PTFE membrane.

[84]

Ten times dilution and filtration through
0.22 μm syringe filter. Derivatizing reagent:
o-phthaldialdehyde in CH3OH, 0.1 M
sodium tetraborate pH 10 and
2-mercaptoethanol. Diluted sample reaction
with derivatizing reagent for exactly 45 s.

[87]

[34]
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Organic Bases
detection [100,134]. Certainly, mass spectrometry coupled to
HPLC [100,101,104,105,108,112,123–125,128–130,132,138] is
nowadays the most widespread method for the identification and
quantification of HAAs. Other applications include the use of
ultra performance liquid chromatography-matrix assisted lased
desorption ionization-time-of-flight (UPLC-MALDI-TOF)
[133], capillary liquid chromatography-diode array detectormass spectrometry (LC-DAD-MS) [115,116], high performance
thin layer chromatography-electrospray ionization-mass spectrometry (HPTLC-ESI-MS) [137], and gas chromatographymass spectrometry [118,139]. In GC, since most of the HAAs
are polar and not volatile, they produce broad and tailing peaks:
derivatization is therefore necessary to reduce the polarity and
improve volatility, selectivity, sensitivity, and separation.
Some reviews are also present in the literature about the analysis of HAAs [140] and their analysis by LC-MS-MS [141]. The
analytical methods present in the literature for the HPLC determination of HAAs in food are summarized in Table 29.2.

29.3 Unsulfonated Aromatic Amines
29.3.1 General Information
Nonsulfonated aromatic amines (NSAAs), such as aniline, benzidine (Bz), 1- or 2-naphthylamine (1- or 2-NA), and 4-aminobiphenyl, have been proved to possess carcinogenic effect on
humans [144]. They can be present in food as impurities and byproducts in food additives (mainly dyestuffs) [145,146], as pesticides [147–150], or as molecules migrating from cooking utensils
and packaging materials [151–156].
Many coloring agents listed in the Colour Index (http://www
.colour-index.org/) are based on a benzidine structure. Their
use is in some cases limited or forbidden, for example, the U.S.
Food and Drug Administration (FDA) applied a limitation on the
levels of FD&C Yellow N°5 (tartrazine, 4,5-dihydro-5-oxo-1-(4sulfophenyl)-4-[(4-sulfophenyl)azo]-1H-pyrazole-3-carboxylic
acid tri-sodium salt)) and FD&C Yellow N°6 (Sunset Yellow
FCF, 1-(4′-sulfo-1′-phenylazo)-2-naphthol-6-sulfonic acid disodium salt). In other cases, global maximum contents for NSAAs
in color additives have been fixed; for example, the European
color additives specification fixes the maximum content of
NSAAs in synthetic food dyestuffs at 0.01%.
The interest in NSAAs was raised in 1981 by the so-called
toxic oil syndrome (TOS), which spread in Spain, and due to
the presence of aniline in rapeseed oil [157]; more than 20,000
people were affected by the disease, 11,000 of them required
hospitalization, and more than 800 died.
More recently, interest has been directed to their determination in foodstuff (they can be present as derivatives of pesticides
and antifungal or antimicrobial agents) and in food simulants in
migration tests (they can be present as agents migrating from
cooking utensils and packaging materials).
Many studies have been conducted on Malachite green (MG),
a cationic triphenylmethane dye that has been widely used in the
aquaculture industry as an antiparasitic agent since the 1930s
[149,150,158–161]; MG is absorbed into tissues and metabolized to the reduced and colorless form of leucomalachite green
(LMG) in fish. Gentian violet (GV) [158] shows characteristics

very similar to MG and this antiparasite is also metabolized to
its reduced form (LGV). MG and GV are often illegally used in
the fish farming industry. Methods for determining MG in fish
tissues should meet the minimum required performance limit of
2 μg/kg for the sum of MG and LMG.
Several studies are also present on amitraz, a triazapentadiene acaricide applied on beehives. Its maximum residual
limit in honey was set as 0.01 mg/kg in Germany and Italy and
0.2 mg/kg for the European Union. The amitraz molecule is
very unstable and can hydrolyze to form 2,4-dimethylaniline
(2,4-DMA) [147].

29.3.2 Analysis
NSAAs are usually determined by liquid chromatography, coupled
to different detection methods. The analytical methods present in
the literature for the HPLC determination of NSAAs in food are
summarized in Table 29.3. Owing to their polar nature and low volatility, their determination by GC is rather difficult. GC-MS is quite
widespread for the determination of amitraz and its metabolites
[147,148,162], although applications of HPLC-MS are also present
[147,148,163,164]. Their low concentration level usually requires
a preconcentration step; for this purpose, different methods are
exploited in the literature: liquid–liquid extraction [162–166], liquid–liquid extraction followed by SPE [149,150,158,160,161,167],
SPME [145], SPE [146,153,168,169], ASE, and SPE [148].
• Food color impurities. NSAAs have been recently
detected in food colorants by headspace SPME GC-MS
[145] and by HPLC with both UV and electrochemical
detection [146] after SPE.
• Derivatives of antifungal and antimicrobial agents.
Different studies have recently been conducted on the
amount of MG, GV, and their reduced forms LMG and
LGV in fish, at different times from their initial administration. These analytes are usually detected, after
liquid–liquid extraction followed by SPE, by LC-UV
and FLD [150,161], or LC-MS [149,158–160]. Other
studies include the determination of amitraz and its
metabolites. GC-MS and GC-ECD were adopted for
their determination in meat [148], while GC-MS was
exploited for their determination in strawberries, pears,
oranges, and honey [162]. Amitraz was also determined
by HPLC-TOF-MS in fruits and vegetables [163], by
HPLC-QTOF in fruits [147,148], and by LC-UV and
MS/MS in honey [164]. Another study reports the use
of UPLC followed by Q-TOF-MS detection to determine amitraz in pears [147].
• Migration studies. Recently, many studies were conducted on the determination of NSAAs in food simulant solutions (distilled water and/or 3% acetic acid) in
migration tests from food packaging materials or cooking utensils. In these studies, NSAAs are determined
by LC QQQ-MS [154], UPLC-MS [151,153,170], and
UPLC-QTOF MS [153] or LC-MS/MS [152].
• Other studies. Other studies present in the literature
include the determination of chlorpropham metabolites
in potatoes by micellar electrokinetic chromatography
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Table 29.2
Heterocyclic Aromatic Amines
Analytes

Analytical
Method

Experimental Conditions

DL

Applications

GC-MS

Column: DB-5 30 m × 0.25 mm, 0.25 μm. Injector
280°C; splitless (1 min). Oven program: 70 for 1 min,
to 240°C at 25°C/min, hold 1 min, to 300°C at 10°C/
min, hold 5 min. Carrier: He, 1 mL/min. Full scan: 50
to 290 m/z. Positive EI mode.

LOD: 0.9–10.3 ng/g;
slightly higher for
PhIP and Trp-P-2

Meat extract

DMIP, IQ, MeIQ,
MeIQx, 4,8-DiMeIQx,
Glu-P-1, Glu-P-2,
7,8-DiMeIQx,
TriMeIQx, PhIP, AαC,
MeAαC, Trp-P-1,
Trp-P-2

LC-ECD
LC-MS

LC-ECD. Column: C8 Symmetry 5 μm 150 × 2.1 mm.
Mobile phase: 50 mM acetic acid/CH3COONH4 buffer
pH 5.25—ACN 90:10 (A); 50 mM acetic acid/
CH3COONH4 buffer pH 6.0—ACN 70:30 (B). Flow
300 μL/min. Electrodes: glassy carbon, Ag/AgCl/KCl
3M, Teflon carbon-filled. Potentials: +1000 (A),
+950 mV (B). Sample volume: 10 μL.
LC—ESI IT MS. Mobile phase: ACN (A); 30 mM
acetic acid/CH3COONH4 buffer pH 4.5 (B). Gradient:
0% A, 0–0.5 min; 5% A, 0.5–15 min; 20% A,
15–18 min; 20%–60% A, 18–27 min; 60% A,
27–30 min. Sample volume: 5 μL. Full scan: m/z
150–250.

From 5 to 79 pg
injected

Lyophilized
beef, chicken.
Cooking
methods:
frying and
griddling with
olive oil.

Harman, norharman, IQ,
MeIQ, MeIQx, PhIP,
AαC

LC ion pair
MS/MS

0.6–3.6 μg/L

Aqueous
standard
solutions of
HAAs at
100 μg/L.

4′-OH-PhIP, PhIP

LC-MS/MS

Column: TSKgel ODS-80TS 250 × 2.0 mm 5 μm.
Mobile phase: NH4 formate–formic acid at 3 pHs (2.8,
3.7, 4.7) (A) and ACN (B). Flow 0.2 mL/min. Mobile
phase: A/B 90/10 (IQ, MeIQ, MeIQx); A/B 80/20
(others). Salt 3.03 mM.
ESI-QQQ-MS. PI mode. ESI: capillary 2.8 kV, cone
40 V (AαC), 50 V (others); extractor lens 2 V, source
110°C, desolvation 240°C, rf lens 0.1 V. Nebulizer/
desolvation gas (N2): 60 and 550 L/h.
Column: Symmetry C8 5 μm 2.1 × 150 mm. Sample
volume 5 μL. Mobile phase: ACN (A), 30 mM acetic
acid–CH3COONH4 buffer pH 4.5 with NH3 (B). Flow
0.3 mL/min. Gradient: 0–0.5 min, 5% A; 0.5–15 min,
5%–20%A; 15–18 min, 20%–60% A; 18–24 min, 60%
A; 24–27 min. Postcolumn addition of 0.1% HCOOH
in ACN at 0.1 mL/min. ESI IT: spray 3 kV; sheath gas
90 au; auxiliary gas 60 au; heated capillary 280°C.
Range: 110–250 m/z.

LODs: for
4′-OH-PhIP and
PhIP were estimated
to be 0.08 and
0.02 ng/g of cooked
meat

Beef and pork
(fried,
coated-fried),
chicken (fried,
griddled,
coated-fried,
roasted,
winemarinated)

Sample Treatment

Reference

Sample homogenization with 1 M NaOH. Mixing
with diatomaceous earth. Elution to PRS cartridge
by ethyl acetate. Rinsing with 0.01 M HCl,
CH3OH:0.1 M HCl 6:4, water. Neutralization
with NH3. Passing through C18 cartridge. Elution
by CH3OH:NH3 9:1 (less-polar extract). PRS
coupling to C18; elution from PRS by
CH3COONH4 pH 8.5; elution from C18 by
CH3OH:NH3 9:1 (polar extract).
Method A. Sample homogenization in 1 M NaOH.
Mixing with Isolute refill in an Extrelut column.
Elution to PRS cartridge by CH2Cl2. Washing
solutions (0.01 M HCl, CH3OH:0.1 M HCl 6:4,
water) collected to a C18 cartridge. Less polar
HAs elution by CH3OH:NH3 9:1. Elution from
PRS to C18 by 0.5 M CH3COONH4 pH 8.5.
Elution by CH3OH:NH3 9:1. Evaporation to
dryness. Method B. Extracts dissolution in
CH3OH. Addition of 0.01 M acetic acid/
CH3COONH4 buffer pH 6.0; transfer to CBA
columns; elution by CH3OH:NH3 95:5.
Concentration to dryness and dissolution in the
I.S. in CH3OH buffer 50:50.
–

[118]

Sample homogenization with 1 M NaOH.
Extraction, purification, and preconcentration by
SPE by ethyl acetate. Evaporation under N2;
reconstitution with I.S. (d3-PhIP) in CH3OH
(0.15 μg/g).

[101]

[100]

[138]
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DMIP, Glu-P-2, IQ,
MeIQ, MeIQx,
Glu-P-1, 4,8-DiMeIQx,
7,8-Di-MeIQx,
Trp-P-1, Trp-P-2, PhIP,
AαC, MeAαC
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CE: 20 kV, 25°C, 40 mA. Hydrodynamic injection:
50 mbar, 5 s. Capillary: fused-silica, 41 cm, 50 μm,
conditioned by 0.1M NaOH (30 min), deionized water
(20 min), fresh running electrolyte (20 min). BGE
solution: 10 mM NH4 formate with 10% ACN to pH
1.5 with HCOOH. Detector: Xe–Hg lamp. FLD: ex
240–400 nm; em 495 nm.

LOD: 15.9–28.1
ng/mL
LOQ: 53.1–93.8
ng/mL

Meat samples

IQ, MeIQx, MeIQ,
4,8-DiMeIQx, PhIP

HPLC-DAD

LOD and LOQ:
0.004 ng/g and
0.011 ng/g

Cooked beef
patties

IQ, IQx, MeIQ, MeIQx,
4,8-DiMeIQx,
7,8-DiMeIQx, PhIP,
Trp-P-1, Trp-P-2,
Glu-P-1, Glu-P-2,
AαC, MeAαC,
harmane, norharmane

HPLC-FD

Harman, MeIQx,
harmine, norharman

Capillary
LC-DAD,
HPLC-MS

DMIP, IQ, 8-MeIQx,
MeIQ, 4,8-DiMeIQx,
PhIP

HPLC-DAD

Column: Semi Micro ODS-80 TS 250 × 5 mm 5 µm. T
30°C. Flow 0.3 mL/min. Mobile phase: CH3OH/ACN/
water/acetic acid (14/8/76/2) to pH 5.0 with NH4OH
25% (A), ACN (B). Gradient: 0% B, 0–12 min;
0%–30% B, 12–20 min; 30% B, 20–35 min. Sample
volume: 3 μL (2.5 μL sample + 0.5 μL I.S.:
4,7,8-TriMeIQx).
Column: TSK-gel ODS-80TM 250 × 4.6 mm 5 μm.
Mobile phase: A (0.01 M triethylamine phosphate
buffer pH 3.2), B (0.01 M triethylamine phosphate
buffer pH 3.6), C (ACN). Gradient: 1 mL/min
82%–75% A, 10% B and 8%–15% C 0–10 min;
85%–75% B and 15%–25% C 10–20 min, 0%–5% A,
75%–55% B and 25%–45% C 20–29 min; 5%–82%
A, 55%–10% B and 45%–8% C 29–33 min. UV:
258 nm and 200–360 nm. FLDex/em: initial
360/450 nm, 14 min 300/440, 22 min 265/410, 24 min
305/390, 25.5 min 265/410, 28 min 335/410.
LC-ESI-Q-MS. Column: RP Luna 3 μm C18
150 × 0.3 mm. Sample volume: 20 μL. PI mode; micro
ESI nebulizer. Drying gas 325°C; gas 6.0 L/min.
Nebulizer 1.17 bar; ESI 3.0 kV.
cLC-DAD–MS. Isocratic separation. Same column as
before; T: 30°C. Mobile phase: ACN–NH4 formate
5 mM pH 3.6 13:87. Flow 9.0 μL/min. DAD: 275 nm
(caffeine, I.S.), 265 nm (MeIQx), 250 nm (others).
Full scan.
Column: TSK-gel ODS 80-TM 5 μm 250 × 4.6 mm.
Mobile phase: 5% ACN; 95% triethylamine phosphate
buffer pH 3.3 (A). Gradient: A for 2 min, increased
linearly to 25% ACN in 20 min, to 55% ACN in
10 min, at 55% ACN for 10 min. Column 40°C. Flow
1 mL/min. UV: 227 nm, 253 nm, 263 nm, 321 nm.

IQ, 8-MeIQx, MeIQ,
4,8-DiMeIQx, PhIP

HPLC-DAD

Column: TSK-gel ODS 80-TM 5 μm 250 × 4.6 mm.
Mobile phase: 5% ACN, 95% triethylamine phosphate
buffer pH 3.3. Gradient: mobile phase for 2 min, to
25% ACN for 20 min, to 55% ACN for 10 min and
remained at 55% ACN for 10 min. Flow 1 mL/min. T:
40°C. UV: 227 nm, 253 nm, 263 nm, 321 nm.

Fried beef
patties treated
with
marinades
with different
concentrations
of hibiscus
extract

LOQ:
0.013–0.077 µg/L

Electron-beamirradiated
smoked
salmon and
soft cheese

LOD: from 0.4 ng
(IQ) to 4 ng (DMIP)

Cooked and
fried pork
collar and
chops plus
their gravy

SFE by CO2 at 1.5 mL/min. Sample
homogenization with diatomaceous earth. After
pressure (25 MPa) and T (80°C) reaching,
extraction in static mode for 10 min (modified
CO2—0.17 mL/min, CH3OH—bypass the
extraction cell). After dynamic extraction for
60 min, modified CO2 with CH3OH passes
through the sample. Collection in ACN/water 1:1.
Sample homogenization in 1 M NaOH. Mixing
with diatomaceous earth into Extrelut columns.
Elution by ethyl acetate. Coupling with Oasis
MCX cartridges. Elution by CH3OH:25% NH3
19:1. Extract dissolution in CH3OH.

[131]

Samples homogenization in 1 M NaOH and I.S.
addition. Mixing with diatomaceous earth.
Extraction with CH2Cl2 with 5% toluene.
Absorption on PRS cartridge. Nonpolar HAAs
elution by 0.1 M HCl:CH3OH 2:3. Nonpolar
HAAs adsorbed on C18 cartridge. Elution by
CH3OH:NH3 25% 90:10. Redissolution in
caffeine solution (I.S.). Polar HAAs eluted from
PRS by CH3COONH4 0.5 M, pH 8 and adsorbed
onto C18 cartridge. Elution by CH3OH/NH3 25%
90:10 and redissolution in I.S. solution.
Sample homogenization in 1 M NaOH. Percolation
through diatomaceous earth cartridges. HAs
elution to HCX cartridge by CH2Cl2. Elution by
CH3OH with NH3 25% 95:5 and evaporation to
dryness. Extracts reconstitution in CH3OH:NH4
formate 5 mM pH 3.6 5:95.

[110]

Sample homogenization in 1 M NaOH. Mixing
with Extrelut and loading on column. Elution to
PRS columns by CH2Cl2 containing 5% toluene.
C18 columns connected to PRS and washed with
0.5 M NH4 acetate pH 8. Elution by CH3OH:
aqueous NH3 9:1. Evaporation to dryness and
dissolution in CH3OH.
Fried pork meat As in References [142] and [102].
without
additives and
with onion
and garlic

[109]

[115]

[102]

[111]
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Table 29.2 (Continued)
Heterocyclic Aromatic Amines
Analytes

Analytical
Method
HPTLC/
UV-FLD,
HPLC/
UV-FLD

Harman

HPLC/
ESI-MS,
HPTLC/
ESI-MS/
MS

IQ, Glu-P-2, MeIQ,
Glu-P-1, MeIQx,
7,8-DiMeIQx,
4,8-DiMeIQx, harman,
Tri-MeIQx, PhIP,
Trp-P-2, Trp-P-1, AαC,
MeAαC
DMIP, IQ, MeIQ,
MeIQx, 4,8-DiMeIQx,
4,7,8-TriMeIQx, PhIP,
Trp-P-1, Trp-P-2, AαC,
MeAαC, harman,
norharman

LC/
ESI-IT-MS

HPLCQQQ/MS

HPTLC/UV-FLD. LiChrospher Si 60 WRF254s plates.
Sample volume: 100 μL. Chamber saturation for
20 min by NH3 25%:ultrapure water 1:4, 34% relative
humidity by saturated MgCl2. Chromatography: room
temperature; migration distance 60 mm by
CH3OH:chloroform 1:9. Migration: 30 min. FL
enhancement by paraffin:n-hexane 1:1 for 3s at
30 mm/s and drying. FLD: 313/340 nm and 366/400.
HPLC/UV-FLD. Sample dilution with caffeine (IS).
Injection volume: 40 μL. Column: TSK-gel ODS80TM. Mobile phase: A (triethylamine phosphate
buffer, 0.01 M, pH 3.2), B (triethylamine phosphate
buffer, 0.01 M, pH 3.6), C (ACN). Gradient: initial
82% A, 10% B, 8% C; final 15% A, 10% B, 75% C.
Flow 1 mL/min; T 25°C. UV: 258 nm; FLD:
306/371 nm (PhIP), 300/440 nm (others).
HPLC/ESI–MS. Column: 5 μm Eurospher 100-C18
250 × 3 mm. Mobile phase: CH3OH:formate buffer
(10 mM, pH 4.0) 95:5; flow 0.5 mL/min. MS: SIM
mode at m/z 183.2. ESI+ mode: source 120°C;
capillary 3.5 kV. HPTLC/ESI–MS. Al sheets silica gel
60 F254. Sample volumes 1–10 μL. Twofold
development: diethyl ether:CH3OH 98:2; migration
distance 30 mm. Preconditioning by aqueous NH3 (pH
10.4). FLD: 366/400 nm. HPTLC/MS coupling.
Constant flow 0.1 mL/min. Extraction solvent:
CH3OH:formate buffer (10 mM, pH 4.0) 95:5.
HPTLC/ESI–MS/MS. QTrap MS with ESI source.
Column: Zobax 300SB-C18 0.30 × 150 mm 5 μm.
Mobile phase (flow 15 μL/min): A (7.5 mM NH4
formate buffer pH 2.8); B (ACN). Gradient: 0%–40%
B for 0–20 min. Sample volume: 1 μL. MS: capillary
3.5 kV; nebulizer 325°C; drying gas 5 L/min (N2);
skimmer, 40 V; capillary exit offset, 137.7 V. Full
scan: m/z 50–300.
Column: 5 μm C8 Symmetry, 150 × 2.1 mm. Mobile
phase (flow 0.3 mL/min): A (ACN), B (30 mM formic
acid-NH4formate buffer pH 3.7). Gradient: 0–1 min,
5% A; 1–15 min, 5%–30%; 15–18 min, 30%–60% A;
18–30 min, 60% A. Sample volume: 5 μL. ESI:
2.5 kV; nebulizer gas 11 a.u.; curtain gas 14 a.u.; turbo
ionspray gas 7000 a.u., 450°C; declustering potential,
30 V.

DL

Applications
Beef patties
fried in
sunflower oil

LOD by a single
quadrupole < 40 pg;
LOQ by MS/
MS < 20 pg

Different
dilutions of
the stock
solution

LOD, LOQ:
0.99 ng/g, 3.33 ng/g
(MeIQ, Trp-P-1),
0.51 ng/g 1.67 ng/g
(others)

Beef dishes,
pork dish,
fried chicken,
charcoal and
electrical
barbecue
chicken
Raw beef liver,
lamb kidney,
beef tongue;
fried with and
without spices

LOD ranged from
0.004 ng/g for
4,8-DiMeIQx to
0.05 ng/g for DMIP

Sample Treatment

Reference

Sample homogenization in 1 M NaOH. Mixing
with diatomaceous earth and filling in cartridges.
Extraction by CH2Cl2/toluene 95:5 and adsorbed
on PRS cartridges. Apolar HAAs elution by HCl
0.1 M/CH3OH 2:3. Addition of NH3 25%. Apolar
HAAs adsorption on C18 cartridges. Elution of
polar HAA from PRS by NH4 acetate 0.5 M, pH
8. HAAs adsorption on C18. Apolar and polar
HAAs elution from C18 by CH3OH:NH3
25% 9:1.

[103]

[137]

Sample homogenization in 1 M NaOH. Solution
transfer to Extrelut-20 column coupled to PRS
column. Extraction by CH2Cl2. PRS rinsing by
CH3OH:H2O 4:6 and water. PRS coupling to C18
column. Elution by CH3OH:NH4OH 9:1. Solvent
evaporation by N2 and redissolution in CH3OH
with 10 ng I.S. (1-naphthylamine).
Extraction of HAs as in Reference [123].

[104]

[105]
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PhIP, MeIQx,
4,8-DiMeIQx,
norharman, harman

Experimental Conditions
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HPLCQQQ-MS

Column: Symmetry C8 column 5 μm 150 × 2.1 mm.
Mobile phase (flow 300 μL/min): A (30 mM formic
acid–NH4 formate buffer pH 3.70), B (ACN).
Gradient: 0–1 min, 5% B, 1–15 min, 5%–30% B;
15–18 min, 30%–60% B; 18–30 min, 60% B. Injection
volume: 5 μL. ESI: nebulizer gas 11 a.u.; curtain gas
14 a.u.; turbo ionspray gas 7000 a.u., 450°C;
electrospray 2500 V.

IQ, MeIQ, IQx, MeIQx,
4,8-DiMeIQx,
7,8-DiMeIQx,
4,7,8-TriMeIQx (S.I.),
PhIP, harman,
norharman, Glu-P-1,
Glu-P-2, Trp-P-1,
Trp-P-2, AαC, MeAαC
Q, IQx, MeIQ, MeIQx,
4,8-DiMeIQx,
7,8-DiMeIQx,
TriMeIQx, PhIP,
Trp-P-1, Trp-P-2, AαC,
MeAαC, Glu-P-1,
Glu-P-2

HPLCDAD-FLD

Column: TSK-gel ODS-80TM 5 μm 250 × 4.6 mm.
HPLC with UV and FLD as in Reference [117].

HPLCDAD/FLD

Sample volume: 20 μL. Column: TSK gel ODS80 5 μm
250 × 4.6 mm. Mobile phase: A (0.01 M triethylamine
pH 3.2 with phosphoric acid); B (as A but pH 3.6); C
(ACN). Gradient: 0–10 min, 5–15% C in A,
10–10.1 min exchange of A with B; 10.1–20 min,
15%–25% C in B; 20–30 min, 25%–55% C in B.
Ambient temperature. DAD: 263 nm. FLD:
307/370 nm.

LOQ: from 0.25 ng/g
(PhIP, AαC,
MeAαC) to 5 ng/g
(Glu-P-2)

Marinated fried
beef meat.
Different
times of
exposure to
the marinades
were tested

Trp-P2, PhIP, Trp-P1,
AαC, MeAαC

HPLC-FLD

LOQ (μg/kg): from
0.0197 (AαC) to
0.1080 (PhIP)

50 samples of
“Provola”
cheese

IQ, MeIQ, IQ[4,5-b],
IQx, 8-MeIQx,
4,8-DiMeIQx, PhIP,
IgQx, 7-MeIgQx,
6,7-DiMeIgQx,
7,9-DiMeIgQx, IFP,
AαC, MeAαC

LC-ESI-MS/
MS

Column: RP C-18 150 × 2.1 mm 3 μm. Sample volume:
10 μL. Flow 0.3 mL/min. Mobile phase: 30 mM acetic
acid–NH4 acetate buffer pH 3.7 and ACN. Gradient:
5% buffer 95% ACN 0–1 min, 70% buffer 30% ACN
1–12 min, 40% buffer 60% ACN 12–18 min,
18–27 min, 5% buffer 95% ACN 27–30 min. FLD:
263/380 nm 0–26.5 min, 320/380 nm 26.5–30 min,
335/380 nm 30–35 min; 263/380 nm 35–40 min.
Column: Aquasil C18 3 μm 1 × 200 mm. Mobile phase:
A (1 mM CH3CO2NH4–0.1% HCO2H–10% ACN–
89.9% H2O); B (0.1% HCO2H–4.9% H2O–95% ACN).
Flow 40 μL/min. Gradient: 4% B for 10.5 min, to 15%
B at 15 min; to 100% B at 25 min; held at 100% B for
7 min. MS: QQQ in SRM mode.

LOD between 0.02
and 1 ng g−1

Beef loin,
grilled beef
fillet, beef
chops cooked
with different
methods and
ingredients

Fried pork

Cooked beef,
pork, and
chicken (2,
18,19)

Extraction by PLE. Sample dissolution in 0.5 M
NaOH 70/30 methanolic/aqueous solution.
Mixing with diatomaceous earth and cell loading.
PLE: CH2Cl2/acetone 50/50; 80°C, 1500 psi,
preheat 5 min, extraction 10 min, flush vol 80%,
purge 100 s, 3 static cycles. Addition of
anhydrous Na2SO4. Filtering by Whatman.
Addition of CH3OH and I.S. Reduction by N2.
Filtering on 0.22 μm nylon filter.
SPE as in Reference [117].

[112]

Sample homogenization in 1 M NaOH. Mixing
with Extrelut and column filling. Online coupling
to PRS column. Extraction by CH2Cl2. Washing
by 0.01 M HCl, CH3OH, 0.1 M HCl (6:4), water
(less polar HAAs). Neutralization by NH3
solution. Loading on C18. Elution by CH3OH–
NH3 solution (9:1). Online coupling of C18 with
PRS. Polar HAs elution by NH4 acetate pH 8.5.
Elution by CH3OH–NH3 solution (9:1).
Evaporation by N2; redissolution in CH3OH.
Sample homogenization in NaOH 1 M; mixing
with diatomaceous earth. Elution to PRS cartridge
by ethyl acetate. Elution through C18 cartridge by
0.5 M NH4 acetate solution pH 8.5. Elution by
CH3OH:NH3 solution (9:1). Extract evaporation
under N2; redissolution in mobile phase.

[113]

Sample homogenization in 1 N NaOH; mixing
with Extrelut-20; filling of cartridge connected to
Oasis MCX LP cartridge. Elution from
Extrelut-20 by 5% toluene in CH2Cl2. MCX
washing by toluene: CH2Cl2 (5:95), 0.01 N HCl in
H2O:CH3OH (40:60), CH3OH, H2O,
NH4OH:CH3OH:H2O (2:15:85). Elution by 5%
NH4OH in CH3OH. Vacuum centrifugation.
Resuspension in DMSO-0.1% HCO2H (1:1).

[128]

Organic Bases

DMIP, IQ, MeIQ,
MeIQx, 4,8-DiMeIQx,
4,7,8-TriMeIQx (I.S.),
Trp-P-1, Trp-P-2, PhIP,
AαC, MeAαC

[106]

[122]

(Continued)
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Table 29.2 (Continued)
Heterocyclic Aromatic Amines
Analytes

Analytical
Method

Experimental Conditions
Column: Semi Micro TSKgel ODS-80Ts 5 μm
250 × 2 mm; T 25°C. Flow 0.3 mL/min. Mobile phase:
20 mM NH4formate pH 3.2 (A), ACN (B). Gradient:
95% A, 0.0–0.5 min; 95%–80% A, 0.5–15.0 min;
80%–40% A, 15.0–18.0 min; 40% A, 18.0–24.0 min;
40%–95% A, 24.0–27.0 min; 95% A, 27.0–40.0 min.
Injection volume: 10 μL (I.S. 4,7,8-TriMeIQx). ESI +:
cone 40 V, capillary 3.6 kV. Dry N2 350°C; drying gas
600 L/h. Cone gas (N2) 100 L/h. SIM mode.
Column: RP TSK gel ODS-80 250 × 4.6 mm 5 μm.
Mobile phase: 0.01 M triethylamine pH 3.6 (A), ACN
(B). Gradient: 95%A 5% B; changed to 75% A 25% B
in 30 min. Flow rate 1 mL/min. Column T 40°C. UV:
252 nm (IQ, IQx, MeIQ, MeIQx, DiMeIQx). FLD:
229/437 nm (PhIP).

HPLC-MS

IQ, IQx, MeIQ, MeIQx,
4,8-DiMeIQx,
TriMeIQx, PhIP

HPLCDAD-FLD

IQ, IQx, MeIQ, MeIQx,
4,8-DiMeIQx,
TriMeIQx, PhIP
Harman, norharman,
harmine MeIQx

HPLCDAD-FLD

As in Reference [107].

Capillary
HPLCDAD

MeIQx, 4,8-DiMeIQx,
7,8-DiMeIQx, PhIP,
IFP

HPLCDAD-FLD

Column: Capillary 3 μm Inertsil C8 150 × 0.3 mm.
Mobile phase: 30 mM NH4 acetate pH 4.5 buffer (A),
ACN (B). Gradient: 5% solvent B, 0–5 min; 5%–35%
solvent B, 5–17 min; 35% solvent B, 17–20 min. Flow
15 μL/min. Injection volume: 20 μL. Column 25°C.
UV: 265 (MeIQx), 250 nm (others).
Sample volume: 40 μL. FLD: 307/370 nm. RP HPLC
as in Reference [143].

MeIQx, PhIP, harman,
norharman

HPLC-UVFLD

Column: TSK-Gel ODS-80 25 × 4.6 mm, 5 μm; T
40°C. Flow 1 mL/min. Sample volume: 8 μL. Mobile
phase: A (0.01 M triethylamine pH 3.6 by H3PO4); B
(ACN). Gradient: 95% A: 5% B to 75% A: 25% B
from 0 to 30 min. UV: 263 (MeIQx). FLD: harman,
243/437 nm; norharman, 245/448 nm; PhIP,
229/437 nm.

Applications

Sample treatment

Reference

LOQ: 8–94 pg
injected amount.
LOD and LOQ for
pork: 3–40 pg and
10–135 pg HA
injected

Thermally
treated pork
meat

Sample homogenization in 1 M NaOH and spiking
with TriMeIQx (I.S.) CH3OH solution. Mixing
with diatomaceous earth and column filling.
Extraction by ethyl acetate and CH2Cl2 1:1; eluate
passing through Oasis MCX cartridge. MCX
washing by 0.1 M HCl and CH3OH. Elution by
CH3OH:NH3 (9/1). Evaporation to dryness under
N2; redissolution in CH3OH.

[129]

LOD: 0.5 ng/mL for
IQ, IQx, MeIQ,
MeIQx, PhIP

Beef, pork,
chicken,
catfish,
salmon, tilapia
(boiled, fried,
baked)

[107]

LOD: 0.5 ng/mL for
IQ, IQx, MeIQ,
MeIQx, PhIP

Ready to eat
meat products

Sample homogenization in 1 M NaOH. Mixing
with Extrelut refill and column filling. Elution by
ethyl acetate into PRS cartridge. Rinsing by
0.1 M HCl, CH3OH:0.1 M HCl (45:55), distilled
water. Elution by 0.5 M NH4 acetate pH 8.5 into
C-18 cartridges. Elution by CH3OH:NH4OH
(9:1). Extract drying under N2; dissolution in
CH3OH.
As in Reference [107].

Sample homogenization in 1 M NaOH. Extracts
percolation through diatomaceous earth
cartridges. Amines elution to OASIS MCX
cartridge by CH2Cl2. Rinsing by 0.1 M HCl,
CH3OH. Elution by CH3OH with NH3 (25%)
(95:5). Extract evaporation under N2.
Extraction, clean-up, and concentration as in
Reference [117].

[116]

Sample homogenization in 1 M NaOH. Mixing
with Extrelut material and column filling. HCAs
elution by ethyl acetate into PRS cartridges. PRS
rinsing by 0.1 N HCl. Nonpolar HCAs elution by
CH3OH:0.1 N HCl (45:55). Eluate neutralization
by NH4OH. Extract transfer to C-18 cartridge.
Elution by CH3OH:concentrated NH4OH (9:1).
Polar MeIQx elution by 0.5 M NH4OAc into C-18
cartridges. Elution by CH3OH:NH4OH (9:1).
Extract concentration under N2 in CH3OH.

[120]

Ready-to-eat
cooked ham
treated with
electron-beam
irradiation

LOD: 0.16 ng/mL for
MeIQx and 0.08 ng/
mL for harman,
norharman, PhIP

Marinated and
not marinated
fried chicken
and fish
Grilled beef
steaks

[119]

[114]
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PhIP, MeIQx, DiMeIQx,
harman, norharman

DL
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HPLC-MS

Column: GOLD phenyl 150 × 2.1 mm 1.9 μm. Flow
250 μL/min. Mobile phase: A (40 mM formic acid pH
7 by aqueous NH3); B (1% acetic acid in ACN).
Gradient: 0 min 5% B, 0 to 30 min 60% B, 30–34 min
60% B, 34–38 min 5% B, 38–45 min 5% B. APCI in
PI mode: discharge 5 kV, spray 10 μA, capillary
150°C, vaporizer 450°C, sheath and auxiliary gas (N2)
20 and a.u. Mass range m/z 110–250.

IQ, MeIQ, 8-MeIQx,
4,8-DiMeIQx,
7,8-DiMeIQx, PhIP,
DMIP, harman,
norharman, AαC,
MeAαC, Trp-P-1,
Trp-P-2, Glu-P-1,
Glu-P-2, TriMeIQx
(I.S.)

HPLC-MS

2-ARC, MeARC, IQ,
IQx, 8-MeIQx,
4,8-DiMeIQx,
7,8-DiMeIQx, PhIP,
7,9-DiMeIgQx,
IQ[4,5-b]

HPLC/
ESI-MS/
MS

MeIQx, PhIP

UPLC
MALDITOF MS

Column: TSK-Gel ODS 80 5 μm, 25.0 × 4.6 mm. Flow
1 mL/min. Mobile phase: 30 mM formic acid/NH4
formate buffer pH 3.25 (A); 30 mM formic acid/NH4
formate buffer pH 3.7 (B); ACN (C). Gradient:
5%–23% C in A, 0–18 min; 23% C in A, 18–21 min;
23% C in B, 21–25 min; 23%–60% C in B,
25–33 min; 60% C in B, 33–40 min. Injection volume
15 μL. IT MS. APCI (PI mode): discharge 5 kV, spray
5 μA; capillary 150°C, vaporizer 450°C; N2 as sheath
at 72 L/h and auxiliary gas at 360 L/h. Mass scan: m/z
110–250.
LOQ in grilled meats
Column: RP Aquasil C18 3 μm 1 × 150 mm. Flow
about 30 ppt
50 μL/min. Gradient: from 0.1% HCO2H to 90%
ACN/9.9% H2O/0.1% HCO2H. ESI-QQQ-MS/MS (PI
mode). Dwell time 0.1 s. Capillary 3.5 kV. Cone 50 V.
Hexapoles 1 and 2, 18 and 1 V. Collision energy 29–32
eV. Source, desolv.: 120, 350°C. N2 cone gas 95 L/h,
desolv. gas 500 L/h. Collision gas (Ar) 2.5 mTorr. MS:
m/z 100–250.
LOD: 0.24–
UPLC. Injection volume 5 μL. Column: ACQUITY
128.32 ng/g
UPLC HSS T3 100 × 2.1 mm 1.7 μm. Column 50°C.
Mobile phase: 0.1% trifluoroacetic acid (TFA) in water (MeIQx) and
0.64–40.21 ng/g
(A) and ACN (B). Flow 0.5 mL/min. Gradient:
(PhIP)
0–1.32 min, 10%–25% B; 1.32–2.76 min, 25%–55%
B; 2.76–3.38 min, 55%–75% B; 3.38–4.5 min,
75%–10% B and then 4.5–5.5 min, 10% B. DAD:
MeIQx 263 nm, PhIP 315 nm. MALDI-TOF-MS:
1 μL sample with 20 mg/mL sinapinic acid in ACN:
water: TFA (50:50:0.1) and applied onto the
a-cyano-4-hydroxycinnamic acid matrix. Laser:
Nitrogen UV, 337 nm. Voltage 17–19 kV.

LODs (ng/g): from
0.05 (norharmane,
harmane, Phe-P 1,
Trp-P 2) to 0.9
(triMeIQx)

Beef treated
with different
heating
treatments;
study of the
effect of
ripening and
muscle type

Beef steaks

Beef and
chicken
grilled patties
and grilled
scrapings

Beef, mutton,
chicken, and
fish

Method I: as in Reference [117].
Method II: as in Reference [117] but Extrelut
replaced by Celite 512 diatomaceous earth.
Method III: sample digestion in 1 M NaOH, spiking
with I.S. (2C13N15Trp-P1), heating to 80°C,
cooling and neutralization with concentrated HCl
to pH 7–8. Addition of NaCl. Threefold liquid
extraction with CH2Cl2. Evaporation. Cleaning by
OASIS MCX SPE cartridges as in Reference
[139] with slight modifications.
Method IV: similar to I but elution by ethyl acetate
and evaporation. Then as in III.
Method V: similar to III but extraction by ethyl
acetate and evaporation. Chosen as best method.
Sample homogenization in 1 M NaOH. Mixing
with diatomaceous earth and column filling.
Analytes transfer to an Isolute PRS column by
CH2Cl2. Washing with CH3OH/water (4:6) and
water. Elution to C18 column by 0.5 M NH4
acetate pH 8.5, and analytes transfer to a
microvial by CH3OH/NH3 (9:1). Evaporation to
dryness under N2. Dissolution in a methanolic
solution containing TriMeIQx and trideuterated
IQ, 8-MeIQx, and PhIP.

[108]

Sample spiked with isotopically labeled HAAs.
Homogenization in 1 N NaOH and mixing with
Extrelut-20 resin. Oasis MCX LP extraction
cartridge connected to Extrelut-20 resin. HAAs
elution from Extrelut-20 resin by CH2Cl2:toluene
(95:5). MCX washing by 0.1 N HCl, CH3OH;
elution by 5% NH4OH in CH3OH. Evaporation to
dryness by N2, vacuum centrifugation at 37°C.
Sample homogenization in distilled water.
Acidification by 0.1 M HCl to pH 2.0,
centrifugation (6000g, 15 min). Supernatant
collection. Procedure repeated on pellet.
Neutralization by 1 M NaOH to pH 7.0. Filtration
by Whatman paper No. 1; application to
Amberlite XAD-2 resin column. Elution by
acetone and CH3OH. Rotary-evaporation to
dryness at 100°C and resuspension in CH3OH.

[130]

Organic Bases

15 HAAs: IQ, MeIQ,
IQx, MeIQx,
4,8-DiMeIQx,
7,8-DiMeIQx,
4,7,8-TriMeIQx, PhIP,
Trp-P 1, Trp-P 2, Phe-P
1, AαC, MeAαC,
harmane, norharmane

[123]

[133]

(Continued)
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Table 29.2 (Continued)
Heterocyclic Aromatic Amines
Analytes

Analytical
Method

Experimental Conditions

DL

Applications

GC- EI QqQ
MS/MS

Column: capillary HP-5 MS 30 m × 0.25 mm 0.25 μm.
Oven T: 70°C (for 1 min) to 240°C at 25°C/min (hold
1 min), to 300°C at 10°C/min (hold 5 min). Splitless
injection of 1 μL sample. Carrier: He 1 mL/min.
Interface 250°C; solvent delay 4 min. EI MS: source
200°C. MS/MS (Ar as collision gas at 3 × 10−3 mbar).
Dwell time 0.07 s. MS range 100–400 m/z.

LOQ as ng/g meat
sample: from 0.12
(IQ) to 0.58
(DiMeIQx, PhIP)

Meat

IQ, MeIQ, MeIQx,
4,8-DiMeIQx, PhIP,
TriMeIQx (I.S.)

LC-ESI
QQQ MS/
MS

Column: Zorbax Eclipse Plus C18 2.1 × 150 mm
3.5 μm. T 25°C. Flow 0.2 mL/min. Mobile phase:
ACN (A) and 10 mM NH4 formate/formic acid pH 3.5
(B). Gradient: 0 min: 10% A, 10 min: 60% A, 14 min:
10% A. Sample volume 1 μL. ESI in PI mode.
Nebulizer: 40 psi, capillary 4000 V. Drying gas 10 L/
min, 350°C. N2 as nebulizer, drying and collision gas.
Dwell time: 80 ms.

LOD: 0.1 μg/kg

Pork meat

IQ, IQx, MeIQ, MeIQx,
4,8-DiMeIQx,
7,8-DiMeIQx, PhIP,
Trp-P-1, Trp-P-2,
Glu-P-1, Glu-P-2,
AαC, MeAαC,
norharmane, harmane

HPLCDAD-FLD

Column: TSK-gel Super ODS 100 × 4.6 mm 2 μm.
Mobile phase: A (triethylamine phosphate buffer
0.01 M pH 3), B (triethylamine phosphate buffer
0.01 M pH 4), C (ACN). Gradient: A:B:C: 46.5:50:3.5
0 min, 35:40:25 5.5 min, 25:40:35 6 min, 15:50,35
6.5 min, 10:55:35 13.5 min, 0:25:75 15 min,
46.5:50:3.5 17–21 min. Flow 1.1 mL/min. T 25°C.
DAD: 262 nm. FLD: 360/450 nm (Glu-P-1, Glu-P-2),
300/440 nm (norharmane, harmane), 306/371 (PhIP,
Trp-P-1, Trp-P-2), 335/410 nm (AαC, MeAαC).

LODs for FLD:
19–213 pg

Cooked meat
products

PhIP

HPLC-MS/
MS

Column: 5 μm C8 siloxane 100 × 2.1 mm. Injection
volume 10 μL. Flow 0.2 mL/min. Mobile phase: A
(30 mM NH4, 0.1% formic acid), B (CH3OH).
Gradient A:B: 85:15 0 min, 85:15 0.5 min, 5:95 4 min,
5:95 5 min, 85:15 5.5 min, 85:15 18 min. MS/MS: PI
mode; ESI 4700 V; Capillary 300°C; Sheat gas N2,
Collis. gas 1.5 mTorr Ar, Collis. Energy 30 V.

–

Grilled chicken
entrées

Reference

Sample homogenization and extraction by
CH3OH/0.1 M NaOH 55:45; I.S. addition;
supernatant application to LiChrolut cartridge.
Washing by methanolic NaOH, hexane, ethanol/
hexane 20:80, CH3OH: 0.1 M NaOH 55:45,
hexane. Elution by ethanol/methylene chloride
10:90. Evaporation at 35°C under N2; residue
dissolution in anhydrous CH3OH. Derivatization:
purified sample addition of I.S. and DMF-DtBA.
Heating to 80°C. Evaporation to dryness. Residue
dissolution in ethyl acetate.
Sample spiking with I.S. and homogenization in
NaOH 1 M. Mixing with diatomaceous earth.
(1) MSPE. Vacuum elution by CH2Cl2.
(2) ASE. T: 80°C, pressure: 1500 psi, preheat:
5 min, extraction: 20 min, flush volume: 60%,
solvent: CH2Cl2/acetone (1:1), static cycle: 2.
Extracts purification:
(1) Si-SCX-2. Washing by 0.01 M HCl, 0.1 M
HCl: CH3OH (9:1). Elution by 1.5 M NH4AC:
CH3OH (9:1).
(2) C18. Elution by CH3OH:NH3 25% (9:1).
Evaporation by N2. Dissolution in CH3OH.
Filtering (0.22 μm).
Sample homogenization in 1 M NaOH. Addition of
diatomaceous earth. Addition of ethyl acetate,
mixing, closing. Centrifugation (9000g, 20°C,
5 min). Supernatant addition to cartridge with
diatomaceous earth. Coupling to a PRS cartridge.
Extraction by ethyl acetate and adsorption on PRS.
Washing by HCl 0.01 M, HCl 0.1 M—CH3OH
(9 + 1). Elution by NH4 acetate 0.5 M pH 9 and
0.5 M NH4 acetate pH 9—CH3OH (9 + 1). Elution
from C18 by 0.1 M HCl—CH3OH (2 + 3).
Addition of water, NH3 25%, sorption on C18.
Elution by CH3OH–NH3 25% (9 + 1). Drying by
N2 and redissolution in caffeine S.I. solution.
Homogenization with 1 N NaOH. Sonication for
3 h. Mixing with Extrelut and column filling.
Extraction by CH2Cl2. Evaporation under N2.
Bringing to 1 mL by 50:50 CH3OH:deionized
water.

[139]

[132]

[121]

[124]
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DMIP, Glu-P-2, IQ,
MeIQ, MeIQx,
Glu-P-1, 4,8-DiMeIQx,
7,8-DiMeIQx,
4,7,8-TriMeIQx (I.S.),
Trp-P-1, Trp-P-2, PhIP,
AαC, MeAαC

Sample treatment

Free ebooks ==> www.ebook777.com
HPLC-MS

Column: Zorbox RX-C8 2.1 × 150 mm 5 μm. T 25°C.
Injection volume 5 μL. Mobile phase: A (ACN), B
(30 mM NH4 formate buffer pH 3.7. Gradient:
0–15 min 88%A; 15–25 min 50%A, 25–33 min return
to initial conditions. ESI in PI mode. Capillary 4 kV,
nebulizer 30 psi; drying gas 600 L/h, 350°C,
fragmentation 190 V.

HPLC-ECD

Column: TSK-gel ODS80 5 μm 150 × 4.6 mm. Mobile LOD: 0.16–2.68 ng
phase: A (50 mM NH4 acetate pH 4: ACN (90:10)), B
(50 mM NH4 acetate pH 6: ACN (70:30)), C (50 mM
NH4 acetate pH 6: ACN (60:40)). Flow 1 mL/min.
Gradient: 100%A 0–27 min, 0%–100%B 27–30 min,
100%B 30–44 min, 0%–100%C 44–45 min, 100%C
45–63 min. T 25°C.
ECD electrodes: glassy carbon, Ag/AgCl 2M, stainless
steel. T 25°C. Working potential: +1000 mV
(0–34.3 min), +950 mV (34.3–63 min).
LOQ: 0.05–2 pg/g
Column: TSK-gel ODS 80TM 5 µm 250 × 4.6 mm.
Mobile phase: A (0.01 M triethylamine pH 3.2 with
phosphoric acid), B (0.01 M triethylamine pH 3.6 with
phosphoric acid), C (ACN). Gradient: 0–10 min
5%–15%C in A; 10–10.1 min exchange of A with B,
10.1–20 min 15%–25% C in B, 20–30 min 25%–55%
C in B. Flow 1 mL/min. UV: 258 nm. FLD:
360/450 nm (Glu-P-1, Glu-P-2), 300/440 (norharmane,
harmane), 315/390 (PhIP, AαC, MeAαC), 265/410
(Trp-P-1, Trp-P-2).

–

Fried beef
patties and
chicken
breasts

Extraction by Gross and Gruter [117].

[125]

Meat extracts

Sample addition with 2.5% CH3OH in 0.05 M
NaOH in a Pyrex tube with a magnetic bar.
Microwave extraction: 20 W until 80°C. T
keeping for 1 min. Cooling to room T.
Supernatant separation. Placing in freezer for 1 h
at –18°C. Decantation followed by centrifugation.
Dilution by water.

[134]

Duck meat

Sample homogenization in 1 M NaOH. Addition to
Extrelut column. Elution by CH2Cl2/toluene 95:5
on PRS cartridges. Rinsing with 0.1 M HCl,
CH3OH–HCl 0.1 M (6:4), water. Coupling to C18
cartridges. Rinsing with 0.5 M NH4 acetate pH 8
with NH3 solution. C18 rinsed with water and
dried by N2. Elution by CH3OH/NH3 (9:1). Eluate
neutralization by NH3. Dilution with water.
Loading on C18, rinsing with water, drying,
elution by CH3OH:NH3 (9:1). Concentration
under N2 and redissolution in I.S. 1 ng/μL.
Addition of water and NH3 25%, sorption on C18
and elution by CH3OH–NH3 25% (9 + 1). Drying
by N2 and redissolution in caffeine S.I. solution.
Sample homogenization in 1 M NaOH. Addition to
Extrelut column. Coupling to PRS column.
Extraction by CH2Cl2. Washing of PRS by 0.01 M
HCl, CH3OH—0.1 M HCl (6:4), water (less polar
fraction). Neutralization by NH3. Loading on C18
cartridges. Rinsing with water. Elution by
CH3OH–NH3 (9:1). C18 coupling to PRS. Elution
by 0.5 M NH4 acetate pH 8.5. C18 rinsing by
water. Elution by CH3OH–NH3 (9:1) (polar
extract). Evaporation, dissolution in CH3OH.
Sample dissolution in NaOH 0.1 N:CH3OH (7:3).
Sonication for 15 min. Centrifugation (4000 rpm,
20 min). Supernatant dilution with deionized
water. Aliquots of 4 mL were placed in sealed
glass vials. SPME fiber was directly inserted in
the solution for 15 min at room T by stirring. The
fiber was introduced in the HPLC chamber
(60 μL) and soaked for 15 min.

[126]

HPLCDAD-FLD

IQ, MeIQ, MeIQx,
4,8-DiMeIQx,
7,8-DiMeIQx,
Tri-MeIQx, PhIP,
Trp-P-1, Trp-P-2,
Glu-P-1, Glu-P-2,
AαC, MeAαC

HPLC-DAD

Column: TSK-gel ODS 80TM 5 μm 250 × 4.6 mm.
Mobile phase: A (0.01 M triethylamine pH 3.2 with
phosphoric acid), B (0.01 M triethylamine pH 3.6 with
phosphoric acid), C (ACN). Gradient: 0–10 min
5%–15%C in A; 10–10.1 min exchange of A with B,
10.1–20 min 15%–25% C in B, 20–30 min 25%–55%
C in B.

LOQ: 0.56–5 ng/g

Portuguese
meat dishes

IQ, MeIQ, MeIQx,
norharmane, harmane,
PhIP, Trp-P-1, Trp-P-2,
AαC, MeAαC

SPME
HPLCDAD

Column: TSK-gel ODS 80TM 5 μm 250 × 4.6 mm.
Mobile phase: A (0.01M triethylamine pH 3.2), B
(ACN), C (0.01 M triethylamine pH 3.6). Gradient:
5%–12% B in A 0–8.4 min, 12%–25% B in C
20–31.3 min. UV: 254 nm, 0–9.7 min, 267 nm,
9.7–11.5 min, 263 nm, 11.5–16.3 min, 248 nm,
16.3–20 min, 263 nm, 20–25 min, 339 nm,
25–28.5 min, 343 nm, 28.5–31 min.

LOD: 1.58–23.8 ng/
mL

Commercial
meat extracts
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[127]

[135]
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IQ, MeIQ, IQx, MeIQx,
4,8-DiMeIQx,
7,8-DiMeIQx,
4,7,8Tri-MeIQx (I.S.),
PhIP, Trp-P-1, Trp-P-2,
Glu-P-1, Glu-P-2,
AαC, MeAαC,
norharmane, harmane

Organic Bases

IQ, MeIQ, MeIQx,
4,8-DiMeIQx,
7,8-DiMeIQx,
Tri-MeIQx, PhIP,
Trp-P-1, Trp-P-2,
Glu-P-1, Glu-P-2,
AαC, MeAαC,
norharmane, harmane
IQ, MeIQ, MeIQx, PhIP,
Trp-P-1, Trp-P-2,
Glu-P-2, AαC,
MeAαC, norharmane,
harmane
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Table 29.3
Unsulfonated Aromatic Amines
Analytes

Analytical
Method

Experimental Conditions

DL

Applications

Sample Treatment

Reference

MG, LMG

LC-DAD,
ND-APCI
LC-IT MSn

LC-DAD. Column: C18 3 μm 4.6 × 150 mm. Isocratic
elution by: 95:5 47.5% NH4 acetate buffer:52.5% ACN.
Flow 1.0 mL/min; T 35°C. Injection volume: 100 μL.
DAD: 618 nm. ND-APCI LC-IT MSn. Column: YMC
phenyl 3-4-5 cartridge 3 μm 120 Å 4.0 × 50 mm.
Gradient: 63:37 0.1% formic acid/ACN 0–10 min,
100% ACN 10–10.5 min. T 30°C. Flow 700 μL/min.
Injection volume: 10 μL. MS: no corona discharge;
vaporizer 400°C; capillary 220°C, 40 V; sheath gas 70;
auxiliary gas 40. Mass range m/z 150–350.

LOD: 1.0 ng/g
for LC-VIS and
0.25 ng/g for
LC-MSn

Channel
catfish,
rainbow
trout, tilapia,
Atlantic
salmon, tiger
shrimp

[149]

Aniline, 2CLA, 4CLA,
2,4DCLA, 2,6DCLA,
3,4DCLA, 3,5DCLA,
3,4,5TCLA, 2-NA,
melamine

SPE GC-MS

GC-MS. Column: SP-2380 30 m × 0.25 mm, 0.25 μm
poly (90% biscyanopropyl/10% cyanopropylphenyl
siloxane); flow 1 mL/min. Oven: 90°C, at 9°C/min to
180°C, at 15°C/min to 250°C, hold for 2 min. Injection
volume 1 μL. Injector 250°C; split (1:20). Solvent delay
3 min. Transfer line, source: 200°C. EI (70 eV); scan
range 40–250 amu.

LOD (ng/kg):
from 10
(2-CLA) to 130
(3,5-DCLA)

Milk, cheese,
yogurt, and
cream
samples;
human milk

MG, LMG

LC-UV-FLD

Column: Luna phenyl–hexyl 150 × 4.6 mm, 5 μm.
Isocratic elution by: ACN and acetate buffer (0.05 M,
pH 4.5) (60:40, v/v). Injection volume: 50 μL. Flow
1 mL/min. UV: 620 nm (MG); FLD λex/em: 265/360 nm
(LMG).

LOQ: 0.5 µg/kg

Green carp
muscle: raw
and cooked
in three
ways

p-PDA, m-PDA,
2,6-TDA, 4-M-mPDA,
2,4-TDA, ANL, o-ASD,
o-T, BNZ, 4-CA,
4,4-DPE, 4,4-MDA,
2,6-DMA, 2-M-5-MA,
2,4-DMA, 4-CoT,
3,3-DMB, 4,4-MDoT,
2,4,5-TMA, 4-ABP

LC-QQQ-MS/
MS

Column: Zorbax SB-C3 2.1 × 150 mm, 5 μm, 40°C.
Injection volume 3 μL. Mobile phase: A (4.7 mM PFPA
in CH3OH), B (4.7 mM PFPA in Milli-Q water).
Gradient: 0–3 min, 20% A at 200 μL/min; 3–7.5 min,
linear increase from 20% to 80% A and from 200 to
500 μL/min; 7.5–8 min, 80% A at 500 μL/min; 8–11 min,
5% A at 500 μL/min; 11–15 min, 5% A at 200 μL/min.
ESI + : capillary 1.0 kV; cone 20 V; Hex1 20 V; desolv.
400°C; source 130°C; N2 as nebulizing (maximum flow),
desolv. (780 L/h) and cone gas (40 L/h). Ar as collision
gas (2 × 10−3 mbar). MRM: dwell time 0.2–0.5 s.

Detection limits:
from 0.27 to
3 μg amine/L
food simulant

Food
simulants:
distilled
water,
MilliQ
water, 3%
acetic acid

Sample vortex mixing with NH4 acetate buffer,
hydroxylamine hydrochloride 0.25 g/mL, p-TSA
1 M. Addition of ACN. Defatting by alumina.
Centrifugation (5 min, 4000 rpm, 0°C). Supernatant
decantation in a separatory funnel with water and
diethylene glycol. Solids reextraction by ACN,
vortex mixing, centrifugation. Combination of
supernatants in the separatory funnel. Double
extraction by CH2Cl2. CH2Cl2 layer collection.
Evaporation to dryness at 50°C. ACN addition. DDQ
0.001 M addition; oxidation reaction for 30 min.
Application to alumina SPE cartridge coupled to
PRS cartridge. Vacuum elution at 4 mL/min. PRS
washing with ACN. Elution by mobile phase.
Sample homogenization with ACN. Centrifugation
(5000 rpm, 4°C, 5 min); supernatant evaporation
under N2, redissolution in 0.1 M NaHCO3 pH 8.
Preconcentration: filtration and passing through the
sorbent column. Column drying for 2 min with air;
simultaneously, loop filling with eluent ([9:1] ethyl
acetate/ACN containing 1 mg/L 2TB4MP as I.S.).
Elution: valve switching to pass eluent through the
column. Extract collection in amber glass vials.
Sample homogenization in HA 25%, p-TSA 1 M,
acetate buffer 0.05 M pH 4.5. Addition of ACN.
Centrifugation (4000 rpm, 10 min, 10°C),
supernatant collection. Extraction by ACN repeated;
supernatants combination. Addition of CH2Cl2,
mixing and centrifugation. Organic phase passed
through the SCX SPE column. Washing by ACN;
drying under vacuum. Elution by ACN:NH4OH
(25%) (90:10). Evaporation to dryness under N2 at
50°C; dissolution in acetate buffer 0.05 M, pH
4.5:ACN: ascorbic acid 1 mg/mL (47.5:47.5:5).
None.

[168]

[150]
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[154]
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MEKC-FLD

MEKC: fused-silica capillary 50 cm (57 cm total length),
50 and 375 μm i.d. and O.D. Capillary rinsing with
0.1 M NaOH for 5 min, 5 min with Milli-Q water,
equilibration with running buffer (20 mM boric acid,
30 mM SDS and 10 mM Triton X-100 at pH 9.5 with
0.5 M NaOH) for 2 min. Pressure injection at 0.5 psi for
10 s; separations at 25.0°C; separation voltage 25 kV.
Detection: 3 mV and a 488 nm air-cooled Ar ion laser;
emission band-pass filter 520 nm.

m-PDA, 2,6-TDA,
2,4-TDA, 1,5-DAN,
ANL, BNZ, 4,4-DPE,
o-ASD, 3,3-DMB,
4-M-m-PDA, 4,4-MDA,
o-diASD, 4,4-thioANL,
2-M-5-MA, 2,6-DMA,
2-NA, 4,4-MDoT,
4-ABP, 4-AAB

UHPLC-MS/
MS
UHPLC-QTOF/MSE

Amitraz, DMF, DMA,
DMPF

UPLC-Q-TOF
MS

Aniline, 2-toluidine,
2-chloroaniline,
3,5-dimethylaniline,
2-anisidine, 3-anisidine,
1-naphthylamine,
2-aminobiphenyl,
4-aminobiphenyl

HS
SPMEGC-MS

UHPLC-MS/MS. Column: Acquity UPLC BEH C18,
LOD: 0.002–
2.1 × 100 mm 1.7 μm. Flow 0.3 mL/min, 45°C,
0.013 ng/g;
injection volume 15 μL. Mobile phase: CH3OH (A),
LOQ:
water (B). Gradient: A:B 20:80; after 1 min 20:80;
0.007–
8 min, 30:70; 9 min, 95:5; 10 min, 95:5; 11 min, 20:80;
0.042 ng/g
14 min, 20:80. ESI(+)-Q-MS: [MH + ] ions monitored
in SIM, cone 20–40 V. Optimal collision energy for SIM
15–35 V. MS: desolv. 350°C, gas 750 L/h. UHPLC-QTOF/MSE. UHPLC: same as above. Q-TOF: ES + ,
capillary 1 kV, source 100°C, desolv. 300°C, cone gas
20 L/h, desolv. gas 600 L/h, 50–1200 m/z.
LOD: 0.002–
Column: 50 × 2.1 mm Acquity C18 1.7 μm. Injection
0.007 mg/kg;
volume 5 μL. Mobile phase: CH3OH and NH4 formate
LOQ:
(10 mM) in water. Gradient (400 μL/min): 15%
0.005–0.02 mg/
CH3OH; linearly increased to 90% in 5 min.
kg
QTOF-Micro in wide pass quadrupole mode; TOF range
m/z 50–500; low collision energy 4 eV. Optimized
conditions: desolv. gas 500 L/h at 350°C, cone gas
50 L/h, source 120°C, capillary and cone 3000 and 20 V,
TOF flight tube 5630 V, reflectron 1780 V, pusher 840 V,
puller 645 and MCP detector 2200 V. MS/MS collision
energies 10–30 eV.
Column: Capillary HP-5 (5% phenyl
LODs in the
polydimethylsiloxane) 30 m × 0.25 mm, 0.25 μm.
range
Carrier: He 1 mL/min. Injector 250°C. Oven: 60°C for
6–180 ng/L
3 min, to 180°C at 9°C/min, held for 0.5 min, to 280°C
at 20°C/min, held for 2 min. Transfer line 290°C. EI 70
eV; MS range m/z 45–450. Splitless. SPME: PDMS
100 μm; PA 85 μm; DVB/CAR/PDMS 30/50 μm; DVB/
CW 70 μm.

LOD (μg/kg):
3-CIAN 1.5,
3-Cl-4-OHAN
7.2, 3-Cl-4MetAN 0.8

Potato

Sample spiking with aniline metabolites or
chlorpropham, homogenization, and equilibration
for 30 min. Extraction by CH2Cl2 for 5 min. Organic
layer filtration by filter paper, evaporation to dryness
under N2, dissolution in 1.0 M NaOH. Heating at
90°C in a water-bath for 30 min, cooling to room T,
pH adjustment to 3.0 with HCl. Loading on SPE
cartridges at 0.5 mL/min. Eluate neutralization with
HCl. Dilution to 1.0 mL (stock solution).
Derivatization of 650 μL of stock solution: addition
of 0.5 M Na2CO3 pH 9.3 by 0.1 M HCl and 5 mM
DTAF in PTFE vial. Capping. Homogenization.
Allowing to react at dark at 40°C for 40 min. 5-fold
dilution.
Extraction in acidic medium by SPE with cation
exchange resin (DSCSCX 500 mg/3 mL). Food
simulant loading. Amines elution by 5% NH3 in
CH3OH (w/v). Discarding of the 1st mL eluate;
collection of the 2nd mL. Addition of the I.S.
(4-aminoazobenzol). Eluate direct injection.

[169]

Pears

Sample mixing with ethyl acetate and anhydrous
Na2SO4. Homogenate allowed to settle and
supernatant filtering by paper containing anhydrous
Na2SO4. Solid residue treated again as above and
fractions collection. Rotary evaporation at 40°C and
250 mbar to < 1 mL. Extracts evaporation to dryness
with N2 and water bath at 50°C. Dissolution in ACN.

[147]

Food colorant

Sample dilution in deionized water; 2 mL subjected to
analysis. 2 mL 3% allyl isothiocyanate reagent
placed in a glass vial with a silicon septum cap and a
magnetic bar; heating to 70°C for 5 min. DVB/CAR/
PDMS fiber exposition to the HS for 10 min at 70°C,
stirring at 300 rpm. SPME fiber placing for 20 min
in the HS of a 2 mL sample of aromatic amines
taken in another vial at 70°C and 300 rpm. SPME
fiber exposition for 5 min in the GC injector.

[145]

Food
simulants
(3% acetic
acid)

Organic Bases

3-CIAN, 3-Cl-4-OHAN,
3-Cl-4-MetAN

[153]
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Table 29.3 (Continued)
Unsulfonated Aromatic Amines
Analytes

Analytical
Method

1,2-Phenylenediamine,
HPLC-UVaniline, benzidine,
ECD
2-toluidine,
3,3-dimethoxybenzidine,
2,6-dimethylaniline,
4-chloroaniline,
n,n-diethylaniline,
2-naphthylamine
Melamine, aniline,
tITP-CE
DAPM, DAT

Sample Treatment

Reference

Column: Supelcosil ABZ + PLUS 100 × 2.1 mm, 5 µm.
ECD electrodes: 6 mm glassy carbon, Ag/AgCl; stainless
steel. Mobile phase: CH3OH acetate buffer pH 5 (45:55.
Flow 0.2 mL/min. Injection volume 2 μL. ECD: 0.8 V.
UV: 210 nm).

Experimental Conditions

LODs (UV
detection):
10–113 nM.
LODs (ECD):
24–288 pM

DL

Food
colorants

Applications

Sample dissolution in borate buffer pH 9. Loading on
C18 SPE cartridge. Washing by borate buffer, drying
by air for 5 min and amines elution with CH3OH.

[146]

Fused-silica capillary 75 μm × 60 cm (50 cm to detector).
Capillary pretreated with CH3OH, water, 1 M HNO3,
water, 1 M NaOH, and water for 15 min each. Sample
pressure injected (0.5 psi). T 25°C. UV detection:
200 nm.

LOD: 5 μM for
DAPM; 10 μM
for other
analytes

Milk powder
and pet
feeds

Samples. Mixing in a centrifugal tube with aqueous
solution 50% ACN, ultrasonication for 10 min,
centrifugation (12,500 rpm, 5 min). Supernatant
rotary evaporation at 50°C. Residue dissolution in
80 mM H3PO4–KH2PO4 pH 2.85 and filtration
through 0.45 μm filters.
Migration solutions. Rotary evaporation at 70°C.
Residue re-dissolution in 80 mM H3PO4–
KH2PO4 pH 2.85 and filtration (0.45-μm filters).
Sample homogenization in centrifuge tube; spiking with
MG-d5 and LMG-d6. Addition of 1 g/mL McIlvaine
buffer pH 3, 1 M p-TSA, 1 mg/mL N,N,N′,N′tetramethyl-1,4-phenylenediamine dihydrochloride,
ACN. Vortexing. Addition of basic alumina. Shaking.
Centrifugation (4000 rpm, 15 min). Supernatant
decantation in a separatory funnel, addition of
deionized distilled water and CH2Cl2. Shaking. Bottom
layer rotary evaporation at 35°C. Washing with ACN
and loading on OASIS MCX SPE cartridge. Washing
by hexane, CH3OH with 2% formic acid and CH3OH
and vacuum drying. Elution by 90% CH3OH, 5%
1 mg/mL ascorbic acid and 5% of 25% aqueous
NH4OH. Drying under N2. Dilution in mobile phase.
ASE. Cell heating in water bath at 40°C (solvents:
n-hexane and CH3OH). Conditions: heating 2 min,
solvent in contact with the sample for 2 min (static
time), pressure 120 bar, T 60°C, time purging with
N2 60 s, water volume flushing versus cell size 50%,
3 times cycled. Extract mixing with NaOH pH 9.0.
SPE. Column loading with solution from ASE.
Washing by CH3OH:NaOH pH 9.0 (10:90), vacuum
drying. Elution by CH3OH. Addition of Na2SO4and
injection in GC-MS. Hydrolysis and derivatization
(for GC-ECD). Addition of NaOH pH 9.0; heating at
70°C for 40 min. Addition of Na2SO4. Addition of
HFBA. Incubation at 70°C for 60 min. Cooling to
room T and drying by N2. Redissolution in CH3OH.

[166]

HPLC-linear
IT-MS

Column: 5 μm, 2.0 × 150 mm; flow 0.2 mL/min; mobile
phase: 75% (v/v) ACN in aqueous NH4 acetate (50 mM,
pH 4.5). Injection volume 10 μL. ESI-MS: PI mode,
spray 4500 V, capillary 16.5 V, 300°C.

LOD in μg/kg:
0.07–0.13 for
MG, 0.07–0.16
for GV,
0.04–0.09 for
LMG,
0.05–0.08 for
LGV

Eel, salmon,
shrimp,
shellfish,
grass carp

Amitraz, 2,4DMA

GC-ECD,
GC-MS

Column: capillary Rtx-5 30 m × 0.25 mm, 0.25 μm.
Carrier: N2. GC: 50°C, to 220°C at 7°C/min, kept for
5 min. Flow 1.0 mL/min. Injection 250°C; split ratio
50/1. ECD at 300°C.
GC/MS. Column: capillary HP-5 30 m × 0.25 mm,
0.25 μm. GC: 60°C (1 min), at 15°C/min to 150°C, kept
for 5 min, at 20°C/min to 280°C, held for 3 min;
injector 280°C; carrier gas, He, splitless; purge off time,
1 min; injection volume, 1 μL. GC-MS transfer line,
280°C. MS: solvent delay, 5 min; EI 70 eV; 1.5 scan/s.

LOD: 5 µg/kg;
LOQ: 10 µg/kg

Swine, sheep,
and bovine
liver and
kidney

[158]

[148]
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LC-MS

Column: YMC phenyl 3-4-5 cartridge 3 μm, 120 A T
30°C. Flow 700 μL/min. Injection volume: 10 μL.
Gradient: 0.1% formic acid-ACN (63 + 37) min 0–10,
100% ACN 10–10.5 min, 100% ACN 10.5–12 min,
return to initial 12–12.5 min. No-discharge APCI:
vaporizer 400°C, capillary 220°C, 40 V, sheath gas 70,
auxiliary gas 40. ESI: source 5 kV, sheath gas 80,
auxiliary gas 20, capillary 40 V, 350°C. MS/MS scan of
m/z 329. Mass range 150–350 m/z.

–

Salmon

MG, LMG

LC-MS

LOQ: 0.3 ng/g

Salmon,
rainbow
trout,
shrimp,
tilapia,
catfish

MG, LMG

LC-UV

Column: Luna C18 5 μm 150 × 2 mm. Mobile phase
modifier: 40 mM NH4OH, 500 mM formic acid. Mobile
phase: A (modifier + 10% MeCN 1 + 9), B
(modifier + 90% MeCN 1 + 9). T 35°C. Initial flow
0.25 mL/min. Gradient: 30% B 0–1 min, 30% B to
100% B 1–8 min, flow to 0.4 mL/min in 3 min, 100% B
for 10 min, return to 30% B in 1 min. Injection volume
10 μL. MS/MS: ESI + , capillary 2.5 kV, extractor 5 V,
RF lens 0.3 V, source 100°C, desolv. 400°C, N2 cone
gas 50 L/h, desolv. gas 400 L/, Ar collis. gas
0.00387 mbar.
Column: C18, 3 μm 150 × 4.6 mm. Mobile phase: A
(1 + 1 NH4 acetate buffer - ACN), B (ACN). Isocratic
elution: 95%A 5%B. UV: 618 nm.

LOD: 1 ng/g

Salmon

Amitraz

GC-MS

Column: capillary Rtx5-MS 30 m × 0.25 mm × 0.25 μm.
Carrier: He, 0.9 mL/min. Oven: 50°C, hold for 1.5 min,
to 120°C at 20°C/min, to 200°C at 15°C/min, to 280°C
at 40°C/min, hold for 5 min. Ions monitored: m/z 106,
120, 121 (2,4 dimethylaniline); m/z 121, 132, 162, 293
(amitraz).

LOD: 0.002 mg/
kg 2,4
dimethylaniline

Strawberries,
pears,
oranges,
honey

Sample blended with dry ice. CO2 dissipated
overnight. Sample weighting in centrifuge tubes,
homogenization with acetate buffer, 1 M p-TSA,
hydroxylamine hydrochloride 0.25 g/mL. Extraction
by ACN. Alumina addition, shaking. Centrifugation
(0°C, 4000 rpm). Extraction by ACN. Centrifugation
repeated and supernatants combination. Supernatant
put in a separatory funnel with water and diethylene
glycol. Double L–L extraction by methylene
chloride. Rotary evaporation. Residue dissolution in
ACN and oxidization to MG by 0.001 M DDQ for
30 min. Clean up by alumina and PRS cartridge.
Washing of PRS by ACN. Elution by ACN acetate
buffer (50:50). Dilution in ACN–acetate buffer.
Sample homogenization in PP centrifuge tube.
Addition of PCA 60%: ACN. Dilution with CH2Cl2
and mixing. Centrifugation (1500 rpm, 310g,
10 min). Supernatant evaporation under N2
(T < 45°C). Loading on C18 SPE cartridge and
rinsing by ACN at 2–5 mL/min. Evaporation to
dryness under N2 (T < 45°C). Dissolution in ACN,
dilution in water and filtering by 0.22 μm syringe
filter.

[159]

Sample homogenization. Addition of NH4 acetate
buffer pH 4.5, hydroxylamine hydrochloride 0.25
g/mL, p-TSA 1 M. Mixing and addition of ACN.
Addition of alumina; centrifugation (4000 rpm,
5 min). Addition of water and diethylene glycol to a
separatory funnel. Addition of supernatant and
CH2Cl2. Shaking. Repeat extraction and combine
CH2Cl2 extracts. Rotoevaporation to dryness in a
bath at 50°C. Addition of ACN and 0.001 M DDQ.
Allow reaction for 30 min. Loading on ALN column
connected to a PRS column. Elution by vacuum at
4 mL/min. Washing of PRS by ACN. Elution by
vacuum in mobile phase A.
Frozen sample heated at 80°C for 1 h with 0.5 M HCl
in a water bath. Cooling to 10°C. pH adjusted to
11–12 by NaOH 15 M. Heating to 80°C for 1 h in a
water bath and cooling to 10°C. Addition of NaCl
and 2,2,4 trimethylpentane, shaking and
centrifugation (2350g, 5 min). Upper layer
separation. Reextraction.

[161]

Organic Bases

MG, LMG

[160]

[162]
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Table 29.3 (Continued)
Unsulfonated Aromatic Amines
Analytes

Analytical
Method

Experimental Conditions

DL

Applications

Sample Treatment

Reference

Sample addition of aniline-d5. Addition of phosphate
buffer pH 2; sonication for 2 h. Centrifugation
(10 min, 6000 rpm). Aqueous layer removing.
Reextraction and solutions combination. Extraction
3 times by hexane. Hexane removing. Addition of
1 M KOH to pH 9.5–10.5 and DCM. Bottom layer
drying by Na2SO4.
Migration solution neutralization to pH 6–7 by NH3,
filtration through 0.2 μm PTFE syringe filters.

[165]

Aniline

GC-MS

Column: capillary DB-WAX 30 m × 0.25 mm × 0.25 μm.
Flow (He): 1 mL/min. Oven: 45°C for 6 min, to 190°C
at 7°C/min, to 230°C at 15°C/min, hold for 25 min.
Injector 240°C. Splitless. Injection volume 2 μL. MSD:
interface and source 220°C and 230°C.

LOD: 0.01 mg/
kg

Vegetables
and fruit

m-PDA, 2,6TDA,
2,4TDA, 1,5DAN, ANL,
4,4′-DPE, 4,4′-MDA,
3,3′-DMB

LC-MS/MS

LODs:
0.5–1 μg/L

Migration
simulant:
3% acetic
acid (w/v)

6 AAs

UPLC-MS

LOQ:
0.075–
0.496 μg/L

Migration
simulant:
3% acetic
acid (w/v)

–

[151]

22 Primary AAs

SPE
UPLC-MS

LOD:
0.01–2.4 μg/L

Simulant: 3%
acetic acid
in purified
water

Sample loading on DSC-SCX cartridges at 1–1.5 mL/
min. Cleaning by purified water with 3% acetic acid
and vacuum drying. Elution by CH3OH containing
5% NH3. Collection of 2nd mL. Dilution 1/1.6 with
water.

[170]

Amitraz

HPLCTOF-MS

Column: C18 150 × 4.6 mm 5 μm. T 22°C. Mobile
phase: NH4 acetate 10 mM: CH3OH (95:5) isocratic for
0.8 min, to 25% CH3OH for 2 min, to 67% CH3OH for
40 min, isocratic for 7 min. Flow 0.6 mL/min. Injection
volume 50 μL. MS/MS: ESI + , probe 400°C, source
120°C, electron multiplier 660 V, desolv. gas N2
700 L/h, cone gas N2 50 L/h, collision gas Ar 0.6 mL/
min.
Column: C18 Aquity 1.7 μm 2.1 × 100 mm. T 45°C.
Mobile phase: A (4.7 mM PFPA in CH3OH), B (4.7 mM
PFPA in water). Gradient: 20% A 0–2 min, 80% A
3.5–3.7 min, 5% A 4–5 min, 20% A 6 min. Flow
200 μL/min. Injection volume: 20 μL. MS: ESI + ,
desolv. gas 450°C, 800 L/h, source 130°C, collis. gas
(Ar) 100 L/h, capillary 2.5 kV.
Column: Acquity BEH C18 1.7 μm 100 × 2.1 mm. Flow
0.3 mL/min, 45°C. Injection volume 15 μL. Mobile
phase: CH3OH (A), water (B). Gradient (%A:%B):
20:80, min1 20:80, min8 70:30, min9 95:5, min10 95:5,
min11 20:80, min13 20:80. ESI(+): Desolv. gas 700 L/h
450°C, Cone gas 60 L/h, Source 125°C, Capillary 3 kV,
SIM dwell 0.1.
Column: C8 150 × 4.6 mm 5 μm. Injection volume
50 μL. Mobile phase: A (water with 0.1% formic acid),
B (ACN). Gradient: 10% B for 5 min, to 100% B at
30 min. Flow 0.6 mL/min. ESI(+) TOF: capillary
4000 V; nebulizer 40 psi; drying gas 9 L/min; gas
300°C; skimmer 60 V; octapole dc1 37.5 V; octapole rf
250 V; fragmentor (in-source CID) 190 V. Mass range:
50–1000 m/z.

Fruits and
vegetables

Vegetables. QhEChERS procedure. Sample
homogenization. ACN addition. Addition of NaCl
and MgSO4. Centrifugation (3700 rpm, 1 min). ACN
phase addition to PSA and MgSO4. Shaking.
Centrifugation (3700 rpm, 1 min). Evaporation to
near dryness and reconstitution in 10% CH3OH.
Filtration (0.45-μm PTFE).
Skin. Washing by CH3OH and solvent capturing in a
beaker. Three times repetition using the same
solvent. Mixing with milliQ water and filtering
(0.45-μm PTFE filter).

[163]
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QqTOF-MS
and MS/MS

Aniline derivatives of
fatty acids and
triglycerides

HPLC-UVAPCI-MS

Amitraz, 2,4DMA

HPLC-UV
HPLC-MS/
MS

Column: 50 × 2.1 mm Acquity C18 1.7 μm. Injection
volume 5 μL. Mobile phase: CH3OH (A), NH4 formate
10 mM (B). Flow 400 μL/min. Gradient: 15% A, to
90% A in 5 min. MS conditions: TOF range
50–500 m/z. Collision energy 4 eV. Desolv. gas 500 L/h
350°C, cone gas 50 L/h, source 120°C, capillary and
cone 3000 and 20 V, flight tube 5630 V, reflectron
1780 V, pusher 840 V, puller 645 V and MCP detector
2200 V.
HPLC-UV-APCI-MS (SPP and SPNR extracts). Column:
2.1 × 150 mm Partisil ODS-3 5 μm. Mobile phase:
CH3OH:water 20:80 (A), CH3OH:2-propanol 80:20 (B),
CH3OH:2-propanol 80:20 with 2% hexane (C). Gradient
I: 40% B, to 65% B in 5 min, to 100% B in 25 min, held
for 5 min, to 100% C in 5 min, held for 20 min. Flow:
0.25 mL/min. Gradient II (>sample volumes): 85% B,
held for 5 min, to 100% B in 10 min, held for 5 min, to
100% C in 5 min, held for 20 min. Flow: 0.25 mL/min.
Scan m/z 125–1099, 0.5 scans/s. Multiplier 1000 V.
Corona discharge 3.5 kV. Capillary 250°C; vaporizer
400°C; sheath gas (N2) 25 psi; auxiliary gas (N2) 30
units. APCI-MS/MS on HPLC fractions. Extracts
fractionation by HPLC as above. For high oil volume:
2000 μL loop, column 4 × 150 mm ODS-2 5 μm. Flow
0.9 mL/min. 30s fractions MS-analyzed: 2 × 50 mm
Nucleosil C18 3 μm column. Mobile phase: A
(CH3OH:water 80:20 with 0.1% acetic acid), B
(CH3OH:2-propanol 80:20 with 0.5% hexane and 0.1%
acetic acid).
HPLC-UV. Column: 5C18-MS-II 5 μm 150 × 4.6 mm. T
30°C. Mobile phase: A (0.02 M NH4 acetate), B (ACN).
Gradient: 0–8.5 min, B 30%; 10 min, B 72%; 25 min, B
72%; 26 min, B 30%; 30 min, B 30%. Flow 1.0 mL/
min. Injection vol. 40 μL. UV: 238 (2,4-DMA), 289 nm
(amitraz). LC-ESI-MS/MS. Column: SunFire C18
3.5 μm 100 × 2.1 mm. Mobile phase: A (0.02 M NH4
acetate), B (CH3OH). Gradient: 0 min, B 10%; 3 min, B
90%; 9 min, B 90%; 9.1 min, B 10%; 11 min, B 10%.
Flow 250 μL/min. Injection vol. 25 μL. MS: capillary
4.8 kV, 330°C; sheath, aux. gas (N2) 30, 5 a.u. Coll. gas
(Ar) 1.5 mTorr.

LOQ: 0.005–
0.02 mg/kg

LOQ mg/kg: 20
(amitraz), 25
(2,4-DMA) in
HPLC-UV.
LOQ mg/kg: 5
(amitraz), 10
(2,4-DMA) in
LC-MS/MS

Pears

Sample homogenization with ethyl acetate and
anhydrous Na2SO4. Supernatant filtration through
filter paper with anhydrous Na2SO4. Solid residue
rehomogenization with ethyl acetate, and extracts
combination. Rotary-evaporation to <1 mL (40°C,
250 mbar). Evaporation to dryness by N2 and a water
bath at 50°C. Reconstitution in ACN.

[147,148]

Laboratory
denatured
rapeseed oil

Liquid–liquid extraction. Oil addition of ethyl
acetate:hexane 1:1 and CH3OH:water 1:1.
Vortex-mixing and centrifugation. Aqueous phase
removing and reextraction with CH3OH:water 1:1
(sol A). SPE extraction. Sol A loading on SCX
cartridge. Washing by ethyl acetate:hexane 1:1, ethyl
acetate, and CH3OH. Addition of NH4 citrate
tribasic, 0.1 M. Elution by toluene:2-propanol:ACN
50:45:5. Biphase eluent collection. Addition of
methylamine. Organic phase isolation and
evaporation close to dryness (SPP). Initial
flow-through solution and washes pooling.
Evaporation and dilution with 2-propanol:hexane
95:5 (SPNR). Mixing with 2-propanol:CH3OH:water
2:2:1.

[167]

Honey

Sample mixing with 0.1 M NaOH, hexane, and
isopropyl alcohol. Organic phase separation by
centrifugation (2000 rpm, 5 min). Extraction
repeated twice and organic portions combination.
Rotary evaporation to dryness under vacuum at
40°C. Residues redissolution in ACN and water.
Filtration (0.45 μm organic membrane filter).

[164]

Organic Bases

Amitraz, DMF, DMA
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(MEKC) after SPE [169], the determination of aniline,
melamine, and other analytes in milk and other dairy
products by GC-MS [168] and isotacophoresis capillary
electrophoresis (ITP-CE) [166], and the determination
of aniline in fruits and vegetables by GC-MS [165].
Finally, a study has been conducted on the determination of aniline derivatives of fatty acids and triglycerides in rapeseed oil by HPLC-UV-MS [167].

29.4 Purines and Pyrimidines
29.4.1 General Information
The principal purine bases are adenine (6-aminopurine), guanine (2-amino-6-hydroxypurine), and xanthine (2,6-dihydroxypurine) while the most common pyrimidine bases are cytosine
(2-hydroxy-6-aminopyrimidine), thymine (5-methyluracil), and
uracil (2,6-dihydroxypyrimidine). Adenine, guanine, cytosine,
thymine, and uracil play a fundamental role in the biochemical
cellular processes, since they are the constituents, together with
a pentose and phosphoric acid, of the building blocks (nucleotides) of DNA and RNA, the nucleic acids that are responsible for
the storage of genetic information and for protein biosynthesis
[171,172].
Purine and pyrimidine derivatives are monitored in the food
industry for quality assessment of several products. In beer,
nucleic acid is derived both from the mash and yeast activity during fermentation. These compounds have been related to flavors
in food, being a marker for its freshness [172–174]. For example,
inosine 5′-monophosphate (IMP) is a flavor enhancer, which contributes to the umami taste, whereas hypoxanthine (HX) together
with some amino acids and peptides may contribute to a bitter
taste in meat and other foods [175].
HX and xanthine (XA), together with uric acid (UA), are
the metabolites of purine bases deriving from nucleic acids.
Altered purine catabolism has been associated with renal diseases and with the accumulation of insoluble sodium urate
crystals in tissues [176]. Recently, particular attention was
devoted to the determination of purine and pyrimidine content
in baby food. Nucleotides and nucleosides may become essential and be used as additives for newborns, if the endogenous
supply is inadequate. Nucleotides are more abundant in human
milk compared to cow milk; hence, fortification of nucleotides
to infant formula may be beneficial. Nucleotide-supplemented
infant formula has been shown to positively modify the composition of intestinal microflora, emulating the attribute of human
milk [177–180].
Adenine is also a constituent of ATP (adenosine 5′-triphosphate), involved with the cellular energy-exchange processes.
ATP is rapidly degraded to ADP (adenosine 5′-diphosphate) and
AMP (adenosine 5′-monophosphate) with the subsequent accumulation of IMP and GMP. The IMP is hydrolyzed by enzymes
(5′-nucleotidase) to inosine (INO), which, in turn, is degraded to
HX by autolytic and/or microbial action (nucleoside phosphorylase). The GMP is hydrolyzed to guanosine (GUO). Further, HX
will be oxidized to XA and then to UA through a much slower
reaction due to xanthine oxidase [175].

29.4.2 Analysis
Several methods have been developed for the quantification of
purine and pyrimidine derivatives in food and beverages (Table
29.4) and the most used technique is liquid chromatography,
both HPLC and UHPLC. The vast majority of methods used
the reverse-phase mechanism with mass spectrometric detectors
[177,181] or spectrophotometric detectors employing the natural
absorbance of the analytes in the UV region [172,175,182–184].
Some examples are reported in detail.
Vinas et al. [177] used the coupling of HPLC with DAD and
TOF mass spectrometry detectors. Using the HPLC-DAD system,
cytidine 5′-monophosphate (CMP), uridine 5′-monophosphate
(UMP), adenosine 5′-monophosphate (AMP), inosine 5′-monophosphate (IMP), and guanosine 5′-monophosphate (GMP) nucleotides were identified and quantified in baby foods while with the
high-resolution HPLC-MS analysis, the analytes were confirmed.
The ionization is favored in negative ion mode due to the dissociation of the phosphate groups in aqueous solution and the separation
was performed on a C18 column with an isocratic elution of 0.1 M
formate buffer (pH 5.5) containing N,N-dimethylhexylamine
(DMHA) 0.01 M/methanol 95/5 (v/v) mixture.
Recently, UHPLC methods, characterized by shorter run time
and higher sensitivity than conventional HPLC, have been developed [174,176,185]. Guo et al. [185] proposed the identification
and determination of uracil, HX, guanine, uridine, adenine,
adenosine 3′,5′-cyclic monophosphate (cAMP), cytidine, guanosine 3′,5′-cyclic monophosphate (cGMP), and guanosine by
UHPLC-DAD-MS/MS in fruits of Ziziphus jujube, a Chinese
plant. Different stationary phases were tested but the best results,
in terms of retention and resolution, were obtained by the use of
Acquity HSS T3 column with a mobile phase formed by methanol and 5 mM of ammonium acetate at pH 8.0 for ammonia.
Ammonia is employed to favor the ionization in positive ion mode.
Inoue et al. [180] proposed a method for the determination of
AMP, CMP, GMP, IMP, and UMP in infant food by ion-exchange
liquid chromatography (IELC). The separation was performed
using a stationary phase containing –NH2 group and a 50 mM
diammonium hydrogen phosphate buffer as mobile phase.
Even if HPLC and UHPLC remain the most suitable and most
used techniques for the quantification of purines and pyrimidines in food, capillary electromigration techniques were also
employed recently. Haunschmidt et al. [171] tested both capillary zone electrophoresis (CZE) and MEKC to separate standard
solution of purines and pyrimidines. Different electrolyte compositions (sodium hydrogen phosphate, sodium citrate, sodium
hydrogen carbonate, and sodium borate) with different detectors
(UV and MS) were evaluated and the optimal conditions were
used for the analysis of beer samples.
For sample pretreatments, different extractions were performed
according to the samples. Acid hydrolysis was used both for beverages [173,177,183,184] and for meat samples [175,182], while
beer samples were degassed in ultrasonic bath before analysis
[171,172]. For solid matrix, the most used strategies for the extraction were water [176,178–180,185], methanol [186], and methanol/
water mixture [181]. One of the most used sample pretreatments
was the centrifugal ultrafiltration (CUF), a type of membrane filtration in which centrifugation forces a liquid against a semipermeable membrane. Suspended solids and solutes of high molecular
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Purine and Pyrimidines
Analytes

Analytical Method

Experimental Conditions

DL

Applications

Sample Treatment

Reference

Adenine, adenosine, cytidine,
cytosine, guanine, guanosine,
HX, thymine, uracil, uridine,
and XA
Adenine, adenosine, cytidine,
cytosine, guanine, guanosine,
thymidine, thymine, uracil,
uridine, and XA
Adenine, guanine, HX, and XA

CZE-UV CZE-MS
MEKC-UV

CZE analysis: applied voltage +30 kV. MEKC
analysis: applied voltage +25 kV.

2–60 S/N but not for
all analytes

Beer samples

Degassing in ultrasonic
bath.

[171]

HPLC-UV

Stationary phase: C18 column. Mobile phase:
gradient elution of H2O and ACN.

0.010–0.037 mg/L

Beer samples

Degassing in ultrasonic
bath and filtered.

[172]

CE-UV and HPLC-UV

CE method:
0.05–0.09 µg/mL;
HPLC method:
0.02–0.09 µg/mL

Soybean milk

Acid hydrolysis with
HClO4.

[173]

Adenosine, AMP, CMP,
cytidine, guanosine, GMP,
inosine, thymidine, uridine,
UMP, xanthosine, and other
nucleoside di- and
triphosphates
AMP, guanosine, HX, inosine,
IMP, uridine, and XA

UHPLC-DAD-MS/MS

For CE analysis: Fused-silica capillary
(60 cm × 75 µm i.d.). Applied voltage +25 kV.
For HPLC separation: Stationary phase: C18
column. Mobile phase: gradient elution with
CH3OH and H2O.
Stationary phase: Acquity HSS T3 column.
Mobile phase: gradient elution of A (1.25 mM
CH3COONH2(C6H13)2 in 10 mM HCOOH/
HCOONH4 at pH 5.0) and B (1.25 mM
CH3COONH2(C6H13)2 in ACN).

0.05–1 ng

Beverage and food

Different pretreatments
according to the samples.

[174]

HPLC-DAD

Stationary phase: RP C18 column. Mobile phase:
gradient elution of 50 mM K3PO4 at pH 4.0 and
CH3OH.

–

Dry-cured ham

[175]

Adenosine, guanosine, HX,
inosine, UA, uridine, and XA

UHPLC-MS/MS

0.03–0.15 μg/g

Pork meat, dry-cured
and cooked ham

AMP, CMP, GMP, IMP, and
UMP

HPLC-DAD-TOF MS

UV detector:
4.5–7.6 ng/mL;
MS detector:
11–19 ng/mL

Baby food

Precipitation of proteins
with trichloroacetic acid,
centrifugation, and
filtration.

[177]

Adenosine, AMP, CMP,
cytidine, IMP, inosine, GMP,
guanosine, UMP, and uridine

HPLC-DAD-MS/MS

Method detection
limit (MDL) from
0.01 to 0.13 mg/hg

Infant formula

Dissolution in H2O and
CUF.

[178]

AMP, CMP, GMP, IMP, and
UMP

HPLC-MS/MS

Stationary phase: HSS T3 column. Mobile phase:
mixture of 0.1% of HCOOH acid in H2O and
ACN.
Stationary phase: Gemini C18 column. Mobile
phase: isocratic elution of 5% CH3OH and 95%
0.1 M formate buffer (pH 5.5) containing
N,N-dimethylhexylamine (DMHA) 0.01 M
aqueous solution.
Stationary phase: Gemini column. Mobile phase:
gradient elution of phase A (CH3COONH4
10 mM, NH4HCO3 5 mM at pH 5.6) and phase
B (CH3OH).
Stationary phase: HILIC NH2 column. Mobile
phase: gradient elution of A (30 mM
HCOONH4 in H2O at pH 2.5 for HCCOH) and
B (CH3OH).

Homogenization with
HClO4, centrifugation,
filtration, neutralization,
and centrifugation again.
Extraction with boiling
H2O.

5–10 ng/mL

Infant food

Dissolution in water,
vortex, and CUF.

[179]
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Table 29.4 (Continued)
Purine and Pyrimidines
Analytes

Analytical Method

Experimental Conditions

DL

Applications

AMP, CMP, GMP, IMP, and
UMP

IELC-UV

Stationary phase: Capcell-pak NH2 column.
Mobile phase: 50 mM (NH4)2HPO4 buffer.

0.01–0.05 µg/mL

Infant formula

Adenosine, 2′-deoxyguanosine,
2′-deoxyinosine, guanosine,
HX, inosine, thymidine,
thymine, uridine, and XA

HPLC-DAD-MS/MS

Stationary phase: C18 column. Mobile phase:
gradient elution with CH3OH and H2O.

0.024–0.121 µg/mL

Sea food

Adenine, guanine, HX, XA, and
UA

HPLC-UV

0.09–0.35 μg/mL

Vegetarian meat
analogs

Adenine, guanine, HX, and XA

HPLC-UV

0.0038–0.0075 mg/L

Adenine, guanine, HX, UA, and
XA
Adenine, adenosine, cAMP,
cGMP, guanine, guanosine,
HX, uracil, and uridine

HPLC-UV

Adenine, adenosine,
cordycepin, cytosine,
2′-deoxyuridine, guanosine,
HX, inosine, thymidine, uracil,
and uridine

CEC-UV

Stationary phase: C18 column. Mobile phase:
50 mM KH2PO4 aqueous conditions at pH = 4.0
for H3PO4.
Stationary phase: Asahi Pak GS-320HQ column.
Mobile phase: 150 mM NaH2PO4 with 20%
(v/v) H3PO4.
Stationary phase: Asahi Pak HQ-310HQ column.
Mobile phase: 150 mM NaH2PO4 at pH 2.5.
Stationary phase: Acquity HSS T3 column.
Mobile phase: gradient elution of CH3OH and
CH3COONH4 5 mM aqueous solution at
pH = 8.0 for NH3.
Stationary phase: Hypersil C18. Mobile phase:
4 mM CH3COONH4/CH3COOH contained
2 mM (C2H5)3N (pH 5.3) with 3% (v/v) of
ACN.
Electrokinetic injection 10 kV for 5 s.

UHPLC-DAD-MS/MS

Sample Treatment

Reference

Dissolution in H2O, mix,
centrifugation, and then
CUF.
Extraction with CH3OH/
H2O 50/50 (v/v),
sonication,
centrifugation, and
filtration.
Acid hydrolysis

[180]

Beer and beer-like
alcoholic beverages

Acid hydrolysis with
HClO4.

[183]

–

Alcoholic beverages

[184]

0.012–0.030 µg/mL

Fruits of Z. jujuba

0.6–6.7 µg/mL

Mushrooms

Acid hydrolysis with
HClO4.
Extraction with H2O,
sonication,
centrifugation, and
filtration.
Pressurized liquid
extraction with CH3OH.

[181]

[182]

[185]

[186]
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Organic Bases
weight are retained, while the liquid and low-molecular-weight
solutes pass through the membrane depending on the molecular
weight cut-off of the membrane used [178–180].

food and pharmaceutical preparations in order to estimate the
daily intake.

29.5.2 Analysis

29.5 Methylxanthines
29.5.1 General Information
Methylxanthine derivatives, alkaloids that are naturally present
in several foods or can be added to them as flavors, have received
great attention in food analysis, mainly due to their extensive
bioactivity. These compounds have been found in nearly 100 different plants of several families; the most important compounds
of this class are caffeine (CF), theobromine (TB), and theophylline (TP).
CF is naturally found in the leaves, seeds, or fruits of more
than 60 plants, including coffee, tea (about 2%–5% CF in dry
leaves), cocoa, kola, guarana (Paulinia cupana), and Paraguay
tea. It is naturally present in many brewed beverages such as coffee (from about 60 to 150 mg/cup), tea, and cola, and it is added
in small amounts (up to 200 ppm) in some soft drinks and in
foodstuffs such as chocolate. It is also normally added to the
so-called sports drinks in order to increase the basal metabolic
rate [187]. CF can be employed in the pharmaceutical field as an
analgesic and is also used in dermatology as a skin revitalizer.
CF is a central nervous system stimulant that can also stimulate
the cardiac muscle [188]. People’s innate sensitivity to CF can
be very different and sensitive individuals can experience undesirable side effects such as headache, irritability, nervousness,
restlessness, and insomnia.
TB is an alkaloid found in cocoa shell, cola nuts, and tea (only
in very small amounts), but not in coffee. In cocoa, TB concentration is generally about 7 times greater than that of CF, so,
even if TB is considerably weaker than CF and TP, it is mainly
because of TB that cocoa is considered stimulating. TB is also
characterized by diuretic properties [189].
TP is found in coffee and tea in very small amounts. It is a very
strong bronchodilator and can be used, together with CF, as a
respiration stimulant to alleviate neonatal apnea, to control asthmatic manifestations, and to relieve bronchial spasms [190,191].
It is also a smooth muscle relaxant and a diuretic, like TB. CF
and TP inhibit cAMP phosphodiesterase. In their presence, the
effects of cAMP, and thus the stimulatory effects of the hormones that lead to its production, are prolonged and intensified.
In recent years, derivatives of xanthines have received increasing attention as component of the so-called “energy” drink
dietary supplements, including transdermal patches, supplemental products that are used for weight loss and energy drinks [192].
These alkaloids have demonstrated stimulatory effects on
the central nervous, gastrointestinal, cardiovascular, renal, and
respiratory systems, resulting in “energy arousal,” increased
motivation to work, increased alertness, and increased cognitive function.
Excessive intake of all the three alkaloids can give rise to
symptoms such as tremor, tachycardia, and gastrointestinal difficulties to convulsions, seizures, and even death; as food is to
humans the most important exposure factor of these alkaloids,
it is very important to accurately determine their content in

CF, TB, and TP have been in the past analyzed by the Kjeldahl
method, UV spectrometry [193], thin-layer chromatography
[194–196], high-performance thin-layer chromatography [197],
gas chromatography [198–200], and SFE [201].
Nowadays, liquid chromatography is the technique most frequently employed for the simultaneous determination of methylxanthines in various matrices. Most of the procedures are based
on reversed-phase (RP) HPLC, using different mixtures of acetonitrile, methanol, formic acid, and acetate or phosphate buffer
as the mobile phase and UV spectrophotometric detection and
mass spectrometry.
Ortega et al. [202,203] developed a method using UPLC-MS/
MS to identify and quantify TB, TP, and CF. The method was
compared with HPLC-MS/MS and the results obtained showed
that UPLC-MS/MS methodology allows to determine methylxanthines at low concentration levels in a short analysis time.
Tea is a beverage consumed all over the world: about 2.5
million tons of tea is produced in the world every year. Several
analytical methods have been developed for the analysis of methylxanthines, together or not with other components, in tea infusions, in tea leaves, and in commercial tea drinks. In most of
the methods, the extraction is done in boiling water, followed by
sonicating and filtering the sample. Many methods extracted the
food samples using acetonitrile, methanol, and acetone or defatted samples using hexane.
A method for the determination of CF, together with TB, TP,
and catechin, was developed by Fanali et al. [204] by using nanoLC/MS and applied to tea samples. The samples were boiled,
filtered, and then injected in the nano-liquid chromatography
employing a 100 nm i.d. capillary column packed with C18 core–
shell particles for 10 cm.
The simultaneous determination of CF, TB, and TP in food,
drinks, and herbal products was obtained through an HPLC
method by Srdjenovic et al. [205] by using a C8 column and
water-THF-CAN as mobile phase; the DLs are 0.2 ng/mL for
TB, 0.1 ng/mL for TP, and 0.07 ng/mL for CF.
Li et al. [206] determined seven adulterants, including CF, in
slimming functional foods by using HPLC-electrospray ionization-tandem mass spectrometry.
A CZE method for the separation of xanthines was developed
by Regan et al. [207]; the method uses 20 mM borate buffer at
pH 9.4 as running buffer. It was possible to complete a total separation of a sample in 2 min achieving limits of detection in the
range 1.9–2.5 mg/L.
Gloess et al. [208] analyzed nine different coffee extraction
methods with regard to analytical and sensory aspects for four
espressi and five lunghi. The determination of CF was performed
by using headspace SPME GC/MS with a PDMS/DVB fiber and
a DB-WAX column.
Table 29.5 lists all the papers about the HPLC, SFC, UPLC,
GC, CZE, and HPTLC analysis of methylxanthines in tea, coffee,
cocoa, wine, soft drinks, energy drinks, herbal products, carob
flour, cereal, infant food, snacks, guarana, slimming foods, beverages, and food in general.
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Table 29.5
Methylxanthines
Analytes
CF

CF and TB

CF

Analytical
Method
RP-HPLC with UV
detection at
210 nm
HPLC-DADESI-MS
SFC

CF, TB, TP,
HPLC-DAD
and catechin
CF, TP, and
TB

UV-SPS

CF, TP, and
TB

RP-HPLC with UV
detection at
273 nm
RP-HPLC with UV
detection

CF, TP, and
TB
CF, TP, and
TB
CF, TP, and
TB
CF, TB,
catechin

CF and TB

CF

C-18 Lichrocart column, ACN/0.1%
orthophosphoric acid in water (w/v) as
mobile phase.
Minicolumn (40 mm length, 1.5 mm i.d.)
packed with 40 mg C18 silica gel beads to
achieve optimum separation of the
analytes.
LiChrospher 100 RP-18, water/ethanol/
acetic acid (75:24:1%, v/v/v) as mobile
phase.
C18 Nova-Pak column, a solution of 20% of
CH3OH in water under isocratic conditions
as mobile phase.
Zorbax Eclipse XDB-C8 column with a
mobile phase of water–THF (0.1% THF in
water, pH 8)–ACN (90:10, v/v).
Voltage: 20 kV.

RP-HPLC-PDA
RP C18 column, 2% acetic acid in water (A)
with UV detection and ACN/water/concentrated acetic acid
at 280 nm
mixture (4/9/1 v/v/v) (B) as mobile phase.
UPLC-MS/MS and UPLC: Acquity HSS T3 column, gradient
HPLC-MS/MS
elution with water/acetic acid (99.8/0.2,
v/v) and ACN. HPLC: Phenomenex Luna
silica column, CH2Cl2 (eluent A), CH3OH
(eluent B), and water/acetic acid (50/50,
v/v) (eluent C) as mobile phase.
UPLC-MS/MS
Acquity (HSS) T3, mobile phase Milli-Q
water/acetic acid (0.2%), as solvent A, and
ACN, as solvent B.
RP-HPLC-UV-Vis ODS C18 column, mobile phase water, acetic
acid, CH3OH (79.9, 0.1, and 20).

DL

Applications

Sample Treatment

Reference

CF 0.06 ng/mL

Wine

SPE by tetraethylenepentamine functionalized Fe3O4
magnetic polymer as adsorbent.

[209]

–

Maté beverage
(Chimarrão and
tererê)
Beverage and food
samples

Addition of 250 mL of deionized water at 70°C to 5 g of
the sample and filtration through a 0.45 μm membrane
filter.
Drinks degassed, for solid food 10 mL of acidified CH3OH
was added. The samples were shaken, sonicated, and
centrifuged.
Extraction with ACN, water, CH3OH, aqueous CH3OH
(15% and 70%) and acetone.

[210]

–

[211]

–

Tea

TP 0.09 ng/mL TB
0.06 ng/mL CF 0.1 ng/
mL

Soft drinks, cocoa,
tea leaves, and
chocolate

Soft drinks: degassing by sonication. Tea leaves, cocoa,
and chocolate boiled with water on a sand bath for 1 h
and filtered.

[213]

TP 0.06 ng/mL TB
0.07 ng/mL CF 0.1 ng/
mL
TP 0.08 ng/mL TB 0.1 ng/
mL CF 0.1 ng/mL

Tea, coffee

Tea: infusion. Coffee: hot water.

[214]

Cocoa

Dry-packed precolumn with ODS-C18 for online SPE.

[215]

TP 0.1 ng/mL TB 0.2 ng/
mL CF 0.07 ng/mL

Food, drinks, and
herbal products

Extraction with hot water, sonicated and filtered, adjusted
to pH 8 with 0.1 M NaOH.

[205]

TP 1.6 ng/mL TB 2.1 ng/
mL CF 3 ng/mL

Tea leaf, roasted
coffee, soft and
energy drinks
Cola

Tea and coffee in hot water, soft and energy drinks diluted.

[216]

Extraction with acetone/water 60:40 (v/v), acetone
removed by rotary evaporation.

[217]

UPLC: CF 0.001 ng/mL
TB 0.03 ng/mL
Catechins 0.02 ng/mL
HPLC: CF 0.001 ng/mL
TB 0.03 ng/mL Catechins
0.01 ng/mL
CF 0.001 ng/mL
TB 0.03 ng/mL

Cocoa

Extraction with (acetone/MilliQ water/acetic acid,
70/29.5/0.5, v/v/v) at a ratio of 1:5.

[202]

Carob flour

Sample defatted with hexane, extracted with a 70%
acetone–aqueous solvent mixture at a ratio of 1:5.

[203]

–

Tea, coffee

Samples in hot water and filtered.

[218]

–

[212]
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CF, TB,
catechin

HPLC with UV
detection at
273 nm
CE

Experimental Conditions
Gemini C18 column using 2.5 mmol/L
AmAc and 0.01% TFA (v/v) in water as
eluent A, and ACN as eluent B.
X-Bridge C18 column, H2O/formic acid
(99:1 v/v) as phase A and ACN/formic acid
(99:1 v/v) as phase B.
LichrospherDiol column, CO2 vapor phase.
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UHPLC-DAD

CF

DDSME/GC/MS

CF

GC-FID

CF, TB

LC-ESI-MS

CF, TB, TP

CZE

CF, catechin

HPLC

CF, catechin

LC-PBEI/MS,
LC-PBGD/MS
HPLC-DAD at
274 nm
HPLC

CF
CF

CF, TB, TP

HPLC with UV
detection at
274 nm

CF

RP-HPLC-FID

CF

RP-HPLCESI-MS/MS

CF

SFC

CF

HPLC with UV
detector at
278 nm

Accucore C18 column, 1% formic acid
(solvent A) and ACN/1% formic acid
(80:20, v/v) (solvent B) as mobile phase.
DB-5 capillary column, helium as carrier
gas.
AQUAWAX capillary column or a SBP-35
capillary column, oxygen free nitrogen
used as carrier gas.
C18 column. Two mobile phases were
composed of Phase A (100% H2O w/0.5%
formic acid (5 mM ammonium formate),
v/v) and Phase B (100% CH3OH w/0.5%
formic acid, v/v).
20 mM borate buffer at pH 9.4 as running
buffer at 55°C it, voltage: 20 kV.
XDB C-18 column, to 1 L of 5% acetic acid
were added 10 mL of ACN (solvent A) and
ACN was solvent B.
Commercial C18 column using a gradient of
water (containing 0.1% TFA) and CAN.
Short monolithic column, ACN/water
(10:90, v/v) as mobile phase.
C18 column, A (0.05% phosphoric acid
solution) and B (ACN) from 90:10
(A:B,%) to 70:30 (A:B,%) as mobile phase.
Fast gradient reversed-phase monolithic
column, Performance monolithic column,
and a Hypersil ODS particulate reversedphase column. ACN/water (5:95, v/v) was
used as the mobile phase.
Reversed-phase C18 column, ACN and
phosphate buffer (0.025 mol/L, pH 3.25) in
mobile phase were optimized in the range
0%–7% (v/v) and 63%–70% (v/v).
RP-C18 column, 0.03% formic acid in ACN
and 0.01% formic acid solution as mobile
phase.
C18 column, CO2 vapor phase, conditions
for the SFE were: temperatures of 313.15,
323.15, and 333.15 K and pressures from
100 to 300 bar.
Kromasil C18 column, mobile phase
CH3OH (A) and 0.05% phosphoric acid
aqueous solution (B).

–

Green coffee

Sample defatted with 30 mL of hexane, centrifuged.

[219]

CF 4 ng/mL

Beverages and food

[220]

Liquid samples: CF
5.76 ng/mL.
Solid samples: CF
0.15 ng/mL
–

Soft drinks, juice,
infant formula and
infant food, cereal,
flour, and snacks
Tea

Samples in boiling water and filtered. Drop-to-drop solvent
microextraction: chloroform as extraction solvent.
Samples sonicated, filtered through disposable syringe
filters, and injected into the GC unit.

Tea infusions were previously filtered through a 0.45 μm
PTFE syringe filter to injection.

[222]

TP 1.9 ng/mL TB 2.5 ng/
mL CF 1.9 ng/mL
–

Chocolate

[207]

GD: CF 12 ng/mL.
EI: CF 15 ng/mL
CF 0.01 ng/mL

Green tea tincture
(nutraceutical)
Coffee, beverages

Extraction with chloroform, sonication, addition of
ethanol.
The seeds were extracted with water, CH3OH, 35%
acetone, and 60% ethanol at room and at boiling
temperature of solvent.
Samples diluted and extracted with ethanol.
Samples sonicated and filtered.

[225]

-

Green tea leaves

Ultra-high-pressure extraction.

[226]

TP 0.075 ng/mL TB
0.055 ng/mL CF 0.15 ng/
mL

Food and beverages

Solid and liquid samples sonicated and filtered.

[227]

CF 0.3 ng/mL

Soft drinks and
liquid foods

No sample pretreatment procedure.

[228]

–

Slimming
functional foods

[206]

–

Coffee grounds and
coffee husks

Samples extracted with ammoniated CH3OH, for liquid
samples, plant powder, or capsules formulations, were
extracted with a mixture solution of ammoniated
methanoldiethyl ether (2:1 v/v).
–

–

Tea

Guarana seeds

Samples were powdered, brewed for 10 min with 100 mL
of 100°C water, and a final 0.05% phosphoric acid was
added to the solution. This was followed by heating at
90°C for 10 min in a water bath. The extracts was filtered.

[221]

[223]

[224]

[229]

[230]
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Table 29.5 (Continued)
Methylxanthines
Analytes

Analytical
Method

CF and
catechin

RP-HPLC-PDA at
250 nm

Cartridge C18 column, solutions of 0.05%
TFA–water (phase A) and 0.05% TFA in
ACN:CH3OH (75:25, v v−1) (phase B) as
mobile.

CF 0.13 ng/mL, catechin
0.70 ng/mL

Guaranà

CF, TB,
catechin

RP-HPLC-DAD at
278 nm

–

Tea

CF

HPLC-PAD

CF 17 ng/mL

Food

–

[233]

CF, TB, TP,
catechin
CF

Nano-LC/MS

–

Tea

Tea samples were boiled and filtered.

[204]

CF 0.005 ng/mL

Kratom cocktail

Sample was concentrated and filtered.

[234]

CF, catechin

RP-HPLC with UV
detector

–

Tea

–

[235]

CF

HPLC-CAD-UVDAD

C-18 column, solution A (9% ACN, 2%
acetic acid, containing EDTA [20 mg/mL])
for 10 min, 68% of solution A and 32% of
solution B (80% ACN, 2% acetic acid,
containing EDTA (20 mg/mL]) for 10 min
as mobile phase.
ODS-SP column, mobile phase: ammonium
acetate solution (0.10 mol/L) of pH 7.2
(A), phase B was a mixture of CH3OH and
ACN (90:10, v/v).
C18 column, ACN/CH3OH/water containing
0.5% formic acid as mobile phase.
XDB-C8 column, the mobile phase was
0.01 M KH2PO4:CH3OH:ACN:isopropanol
(74:8:9:9, v/v/v/v).
RP C18 column, mobile phase consisted of
2% aqueous acetic acid (v/v) as solvent A,
ACN as solvent B, and water as solvent C.
C18 column, ACN/water (15:85 v/v) as
mobile phase.

CAD: CF 62 ng/mL,
DAD: CF 31 ng/mL

Samples were diluted and filtered.

[236]

CF

HPLC-DAD

CF 24 ng/mL

Soft drinks, energy
drinks, diet
supplements, and
tabletop sweetener
Soft drinks

Samples were sonicated, diluted, and filtered.

[237]

CF, TB

HPTLC

–

Mate tea

Aqueous solution of sample was clarified with lead acetate.

[238]

CF

HS-SPME GC/MS

–

Coffee

Nine common extraction methods.

[208]

HPLC-DAD

Experimental Conditions

Applications

Sample Treatment
Extracted with acetone:water (70:30), lyophilized
partitioned with ethyl acetate, resulting in an ethyl acetate
fraction, extracted with solid-phase extraction and diluted
in 1 mL of 20% CH3OH, passed through the SPE
cartridge and diluted in 25 mL of 20% CH3OH.
Samples extracted with 5 mL of 70% CH3OH, centrifuged,
and filtered.

Reference
[231]

[232]
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C18 column, ethanol/KH2PO4 buffer
(0.0125 M, pH adjusted to 2.5, 3, and 3.5
using 5% phosphoric acid) mixture (v/v).
Chloroform:CH3OH:formic acid in volume
ratio 44.1:2.5:2.15 was used as mobile
phase for aglycones, and ethyl
acetate:formic acid:acetic acid:water in
volume ratio 100:11:11:26 was used for
glycosides. System used for xanthines
development was ethyl
acetate:CH3OH:water in volume ratio
40:5.4:4.
A (PDMS/DVB) SPME fiber and a
DB-WAX column were used.
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29.6 Glycoalkaloids
29.6.1 General Information
Glycoalkaloids (GAs), a class of nitrogen-containing steroidal
glycosides, are biologically active secondary plant metabolites and are commonly found in plants of the Solanum genus.
These include many common vital agricultural plants, including
potato (Solanum tuberosum), tomato (Solanum lycopersicum),
and aubergine (Solanum melongena). These compounds play an
important role in the resistance of plants to pathogens and insects
[239,240] and also in the quality assessment of flavor of cultivated potatoes; low levels of GAs (4–12 mg/100 g fresh weight)
improve the flavor quality but if the level reaches 20 mg/100 g
fresh weight [241], a bitter taste prevails. Ideally, the most desirable plant would have a high GA content in the foliage to protect
the plant from pathogens and insects but a level as low as possible
in tubers and fruits to prevent human health from intoxication.
Generally, GAs are composed of a sugar moiety (polar—water
soluble) and by an alkaloid moiety (aglycone—nonpolar lipophilic steroid) [242]. They are referred to as α-compound, and
the cleavage, by acid or enzymatic hydrolysis, of the individual
sugars of the glycoside, leads to β-, γ-, or δ-compounds, depending on the number of sugars in the side chains [243–245].
More than 80 GAs have been identified in various potato species. The major GAs in tubers of commercial potato varieties
(representing 95%) are α-solanine and α-chaconine, while in
tomatoes and eggplants, they are tomatine and dehydrotomatine,
and α-solasonine and α-solamargine, respectively [243,245].
The ratios of α-solanine and α-chaconine can vary between tissues and cultivar and are dependent on growing conditions. GA
levels in potatoes are increased by a number of factors; unfavorable climatic conditions such as extreme temperatures [246]
or exposure to artificial light or sunlight [247,248] can cause a
300-fold increase in GA content; increases in GA content depend
on the wavelength of light used [249] and both mechanical and
insect damage. Moreover, postharvest conditions such as storage temperatures, light, and mechanical injury during processing can all dramatically increase the GA content in potatoes. In
many cases, increased GA content is associated with greening of
the potato [250]. A correct storage of tubers from harvesting to
selling is then fundamental for assuring human health.
Solanine and chaconine (with the solanidine aglycone), the
major GAs in potatoes, are highly toxic and have been responsible for some serious intoxications in humans due to their ability
to bind membrane sterols, disrupt cell membranes, inhibit acetylcholinesterase, and perturb acid–base equilibrium in vivo. At this
time, informal guidelines limiting the total GA concentration in
potatoes to 200 mg/kg of fresh weight have been established as
a safe value; however, this level has to be reevaluated for GAs
different from solanine because the activity of each compound
can vary from that of others and also because synergistic effects
between different GAs can occur [251].

29.6.2 Analysis
A wide range of analytical techniques have been employed to
identify and quantitate GAs, in particular, to ascertain their concentration in plants and to examine the wide range of bioactivities

associated with these molecules. Thin layer chromatography
(TLC) is used to provide an estimate of the number of compounds present in an extract, to monitor fraction during column
chromatography (CC), and to determine the purity of compounds
[252,253]. CC is almost exclusively restricted to the separation
and purification of GAs of unknown structures in which efficiencies of separation are monitored with TLC. The principal
method used to quantify GAs is HPLC; one disadvantage, however, is that the UV chromophore for GAs is at short wavelengths
(200–210 nm), where it can be subject to interference due to the
presence of other compounds [251,254–258]. However, to perform a structural determination of novel GAs, the main methods
employed are nuclear magnetic resonance spectroscopy (NMR)
[259,260] and MS [252,256,258,261–263].
Owing to the advancement of two-dimensional (2D) NMR
experiments such as COSY, NOESY, ROESY, TOCSY,
DQFCOSY, HMQC, and HMQBC and the availability of high
magnetic fields, the quantification of GAs employing NMR is
fast becoming routine. However, it should be highlighted that
NMR usually requires relatively large amounts of material in
comparison to mass spectroscopy and is inefficient in the structural assignment of GA mixtures.
Mass spectrometry is one solution to the identification of
the individual components in GA mixtures. GC-MS has been
employed by a number of researchers, but this method is only
useful for the individual structural determination of aglycones
or sugar residues. Therefore, a prehydrolysis step by chemical or
enzymatic means is required. Furthermore, a derivatization step
of the aglycone or the saccharide is also required in most cases.
LC-MS is analogous to GC-MS in that it is a useful, rapid
method for the quantitative detection of GAs, aglycones,
and oligosaccharides. However, limited structural information is obtained from this method of analysis. Unlike GC-MS,
derivatization or hydrolysis is not required for analysis.
Fast atom bombardment mass spectroscopy (FABMS) [264],
also known as liquid secondary ion mass spectrometry (LSIMS),
is a useful technique for the analysis of nonvolatile and/or thermally unstable compounds.
Other less used methods were developed to detect GAs, such
as immunoassays and enzyme-linked immunosorbent assay
(ELISA) [265,266], biosensors [267,268], and calorimetric detection [269].
Shakya et al. [270] have developed a high-throughput HPLC
method for the qualitative and quantitative determination of
numerous phenolic compounds, the sum of the GAs chaconine
and solanine, plus ascorbic acid in potato. Following a fast
extraction, HPLC run times of 12 min were achieved with the
use of a monolithic RP C18 column. UV and MS analyses were
used to characterize the phenolic complement in extracts from
two white-fleshed varieties. Over 30 compounds were identified,
some of which are thought to either possess nutritional value or
to be involved in plant disease resistance. Freeze-dried powder (200 mg) was placed into a 2 mL screwcap tube along with
0.9 mL of extraction buffer (50% CH3OH, 2.5% metaphosphoric
acid, 1 mM EDTA) and 500 mg of 1.0 mm glass beads. Tubes
were shaken for 15 min at maximum speed and centrifuged for
5 min at 4°C, and the supernatant was transferred to a clean tube.
The remaining pellet was reextracted with 0.6 mL of extraction buffer and centrifuged. The supernatants were combined,

www.ebook777.com

Free ebooks ==> www.ebook777.com
670
centrifuged, and concentrated prior to HPLC analysis. Optimized
conditions for the Onyx column used a flow rate of 2 mL/min
and gradient elution of 0–1 min 100% buffer A (10 mM formic
acid, pH 3.5, with NH4OH), 1–5 min 0%–30% buffer B (100%
methanol with 5 mM ammonium formate), 5–6.5 min 40%–70%
buffer B, 6.5–8.5 min 70%–100% buffer B. UV detection was
at 210, 244, 280, 320, and 360 nm. The XDB-RR column was
operated at 1 mL/min with the same buffers as the Onyx column, using a gradient of 0–1.5 min 0%–4% buffer B, 1.5–5 min
10%–25% buffer B, 5–10 min 35%–65% buffer B, 10–15 min
70%–90% buffer B, and 15–16 min at 95% buffer B.
Ieri et al. [271] have developed a single procedure to simultaneously determine phenolic acids, anthocyanins, and GAs; the
procedure was applied in 13 cultivars, all with pigmented peel. A
single exhaustive extraction for the three classes of compounds
and a single analytical HPLC method were proposed. The
freeze-dried powder (1 g) was extracted at room temperature
under stirring, twice with 30 mL of 70% EtOH adjusted to pH
2.0 by HCOOH, over 1 h as the total time. The supernatant was
filtered, dried under vacuum, and redissolved with 5–10 mL of
the following mixture: acidic water/acetonitrile/methanol 8:1:1,
final pH 2.0. Analysis was carried out using a Synergi Max RP
80 A (4 µm; 150 × 3 mm i.d.) column. The mobile phase was (A)
water pH 2.0 acidified by orthophosphoric acid (only for HPLC/
DAD) or formic acid (for the HPLC/DAD/MS analysis) and (B)
acetonitrile. The following multistep linear gradient was applied:
from 95% to 78% of A in 8 min, 4 min to reach 74% A, then
13 min to arrive at 65% A. The total time of analysis was 25 min,
flow rate 0.4 mL/min, and oven temperature 26°C.
Table 29.6 reports some other significant works on GA analysis in food.

29.7 Capsaicinoids
29.7.1 General Information
Capsaicinoids (CAPs) are a group of cytotoxic alkaloids from
various species of Capsicum (pepper, paprika) of the Solanaceae
family. They can cause pain, irritation, and inflammation due
to substance depletion from sensory (afferent) nerve fibers.
Compared to other spicy substances, such as mustard oil (zingerone and allyl isothiocyanate), black pepper (piperine), and
ginger (gingerol), CAPs cause a long-lasting selective desensitization to their irritant pain effects, after repeated doses of low
concentration or a single high-concentration dose. The result is
an increasing ability to tolerate hotter foods.
CAPs are amides of vanillylamine and fatty acids with 7–11
carbon atoms. The fatty acids involved may or may not have
a methyl side group and/or a double bond. The most abundant
CAPs are capsaicin, dihydrocapsaicin (DC), and nordihydrocapsaicin (NDC) (Figure 29.1). CAPs are contained in paprika,
chilies, and pepper and are responsible for their pungency.
These spices are constituents of many preparations in the food
industry; so it is possible to detect CAPs in sauces, soups, processed meats, snacks, candies, soft drinks, and alcoholic beverages. CAPs are present in different parts of the fruit but they
are biosynthesized and accumulated mostly in the placentas and
septa of Capsicum fruit.
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Pure capsaicin (C), the predominant CAP, also known as
N-vanillyl-8-methyl-6-(E)-nonenamide, is a whitish power melting at 65°C (above this temperature, it produces an irritating
vapor), soluble in alcohol and fats and insoluble in cold water,
which explains why drinking water does not work to alleviate
burning. Capsaicin is the most pungent of the group of CAPs isolated from pepper and it is one of the main parameters for pepper
quality assessment. It has been found to work as anticoagulant,
thus possibly helping to prevent heart attacks or strokes caused
by blood clot. Small amounts of C can produce skin numbing
and have slight anti-inflammatory effect. Capsaicin is used for
the treatment of pain, itching, psoriasis, and diabetic neuropathy. However, C is highly neurotoxic and it can lead to burns on
exposed skin and mucous membranes. A high dose of C may
cause coughing and gastrointestinal damage and also lead to
death.
The second most common CAP is DC; C and DC together
represent up 80%–90% of the CAPs found in fruits. The less
common CAPs include NDC, DC with (CH2)5 instead of (CH2)6;
homocapsaicin (HC), capsaicin with (CH2)5 instead of (CH2)4;
and homodihydrocapsaicin (HDC), DC with (CH2)7 instead of
(CH2)6. Table 29.7 lists the five major CAPs and their pungency
assessed by the organoleptic Scoville method, which is the basis
of the Scoville heat units (SHU) used to rank peppers.
Over commercial red pepper, C represents 33%–59% of the
total CAP content, while the other CAPs range between 30% and
51% DC, 7% and 15% NDC, and less than 5% for other CAPs.
The concentration of total CAPs in hot pepper varieties ranges
from 0.003% to 0.01%; varieties of mild chilies contain from
0.5% to 0.3% CAPs, and strong chilies contain from 0.3% up to
1% CAPs.
Since CAPs produce irritant vapors, they are present in selfdefense weapons and less-than-lethal weapons, generally based
on pepper sprays. The effects of pepper sprays are various and of
different intensities: they can cause coughing, gagging, disorientation, and lacrimation, but also temporary blindness and intense
pain. In recent years, increasing interest developed toward the
determination of CAP content in such matrices because of the
several reports of respiratory complications and even deaths following exposure to pepper sprays.

29.7.2 Analysis
Over the last few years, many studies have been performed
in order to identify and quantify CAPs in paprika and pepper
samples. The great interest recently aroused around these compounds is related to the role that CAPs play in the food industry;
the differences (size, shape, flavor, and heat) among more than
200 varieties of the genus Capsicum make each variety useful
for different purposes and applications. The most used extraction
method of CAPs from hot food are liquid liquid extraction (LLE)
with different organic solvents (CH3OH, ethanol, acetone, etc.),
often ultrasound-assisted. Recently, the use of pressurized liquid extraction resulted in higher CAP yield [279]. The methods
developed for the determination of CAPs in Capsicum samples
are based on spectrophotometry, organolectic detection (the socalled “electronic nose”), enzyme immunoassay, TLC [280],
CE [281], GC-FID [282–285], GC-MS [286,287], and above all
HPLC-UV [288–306], HPLC-DAD [307], HPLC-FD [308–315],
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Glycoalkaloids
Analytes

Analytical
Method

α-Chaconine,αsolanine

HPLC-ESD

α-Solasonine,
α-solamargine

LC-MS

α-Chaconine,
α-solanine

TLC,
HPLC-UV
(208 nm)

α-Chaconine,
α-solanine

HPLC-UV
(208 nm)

α-Chaconine,
α-solanine

MALDI-TOF/
TOF

α-Chaconine,
α-solanine,
α-tomatine,
demissidine

HPLC-UV
(208 nm)

Experimental Conditions
Column: Alltech Altima HP C-18 Amide
(150 × 4.6 mm, 5 µm) at 25°C. Mobile
phase: 0.1% TFA in water and ACN.
Flow: 1.0 mL/min. Injection volume of
50 µL.
Column: carbohydrate 250 × 4.6 mm,
5 μm. Mobile phase: ACN/water
(70:30). Flow: 0.5 mL/min. Injection
volume: 20 µL.

TLC. Aluminum oxide column
(30 × 1.5 cm). The compounds were
eluted with water-saturated butanol at a
flow rate of 0.5 mL/min. HPLC.
Columns: Spherisorb S NH2 (5 µM,
4.0 × 250 mm), Nucleosil NH2 (5 µM,
4.0 × 250 mm), LiChrosorb NH2
(5 µM, 4.0 × 250 mm), Inertsil NH2
(5 µM, 4.0 × 250 mm). Mobile phase:
ACN 20 mM/KH2PO4 (80:20, v/v).
Flow: 1.0 mL/min.
Column: Mikrosorb NH2 (25 × 46 cm) at
35°C. Mobile phase: 50:20:30 (v/v/v)
mixture of THF, ACN and water plus
1.02 g/L KH2PO4. Flow rate: 2 cm3/
min.
MS with 200 Hz Smartbeam laser.
Extraction voltage: 25 kV in reflector
mode (delayed extraction, gated matrix
suppression up to 300 m/z). MS/MS:
TOF/TOF mode; summed 1000 laser
shots in 10 positions. Tissue sections
were scanned by 200 µm spatial
resolution and 150 laser shots per pixel.
Column: Inertsil (250 × 4.0 mm, 5 μM)
at 20°C. Mobile phase: THF/
ACN/20 mM KH2PO4 (50:30:20,
v/v/v). Flow rate: 1 mL/min.

DL

Applications

Sample Treatment

Reference

The diluent was prepared by combining water, ACN, and 85% phosphoric
acid (80:20:0.1 (v/v/v)). 500 mg of sample was weighed, transferred to a
15 mL centrifuge tube, combined with 10 mL diluent, and shaken for
10 min. The tube was then sonicated for 15 min, centrifuged for 10 min,
and the supernatant was ﬁltered through a 0.45 µm PTFE ﬁlter.
50 mg of freeze-dried eggplant flesh was mixed with 25 mL of 5% acetic acid
and extracted twice by ultrasonic bath for 10 min followed by centrifugation.
The supernatants were combined, filtered, and adjusted with 10 mL of 29%
NaOH to pH 10–11. The filtrate was extracted twice with 20 mL of
water-saturated butanol. The butanol fractions were combined, and the
solvent was evaporated under a N2 stream. The residue was dissolved in 1 mL
of CH3OH/ACN/water (10:55:35) and filtered (0.45 μm membrane).
Cortex layer and sprout mixtures (500 g) were weighed, blended in a
homogenizer with 2% acetic acid in CH3OH, and filtered. The resulting
residue was rinsed 3 times with 50 mL of 5% acetic acid in water. The
filtrate was added with 20 mL of concentrated NH4OH to precipitate the
glycoalkaloids. The solution was placed in a 70°C water bath for 50 min
and then refrigerated overnight. The precipitate was washed twice with a
2% solution of NH4OH.

[272]

Potatoes

The freeze-dried material (1 g) was homogenized with 4 cm3 of water and
30 cm3 of CH3OH for 2 min, followed by filtration. A 5 cm3 aliquot of the
extract was cleaned up on an SPE column. GAs were rinsed with CH3OH
and evaporated to dryness in vacuo at 50°C. The residue was dissolved in
1 cm3 50:20:30 (v/v/v) THF/ACN/H2O and filtered (0.45 μm filter).

[254,273]

Potatoes

The frozen potato piece was cut into 6 µm sections. The sections were
attached onto frozen MALDI imaging templates. The cold slide was kept
inside the cryostat with the section in place until the section appeared to be
completely dry. The potato tissue sections were stored at 80°C until matrix
deposition.

[261]

Potatoes

10 g of tuber were blended in a homogenizer with 150 mL of chloroform/
CH3OH (2:1, v/v) and filtered. The residue was concentrated to 3 mL
under reduced pressure at 30°C. To the concentrate was added 0.2 N HCl
(40 mL) and the flask was rinsed twice with of 0.2 N HCl (10 mL) and
centrifuged at 12,000g. The supernatant was concentrated with NH4OH
(30 mL) was added to the flask to precipitate the GAs.

[255]

Potatoes

Gboma and
scarlet
eggplants

Potatoes

[243]

[252]
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Table 29.6 (Continued)
Glycoalkaloids
Analytes

Analytical
Method
HPLC/DAD/
MS (208 nm)

α-Chaconine,
α-solanine

HPLC-UV
(200 nm)

α-Chaconine,
α-solanine

RP-HPLC-UV
(202 nm)

Chaconine,
solanine,
demissidine,
tomatidine,
solasodine

LC-UV-MS
(210, 280,
320, and
360 nm)

α-Chaconine,
α-solanine

LC-MS

α-Chaconine,
α-solanine

HPLC-UV
(208 nm)

α-Chaconine,
α-solanine

HPLC-MSD

DL

Column: Synergi Max RP 80 A (4 μm;
150 × 3 mm) at 26°C. Mobile phase:
water pH 2.0 acidified by
orthophosphoric acid (for HPLC/DAD)
or formic acid (for HPLC/DAD/MS)
and ACN. Flow rate: 0.4 mL/min.
Column: reversed-phase C18
(250 × 4.6 mm) at 25°C. Mobile phase:
ACN/monobasic ammonium phosphate
buffer 0.05 M (30:70, v/v) with 6.5 pH.
Flow rate: 1.5 mL/min. Injection
volume: 20 μL.
Column: C18 Atlantis (5 µm,
3.9 mm × 150 mm). Mobile phase:
50% ACN in 0.01 mol/L phosphate
buffer (10% 0.1 mol/L, pH 7.6). Flow
rate: 1.5 mL/min. Injection volume:
20 µL
Column: Zorbax Eclipse XDB C-18
(50 × 4.6 mm, 1.8 μm) at 35°C. Mobile
phase: 10 mM formic acid pH 3.5 with
NH4OH, 100% CH3OH with 5 mM
ammonium formate. Flow: 1 mL/min.
Injection volume: 5 μL.
Column: Altima (C18) RP
100 mm × 1 mm with μm particle size
at 40°C. Mobile phase: water and ACN,
both with 0.1% formic acid. Flow:
0.1 mL/min. Injection vol.: 20 μL.
Column: amino silica LiChroCART
(250 × 4 mm), LiChrospher 100 NH2
(5 µm) with precolumn LiChroCART
(4 × 4 mm), LiChrospher 100 NH2
(5 µm). Mobile phase: ACN 0.02M
KH2PO4 mixture (75:25, v/v). Flow
rate: 1 mL/min.
Column: Agilent Zorbax XDB-C18
(4.6 × 150 mm, 5 µm) at 30°C. Mobile
phase: water with 0.1% formic acid
ACN with 0.1% formic acid. Flow rate:
0.5 mL/min.

Applications

Potato powder (30 g) was extracted 3 times with a total volume of 300 mL
of 70% EtOH adjusted to pH 1.8 by HCOOH, over a 1 h period under
stirring, and centrifuged (5000 rpm × 5 min).

[256]

Potatoes

Sample of dried peel (500 mg) and flesh (1500 mg) were mixed with 5%
acetic acid (20 mL) and shaken. The residue was reextracted thrice with
the same solution for 30 min each time. The pH value was adjusted to 11
by adding NH4OH for the precipitation of GAs. The alkaline extract was
partitioned 4 times with 10 mL of water saturated with butanol. Butanol
extracts were combined and solvent was evaporated to dryness under N2.
The residue was dissolved in 1 mL CH3OH.
About 10 g was shaken with 40 mL extraction solution (water/acetic acid/
sodium hydrogen sulfite, 100:5:0.5, v/v/w) for 15 min. After centrifugation,
the extracts were cleaned through SPE columns conditioned with 5 mL
ACN and 5 mL extraction solution. 10 mL sample extract was passed
through the column, washed with 4 mL 15% ACN, eluted with 4 mL
mobile and the volume adjusted to 5 mL with mobile phase.
As Reference [275].

[257]

Potatoes

Potatoes

LOD: 3 mg/kg
for α-chaconin
and 5 mg/kg for
α-solanine

Reference

Potatoes

Potatoes

–

Sample Treatment

Potatoes

Potatoes

150 mg of powdered freeze-dried material was mixed with 1.5 mL of a
solution of CH3OH/water/acetic acid (80:19.5:0.5; v/v/v). After centrifugation
at 9000g for 10 min at 4°C, the supernatant was collected. The supernatants
were pooled and evaporated to dryness. GAs were resuspended in 500 μL of
water, diluted, and filtered through a 0.45 μm syringe filter.
Samples of 30 g potato were extracted with 200 mL of CH3OH. 5 mL
aliquot obtained by filtration was diluted with 10 mL of deionized water
and 5 mL aliquot was purified by SPE using reversed-phase C18 cartridge.
After sample loading, some coextracts were washed out with 5 mL 40%
(v/v) CH3OH, solanine GAs were eluted with 15 mL of CH3OH. The
residue, after evaporation of the solvent, was dissolved in 1 mL of mobile
phase.
Dried potato tuber, peel, and granule powder (60 mg) were added to 500 µL
80% CH3OH with 1% acetic acid in 1.5 mL microtubes. The mixture was
vortexed for 30 s, followed by sonication (20 min) and centrifugation at
16,000g (5 min). The extraction was repeated twice by using 250 µL of the
same solvent, the three extracted supernatants were combined, and
adjusted using the same solvent to a final volume of 1 mL.

[274]

[258]

[262]

[275]

[263]
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HPLC/DAD/
MS

Column: Synergi Max RP 80 A (4 µm;
150 × 3 mm i.d.) at 26°C. Mobile
phase: water pH 2.0 acidified by
orthophosphoric acid (only for HPLC/
DAD) or formic acid (for the HPLC/
DAD/MS analysis) and ACN. Flow
rate: 0.4 mL.
Column: Onyx 4.6 × 100 mm,
monolithic and XDB-RR (3 × 150 mm,
3.5 µm). Mobile phase: 10 mM formic
acid, pH 3.5, with NH4OH and CH3OH
with 5 mM ammonium formate. Flow
rate: 2 and 1 mL/min.

α-Chaconine,
α-solanine

HPLC/DAD/
MS (210,
244, 280,
320, and
360 nm)

α-Chaconine,
α-solanine

HPLC-VIS
(205 nm)

Column: Gemini C-18 110 Å
(4.6 mm × 250 mm, 5 µm) at 25°C
Mobile phase: 0.01 M Tris-HCl pH 7.8,
100% ACN. Flow rate of 1.5 mL/min.

Solanine,
chaconine,
solasonine,
solamargine

HPLC-UV
(205 and
208 nm)

α-Chaconine,
α-solanine

HPTLC

α-Chaconine,
α-solanine

HPLC-DAD
(200 nm)

Columns: C18 Nucleosil at 50°C for
solamargine and chaconine. Column:
C18 Nucleosil at 26°C or 50°C for
solanine and solasonine. Mobile phase:
ACN (10% CH3OH)/ammonium
dihydrogen phosphate buffer (30/70),
pH: 2.5.
Chromatographic plates: 20 cm × 10 cm
silica gel 60 HPTLC without
fluorescent indicator. Samples was
applied by spraying: band length
5.0 mm; distance between tracks
9.2 mm; application volume 0.5–
15.0 µL; dosage speed 70 nL/s. Mobile
phase: CH2Cl2–CH3OH −2.5% aqueous
NH3, 70:30:4.4 (v/v).
Column: ODS-Hypersil 5 µm
(25 cm × 4.6 mm). Mobile phase: 65%
water, 35% ACN, and 0.05%
ethanolamine at pH 4.5–4.6, adjusted
with orthophosphoric acid (10 vol.%).
Flow: 1.0 mL/min. Injection volume:
20 µL.

Chaconine +
solanine LOD
(ng/injection) =
20, LOQ (ng/
injection) = 60

Potatoes

The freeze-dried powder (1 g) was extracted at room temperature under
stirring, twice with 30 mL of 70% EtOH adjusted to pH 2.0 by HCOOH,
over 1 h as total time. The supernatant was filtered, dried under vacuum,
and redissolved with 5–10 mL of the following mixture: acidic water/
ACN/CH3OH 8:1:1, final pH 2.0.

[271]

Potatoes

Freeze-dried powder (200 mg) was placed into a 2 mL screwcap tube along
with 0.9 mL of extraction buffer (50% CH3OH, 2.5% metaphosphoric
acid, 1 mM EDTA) and 500 mg of 1.0 mm glass beads. Tubes were shaken
for 15 min at maximum speed and centrifuged for 5 min at 4°C and the
supernatant was transferred to a clean tube. The remaining pellet was
reextracted with 0.6 mL of extraction buffer and centrifuged. The
supernatants were combined, centrifuged, and concentrated.
Triplicate freeze-dried potato samples were extracted into 10 mL extraction
buffer (0.02 M heptane–sulfonic acid in 1% aqueous acetic acid (v/v) with
1 mg/mL sodium bisulfite for 5 s, followed by end-over-end mixing on a
blood rotator for 60 min at 4°C. Following centrifugation at 4°C at 3000g
for 5 min, 5 mL of supernatant underwent solid-phase extraction.
Duplicate 1.0 g samples of ground powder were separately added to
extraction mixtures of 40 mL CH3OH−5% acetic acid solution in 50 mL
tubes. After shaking, each extract was filtered through a 90 mm filter
paper. The extraction solution was then evaporated to a volume of 8–9 mL.
filtered through a 0.2-μm syringe filter and dilute with CH3OH−5% acetic
acid solution.

[270]

Potatoes

Organic Bases

α-Chaconine,
α-solanine

[276]

LOD: solanidine
9 mg/L,
solasodine
1.6 mg/L. LOQ:
solamargine
10–20 mg/L

Eggplant

[277]

5–20 ng per band

Potatoes

0.5–2.5 g freeze-dried and ground samples were added to 15 mL CH3OH–
acetic acid, 95:5 (v/v), and blended at 60°C for 5 min. The suspension was
centrifuged for 10 min at 3500g and the supernatant was decanted and
evaporated under vacuum at 40°C; the residues was dissolved in 5 mL
CH3OH–acetic acid, 99:1 (v/v), and filtered.

[253,278,255]

Potatoes

The freeze-dried samples (0.5 g) were placed in a centrifuge tube and a
volume of 10 mL of extraction solution (1 L water, 20 mL acetic acid, 5 g
sodium bisulfite) was added. The samples were shaken for 15 min. Five
milliliters of the clarified tuber extract was passed through a SepPak Plus
C18 cartridge followed by washing with 4 mL water/ACN, 85:15 (v/v).
The glycoalkaloids were then eluted from the cartridge with 4 mL of
ACN/0.022 M potassium phosphate buffer, pH 7.6, 60:40 (v/v).

[250]
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Figure 29.1 Molecular structure of major capsaicinoids.

HPLC-ED [316], or HPLC-MS [279,288,289,309,317–321] detection. UHPLC methods with FD [322,323] or MS [324] detection
have been developed. Given the low operational cost, ease of use,
good sensitivity, and good miniaturization potential, electrochemical techniques, such as the voltammetric ones [325–327],
are a promising alternative to the classical approaches and are
suitable for faster analyses.
Table 29.8 reports the most important methods developed in
the last few years, while some recent and interesting methods are
described as follows.
Thompson et al. [317] developed and validated an HPLC-MS
method for the determination of eight CAPs in Capsicum. The
study compared the use of electrospray ionization (ESI), atmospheric pressure chemical ionization (APCI), and coordination
Table 29.7
Five Major Capsaicinoids and Their Pungency Expressed in
Scoville Heat Units
Compound
Capsaicin (C)
Dihydrocapsaicin (DC)
Nordihydrocapsaicin (NDC)
Homocapsaicin (HC)
Homodihydrocapsaicin (HDC)

Pungency × 100,000 SHU
160
160
91
86
86

ion-spray (CIS) with silver. The highest sensitivity was found
when using positive ion ESI since MS response was linear with
CAP concentrations upto 5 pg injected. The chromatographic
separation was performed isocratically at 30°C on an Ace Phenyl
column (4.6 mm × 250 mm, 5 μm), the mobile phase being a mixture of acetic acid, ACN, and CH3OH flowing at 0.80 mL/min.
The sample preparation consists of the extraction of CAPs from
chili peppers into a tube through a mixture of H2O and CH3OH:
the tube was shaken for 30 min, centrifuged for 10 min at high
speed, and the supernatant filtered through a 0.2 μm nylon filter.
Schweiggert et al. [288] extracted CAPs from fresh chili pods
(Capsicum frutescens L.) and characterized them by HPLCAPCI MS. Among the 23 compounds detected, 3 major and 12
minor CAPs belonging to the C, DC, and N-vanillyl-n-acylamide
group were characterized by their specific fragmentation pattern
in collision-induced dissociation experiments. The chili powders
were extracted with acetone under continuous stirring for 1 h
under nitrogen atmosphere. The extract was filtered, evaporated
to dryness, and the residue dissolved in CH3OH and filtered
before injection in the HPLC system. The stationary phase was a
Hydro-RP and the mobile phase consisted of a mixture of acetic
acid aqueous solution and ACN flowing in gradient conditions.
All CAPs were identified in UV at 280 nm, their retention time
known through HPLC-MS analyses.
Barbero et al. [308] developed and validated a fast HPLC
method with FLD (278 nm excitation and 310 nm emission)
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Table 29.8
Capsaicinoids
Analytes

Analytical
Method

C, DC, NDC

HPLC-MS/MS

C, DC

Densitometry
of TLC

C, DC

CE

C

GC-FID

C, DC

GC-FID

C, DC, NDC

Fast GC-FID

C

GC-FID

C, DC

GC-MS

Experimental Conditions
Column: XBridge C18 (150 × 2.1 mm, 3.5 μm).
Mobile phase: gradient elution with a mixture
of ACN and H2O with 0.1% formic acid. Flow
rate 0.3 mL/min. Detection: ESI MS/MS.
TLC sheet: precoated, aluminum backed silica
gel60 with fluorescence indicator F254. Mobile
phase: cyclohexane:CHCl3:acetic acid 70:20:10
(v/v/v). Detection: UV at 254 nm.
Column: uncoated silica (effective length 42 cm,
i.d. 50 μm, O.D. 375 μm). Electrophoretic
buffer: sodium tetraborate 15 mM, sodium
dodecylsulfate 2.2 mM, 0.05% Tween 20 (pH
10.10). Detection: UV at 214 nm.
Column: 5% phenyl-methylpolysiloxane
(30 m × 0.25 mm, 0.25 μm). Carrier gas:
helium. Flow rate 2.0 mL/min. Detection: FID.

Column: SE-30 (30 m × 0.25 mm, 0.25 μm).
Carrier gas: nitrogen. Flow rate: 1.0 mL/min.
Detection: FID.
Column: RTX 5 (10 m × 0.10 mm, 0.10 μm).
Carrier gas: hydrogen. Flow rate: 78.5 cm/s.
Detection: FID.
Column: Ultra 2 crosslinked 5% Ph Me silicone
(25 m × 0.32 mm, 0.52 μm). Carrier gas: N2.
Flow rate 1.0 mL/min. Detection: FID.
Column: ZB-5 M (30 m × 0.32 mm, 0.25 μm).
Carrier gas: He. Flow rate 1.0 mL/min.
Detection: EI MS.

Detection Limit

Applications

Sample Treatment

Reference

0.01 ng/mL for C,
Capsicum annuum
0.01 ng/mL for DC,
0.11 ng/mL for NDC

Pressurized liquid extraction with
CH3OH (1500 psi, 100°C).

[279]

0.5 μg (sum of C and
DC)

Capsicum chinense

[280]

0.66 μg/mL for C,
0.73 μg/mL for DC

Capsicum annuum

Extraction with acetone for 5 h in
dark with orbital shaking.
Centrifugation. Evaporation and
dissolution with ethanol.
Ultrasound extraction with ethanol
(50%) for 1 h. Filtration on
0.45 μm.

1.0 μg/g

Gochujang

[282]

–

Capsicum annuum
var. acuminatum

1.2 μg/mL for C,
1.0 μg/mL for DC,
1.0 μg/mL for NDC
LOQ 0.25 mg/mL

Red pepper

Double extraction in CH3OH for
2 h and 1 h, respectively.
Preconcentration to 5 mL and
dissolution in CH3OH/H2O/
hexane 40/10/50 (v/v/v).
Addition of NaCl and extraction
with CH2Cl2 for 3 times.
Dehydration with anhydrous
sodium sulfate. Rotavapor
evaporation.
Extraction with ethanol. Addition
of CH3OH/H2O 8/2 (v/v) and
extraction with n-hexane.
Extraction with ethanol.

Chili pepper

Triple extraction with acetone.
Centrifugation.

[285]

0.014 μg/mL for C,
0.022 μg/mL for DC

Different pepper
cultivars

Sonication in ethanol. Rotavapor
evaporation. Dissolution in
CH2Cl2/ethanol 25/1 v/v.

[286]

[281]

[283]

[284]

(Continued)
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Table 29.8 (Continued)
Capsaicinoids
Analytes

Analytical
Method

Experimental Conditions

Detection Limit

Applications

C, DC

GC-MS

Column: ZB-5M (30 m × 0.32 mm, 0.25 μm).
Carrier gas: helium. Flow rate 1.0 mL/min.
Detection: EI MS.

0.014 μg/mL for C,
0.022 μg/mL for DC

Different pepper
cultivars, pepper
sauces

C, NDC, DC, HC, HDC,
nornorcapsaicin,
nornordihydrocapsaicin, N-vanillyloctamide, norcapsaicin, N-vanillylnonanamide, N-vanillyl-decanamide,
and other minor capsaicinoids

HPLC-UV and
HPLC-MS

Column: C18 Synergi Hydro-RP (150 × 3.0 mm,
4 μm). Mobile phase: 0.5% acetic acid in H2O/
ACN mixture in gradient elution conditions.
Flow rate: 0.4 mL/min. Detection: UV at
280 nm or positive ion APCI MS.

–

Chili pods, Capsicum
fruit

C, DC, HC-I, HC-II, HDC-I, HDC-II,
NDC, nonivamide

HPLC-UV and
HPLC-MS

C, DC, NDC

HPLC-UV

C, DC

HPLC-UV

C, DC, NDC, HDC

HPLC-UV
(simulated
moving bed)

Column: Zorbax Eclipse XDB-C18
17.28 ng for C,
(150 × 4.6 mm, 3.5 μm). Mobile phase: gradient 19.74 ng for DC,
elution ACN and H2O with 0.5% formic acid.
17.74 for HC-I,
Flow rate 1 mL/min. Detection: UV 280 nm or
15.25 ng for HC-II,
ESI MS.
30.35 ng for HDC-I,
23.90 ng for HDC-II,
19.74 ng for NDC,
18.60 ng for
nonivamide
Column: Nucleosil C-18 (250 × 4.6 mm). Mobile –
phase: ACN/H2O 40/60 v/v, pH 3.0 for acetic
acid. Flow rate 1 mL/min. Detection: UV
280 nm.
–
Column: Pinnacle II (C-18) (250 × 4.6 mm,
5 μm). Mobile phase: gradient elution with a
mixture of ACN and H2O with 0.1% acetic
acid. Flow rate 2.0 mL/min. Detection: UV
284 nm.
Column: Agilent TC-C18 (150 × 4.6 mm, 5 μm). –
Mobile phase: CH3OH/H2O 70/30 v/v.
Detection: UV at 280 nm.

Pepper fruit (pericarp,
placenta, seeds),
commercial dry
pepper, commercial
pepper sauces

Chili peppers

Habanero peppers

Capsicum oleoresin

Sample Treatment
SPME with direct immersion in
H2O (PDMS fiber, equilibration
5 min, extraction time 30 min,
desorption time 3 min).
Lyophilized chili pods were
extracted with acetone under
continuous stirring for 1 h and
under nitrogen atmosphere.
Filtration, evaporation to
dryness, dissolution in CH3OH,
and filtration.
Maceration in CH3OH, filtration,
centrifugation (18,000 rpm) for
10 min at 1°C and filtration.

Reference
[287]

[288]

[289]

Ethanol extraction under reflux at
boiling point for 2.5 h. Cooling,
filtration with the addition of
anhydrous sodium sulfate.
Extraction with ethanol under
stirring for 30 min and heating to
78°C. Filtration.

[290]

Saponification with 4% NaOH,
adjustment to pH 9.57 for HCl.
Double extraction with diethyl
ether. The obtained organic
phase extracted with sodium
carbonate, separated from water
phase and extracted with NaOH.
Addition of HCl to water phase
and fed into a column packed
with ADS-8 macropore
adsorption resin. Elution with
CH3OH and H2O/75/25 v/v)
mixture at the temperature of
30°C.

[292]

[291]
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HPLC-UV

Column: Waters Sunfire C18 (150 × 4.6 mm,
5 μm). Mobile phase: ACN/H2O 50/50 v/v.
Flow rate 1 mL/min. Detection: UV at 230 nm.

–

Capsicum frutescens

C, DC

HPLC-UV

–

C

HPLC-UV

0.709 µg

Capsicum frutescens
L., Capsicum
annuum L.
Capsicum fruit

C

HPLC-UV

–

Capsicum annum

C, DC

HPLC-UV

–

Capsicum annum

C, DC

HPLC-UV

Column: Lichrospher 100 RP-18 (125 × 4 mm,
5 μm). Mobile phase: CH3OH/H2O 65/35 v/v.
Flow rate 1 mL/min. Detection: UV at 229 nm.
Column: RP18 Fluofix 3NW415 (150 × 4.6,
5 μm). Mobile phase: ACN/H2O with 0.1%
phosphoric acid 3/2 v/v. Flow rate 0.8 mL/min.
Detection UV: 281 nm.
Column: Eclipse Plus C18 (250 × 4.6 mm, 5 μm).
Mobile phase: ACN/H2O 70/30 v/v. Flow rate
1.0 mL/min. Detection: UV at 280 nm.
Column: Supelcosil LC-C18 (250 × 4.6 mm,
5 μm). Mobile phase: ACN/H2O/acetic acid
50/50/1 (v/v/v). Flow rate: 1 mL/min.
Detection: UV at 236 nm.
Column: Betasil C18 (150 × 4.6 mm, 3 μm).
Mobile phase: ACN/H2O 50/50 (v/v). Flow rate:
1.5 mL/min. Detection: UV at 222 nm.

0.09 μg/g for C,
0.10 μg/g for DC

[298]

C, DC

HPLC-UV

Hot chilies, red chilies, Extraction with ethanol at 80°C
green chilies, green
for 4 h. Filtration on 0.45 µm.
peppers, red peppers,
yellow peppers
Capsicum chinense
Extraction with ethanol, acetone,
and CAN.

C, DC

HPLC-UV

LOQ for C: 5 μg/mL
LOQ for DC: 5 μg/
mL

Chili pepper

Extraction with ethanol (70%) at
50°C for 2 h. Filtration on PTFE
0.45 μm.

[300]

C, DC, NDC

HPLC-UV

–

Capsicum frutescens

[301]

C, capsiconiate, dihydrocapsiconiate,
capsiate

HPLC-UV

–

Different Capsicum
cultivars

Triple extraction with ethanol at
60°C. Rotavapor evaporation and
dissolution in petroleum ether/
ether 3/1 (v/v). Purification by
high-speed countercurrent
chromatography (multilayer coil
110 m × 1.6 mm) with CCl4/
CH3OH/H2O 4/3/2 (v/v/v).
Extraction with acetone. Addition
of ethyl acetate. Rotavapor
evaporation and dissolution in
ethyl acetate. Filtration on
Sep-Pak Cartridge C18.

Column: Discovery H C18. Mobile phase: ACN/
H2O at pH 3 for acetic acid 40/60 (v/v). Flow
rate: 1.0 mL/min. Detection: UV at 280 nm.
Column: Symmetry Shield RP18 (150 × 3.9 mm,
5 μm). Mobile phase: CH3OH/H2O with 0.03 M
of silver nitrate 60/40 (v/v). Flow rate: 0.8 mL/
min. Detection: UV at 280 nm.
Column: Shim-pack VP-ODS (250 × 4.6 mm).
Mobile phase: CH3OH/H2O with 0.1% of
phosphoric acid 70/30 (v/v). Flow rate: 0.8 mL/
min. Detection: UV at 254 nm.

Column: μ-Bondpack C18 (150 × 3.9 mm,
10 μm). Mobile phase: CH3OH/H2O 70/30
(v/v). Flow rate: 1.0 mL/min. Detection: UV at
280 nm.

–

Extraction with high-speed
countercurrent chromatography
(HSCCC) with a solvent system
composed of n-hexane/ethyl
acetate/CH3OH/H2O/acetic acid
(20/20/20/20/20 v/v/v/v/v). UV
detection at 280 nm. Each peak
fraction was manually collected
every 10 mL and evaporated.
Dissolution in ACN.
Extraction in acetone shaking at
room temperature for 4 h.
Filtration on 0.45 μm.
Extraction with CH3OH for 4 h.
Centrifugation and filtration on
0.45 μm.

[293]

Supercritical CO2 extraction
(10–35 MPa, 30–60°C) for 2 h.
Flow rate: 24.01 g/min.
Extraction with CH3OH for 2 h at
4°C. Centrifugation and filtration
on 0.45 μm.

[296]

[294]

[295]

[297]

[299]

[302]
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Table 29.8 (Continued)
Capsaicinoids
Analytes

Analytical
Method

C, DC, NDC

HPLC-UV

C, DC, NDC

HPLC-UV

C, DC, NDC

HPLC-UV

C, DC

HPLC-UV

C, DC

HPLC-DAD

C, NDC, DC, HC, HDC

C, NDC, DC, i-DC, HC

C, NDC, DC, HC, HDC

Column: C18 (150 × 4.6 mm, 5 μm). Mobile
phase: ACN/H2O with 1% of acetic acid. Flow
rate: 1.5 mL/min. Detection: UV at 280 nm.
Column: Sperisorb ODS2 (250 × 4.6 mm, 5 μm).
Mobile phase: ACN/H2O with 1.0% of acetic
acid. Flow rate: 1.5 mL/min. Detection: UV at
280 nm.
Column: C18 Synrgi-Hydro-RP (150 × 3.0 mm,
4 μm). Mobile phase: gradient elution of the
mixture H2O/ACN. Flow rate: 0.4 mL/min.
Detection: UV at 280 nm.
Column: Eurosil Bioselect RP-18 (30 × 4 mm,
5 μm). Mobile phase: ACN/H2O 55/45 (v/v).
Flow rate: 1.0 mL/min. Detection: UV at
280 nm.

Column: Restek Ultra C18 (200 × 4.6 mm,
5 μm). Mobile phase: gradient elution with a
mixture of ACN/H2O with 0.01% of acetic acid.
Flow rate: 1.0 mL/min. Detection: DAD (at 278
and 282 nm).
HPLC-FD
Column: Chromolith Performance RP-18e
monolithic column (100 × 4.6 mm). Mobile
phase: gradient elution H2O/CH3OH mixture
both acidified for 0.1% acetic acid. Flow rate:
0.2 mL/min. Fluorimetric detection: excitation
278 nm, emission 310 nm.
HPLC-FD and
Column: C18 Luna (150 × 3 mm, 3 μm). Mobile
HPLC-MS
phase: gradient elution H2O/CH3OH mixture
both acidified for 0.1% acetic acid. Flow rate:
0.4 mL/min. Fluorimetric detection: excitation
278 nm, emission 310 nm.
As in Reference As in Reference [308].
[308]

As in Reference As in Reference [308].
[308]

Detection Limit

Applications

Sample Treatment

Reference

–

Capsicum frutescens

Ultrasound extraction with ethanol [303]
at 45°C for 3 h.

–

Capsicum annuum

[304]

–

Capsicum frutescens
L.

–

Capsicum annuum L.

LOQ for C 3.4 mg/L,
LOQ for DC
1.5 mg/L

Capsicum annum L.
of different varieties

Soxhlet extraction with THF at
60°C. Addition of activated
charcoal and CH3OH to the
extract. Filtration on paper.
Extraction with ethyl acetate for
1 h under nitrogen atmosphere.
Filtration on paper. Rotavapor
evaporation and dissolution in v.
Filtration in 0.45 μm.
Homogenization with ethanol
(80%). Rotavapor evaporation
and dissolution in H2O.
Purification on SPE (Sep-Pak
C18).
Extraction with ACN at reflux for
4 h. Filtration and
preconcentration at 10 mL.

0.008 mg/L for C and
0.011 mg/L for DC

Hot chili peppers

Extraction as in Reference [309]

[308]

0.112 mmol/L for C
and 0.036 mmol/L
for DC

Hot peppers (cayenne
pepper, long marble
pepper, round
marble pepper)

Pressurized liquid extraction (100 [309]
atm, T 200°C, 3 extraction cycles
of 5 min each). Extraction
solvent: CH3OH.

As in Reference [308]

Peppers

As in Reference [308]

Microwave-assisted extraction:
T = 125°C, solvent
extraction = ethanol (25 mL),
extraction time = 5 min.
Hot Cayenne pepper, Ultrasound-assisted extraction:
Bolilla Largo pepper, CH3OH, T = 50°C, extraction
time = 10 min.
Bolilla Redondo
pepper

[305]

[306]

[307]

[310]

[311]
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HPLC-FD

Column: Hypersil ODS C18 (100 × 4.6 mm,
3 μm). Mobile phase: CH3OH/H2O 66/34 (v/v).
Flow rate: 0.9 mL/min. Fluorimetric detection:
excitation 278 nm, emission 310 nm.

0.008 μg/mL for C,
0.10 μg/mL for DC

Capsicum annuum,
Capsicum frutescens
L.

C, DC

HPLC-FD

0.016 ng/μL for C,
0.012 ng/μL for DC

Different pepper
cultivars

C, DC, NDC

HPLC-FD

–

Capsicum chinense,
Capsicum annuum

Homogenization with an
Ultra-Turrax (CH3OH as
solvent). Filtration.

[314]

Total capsaicinoids

HPLC-FD

–

Paprika

Extraction with CH3OH.
Sonication. Filtration on paper
0.45 μm.

[315]

C

HPLC-ED

305 ng/mL

Pepper fruit

Homogenization in CH3OH for
15 min, vortexing for 10 min and
centrifugation for 20 min at 4°C.

[316]

C, NDC, DC, N-vanillyl octanamide,
N-vanillyl nonanamide, N-vanillyl
decanamide, 6-ene-8-methyl HC,
6-ene-9-methyl HC, 5-ene-7-methyl
norcapsaicin as internal standard
C, DC, 4,5-dimethoxybenzyl-4methyloctamide as internal standard

HPLC-MS

Column: Luna C18(2) (250 × 4.6 mm, 5 μm).
Mobile phase: ACN/H2O/glacial acetic acid
60/39/1 (v/v/v). Flow rate 1.0 mL/min.
Fluorimetric detection: excitation 280 nm,
emission 320 nm.
Column: LiChrospher RP-18e (250 × 4 mm,
5 μm). Mobile phase: ACN/H2O/acetic acid
50/50/0.5 (v/v/v). Flow rate: 1.0 mL/min.
Fluorimetric detection: excitation 280 nm,
emission 320 nm.
Column: Nucleosil 100, C-18 (250 × 4.6 mm,
5 μm). Mobile phase: ACN/KH2PO4 pH 4.8
50/50 (v/v). Flow rate: 1.4 mL/min.
Fluorimetric detection: excitation 280 nm,
emission 320 nm.
Column: Polaris C18-A (150 × 4.6 mm, 5 μm).
Mobile phase: acetate buffer (pH = 4.0)/CH3OH
60/40 (v/v). Flow rate: 0.55 mL/min. Detection:
electrochemical.
Column: Ace Phenyl (250 × 4.6 mm, 5 μm).
Mobile phase: mixture H2O (with 0.2% of
acetic acid)/ACN (55/45, v/v). Flow rate:
0.80 mL/min. Detection: ESI-MS.

Ranging from 3 to 7
pg

Commercial plant
extract, chili peppers
fruits

HPLC-MS

Column: Waters Symmetry C18 (250 × 4.6,
5 μm). Mobile phase: gradient elution of H2O
and CH3OH. Flow rate: 0.9 mL/min. Detection:
ESI-MS.

20 pmol for C and
4 pmol for DC

C, DC, NDC, HC-I, HC-II, HDC-I,
HDC-II, nonivamide, piperine,
isopiperine, chavicine, isochavicine

HPLC-MS

Column: Zorbax Eclipse XDB-C18
17.3 ng for C, 19.7 ng
(150 × 4.6 mm, 3.5 μm). Mobile phase: gradient for DC, 17.7 ng for
elution ACN and H2O with 0.5% formic acid.
HC-I, 15.3 ng for
Flow rate: 1 mL/min. Detection: ESI-MS.
HC-II, 30.4 ng for
HDC-I, 23.9 ng for
HDC-II, 19.7 ng for
NDC, 18.6 ng for
nonivamide, 10.1 ng
for piperine

Capsicum genotypes
(Yolo Wonder,
Jupiter, Sincap,
Agridulce, Sweet
Chinese, Mild
Habanero, Perennial,
Nigrum, Tabasco,
Orage Habanero)
Fresh whole peppers,
pepper sauces,
pepper pastes,
pepper soup kimchi
pickles, pepper
slices, pepper
powder

H2O addition, blending. CH3OH
[317]
addition and shaking for 30 min.
Centrifugation for 10 min at high
speed and filtration (0.2 μm
nylon filter).
Extraction with ACN, shaking for [318]
1 h, heating at 65°C for 1 h.
Shaking at room temperature for
1 h. Centrifugation for 15 min at
16,000 rpm.

Pressurized liquid extraction with [312]
CH3OH (200°C, static time
5 min with three cycles).
Solid-phase extraction (C18
sorbent, elution with CH3OH).
Extraction with CH3OH. Filtration [313]
on nylon 0.45 μm.

For fresh whole peppers and
kimchi pickles, see Reference
[322]. For pepper sauces and
pastes: extraction with CH3OH
in ultrasonic bath for 1 h.
Filtration, centrifugation at
18,000 rpm for 10 min at 1°C.

Organic Bases

C, DC

[319]
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Table 29.8 (Continued)
Capsaicinoids
Analytes

Analytical
Method

Experimental Conditions

Detection Limit

Applications

Sample Treatment

Reference

C, DC, capsaicin-β-d-glucopyranoside,
dihydrocapsaicin-β-d-glucopyranoside

HPLC-MS

Column: ODS (250 × 4.6 mm). Mobile phase:
10 mM ammonium acetate/ACN 50/50 v/v.
Flow rate: 1.0 mL/min. Detection: APCI-MS.

0.5 μg/mL

C, DC, (4,5-dimethoxy-benzyl)-4methyloctamide as internal standard

HPLC-MS

Column: Symmetry C18 (250 × 4.6 mm, 5 μm).
Mobile phase: H2O/CH3OH 30/70 (v/v). Flow
rate: 0.9 mL/min. Detection: ESI-MS.

3 mg/kg for C and
0.6 mg/kg for DC

Capsicum annuum

C, DC

UHPLC-FD

0.054 mg/L for C and
0.163 mg /L for DC

Gochujang (Chinese
fermented food),
chili oil, kimchi,
Snack

C, DC

UHPLC-FD

0.05 μg/g for C,
0.16 μg/g for DC

Gochujang

Extraction in CH3OH (0.2 g in
[323]
15 mL) at 90°C for 1 h. Filtration
on 0.20 μm.

C, DC, NDC, HC, HDC

UHPLC-MS

Extraction in ethanol (1 g of
sample for 1 g of ethanol) at
80°C for 4 h. Filtration on
0.45 μm.

[324]

Linear sweep
voltammetry

0.05 μg/g for C,
0.06 μg/g for DC,
0.15 μg/g for NDC,
0.2 μg/g for HC and
0.1 for HDC
0.020 μmol/L

Green chili, hot chili,
red chili, green
pepper, red pepper,
yellow pepper

C

Extraction with CH3OH.
Sonication for 1 h.
Centrifugation.

[325]

C

Adsorptive
stripping
voltammetry

0.012 μg/mL

Pepper

Ultrasound extraction with ethanol [326]
for 20 min. Stirring for 2 h.
Centrifugation for 20 min.

C

Adsorptive
stripping
voltammetry

Column: LaChromUltra C18 (50 × 2 mm, 2 μm).
Mobile phase: ACN with 1% of acetic acid in
water (60/40 v/v). Flow rate: 0.6 mL/min.
Fluorimetric detection: excitation 280 nm,
emission 325 nm.
Column: LaChromUltra C18 (50 × 2 mm, 2 μm).
Mobile phase: ACN/H2O with 1% acetic acid
60/40 v/v. Flow rate: 0.6 mL/min. Fluorimetric
detection: excitation 280 nm, emission 325 nm.
Column: Acquity BEH C18 (100 × 2.1 mm,
1.7 μm). Mobile phase: gradient elution with a
mixture of ACN and H2O with 0.1% formic
acid. Flow rate: 0.5 mL/min. Detection:
ESI-MS.
Working electrode: carbon paste electrode.
Reference electrode: saturated calomel
electrode. Auxiliary electrode: platinum wire.
Buffer solution: sodium acetate 1.0 M at pH 3.0.
Working electrode: boron-doped diamond.
Reference electrode: Ag/AgCl. Auxiliary
electrode: platinum wire. Buffer solution:
Britton–Robinson buffer 0.1 M (pH 1.0) and
sodium dodecylsulfate 800 μM.
Working electrode: multiwalled carbon nanotube
modified basal plane pyrolytic graphite
electrode. Reference electrode: saturated
calomel electrode. Auxiliary electrode: platinum
wire. Buffer solution: Britton–Robinson buffer
0.05 M (pH 1.0).

0.31 μM

Hot pepper sauces

Ultrasound extraction with ethanol [327]
for 10 min. Stirring for 2 h.
Centrifugation for 20 min.

Extraction in acetone for about a
week. Filtration, evaporation,
dissolution in n-hexane/ACN
mixture into a separator funnel.
Collection of the ACN layer.
Extraction with ACN in orbital
shaker and then in a water bath
without shaking at 65°C for 1 h.
Centrifugation and filtration
PVDF 0.22 μm.
Extraction in 95% ethanol
refluxing at 90°C for 6 h.
Filtration 0.20 μm.

[320]

[321]

[322]
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using an RP monolithic stationary phase for the determination
of the main CAPs (C, DC, NDC, HC, HDC) present in hot peppers. A gradient method was used for the chromatographic separation, the mobile phase being a mixture of H2O and CH3OH
with 0.1% acetic acid. Different extraction procedures were compared and optimized, such as pressurized liquid extraction [309],
microwave-assisted extraction [310], and ultrasound-assisted
extraction [311], the last offering the best reproducibility values
(average RSD% interday about 2.5%).
Recently, a UHPLC-FD method was developed and validated
for the determination of C and DC in several foods such as chili
oil, kimchi, and snacks. The separation of both analytes was
done in about 5 min. CAPs in food, blended to homogeneous
consistency, were extracted with 95% ethanol in a 250 mL boiling flask [322]. Up to now, only one UHPLC-MS method for
the determination of C, DC, NDC, HC, and HDC in hot food
has been developed [324]. Extraction of CAPs was carried out
by LLE using ethanol, while chromatographic separation was
achieved by Acquity BEH C18 (100 × 2.1 mm, 1.7 μm) with a
gradient elution of ACN and H2O with 0.1% formic acid. All
CAPs were separated in a time of less than 9 min, but the LOD
and LOQ of the analytes are compared with those of other
methods that use fluorimetric detection [322,323].
Other applications in this field are given in Table 29.8.

29.8 Ergot Alkaloids
29.8.1 General Information
Ergot is the sclerotium (the form the plant assumes to pass the
winter season) of the fungus Claviceps purpurea, which is parasitic on cereals and produces a group of alkaloids that grow
naturally on the heads of grasses; 80 or more alkaloids are psychoactive or suspected of being psychoactive; in particular, ergot
alkaloids (EAs) belonging to the indole type have a strong biological and pharmaceutical effect.
Among the cereal species, rye and triticale that have open florets are known to be especially susceptible, but wheat, barley,
oats, and other cereal grains are also potential fungal hosts [328].
After the infection is established, the fungus replaces the developing grain or seed with an alkaloid-containing ergot body. The
alkaloid pattern and individual alkaloid contents in sclerotia vary
largely due to differences in the maturity of the sclerotia and other
factors such as the fungal strain, the host plant, the geographical region, and the prevailing weather conditions [329]. Similarly,
data from the literature indicate that the total alkaloid content in
sclerotia can vary between 0.01% and 1% (w/w) [330–332].
The sclerotia are harvested together with cereals or grass and
can thus lead to contamination of cereal-based food and feed
products with EAs, the ingestion of which can cause ergotism
in humans and animals. Moreover, milk is also monitored for to
its content of EAs because of its characteristic of being a classic
route for mycotoxin elimination in mammals; studies on its capability in excreting mycotoxins would prevent harmful effects on
human health and provide information about distribution, biotransformation, and bioavailability of such toxins.
The EAs consist of a tetracyclic ergoline ring system of lysergic acid as the basic structure. The major EAs can be divided into

three groups: the clavine type, the amide type of lysergic acid
derivates (water soluble) (ergometrine, ergobasine, ergonovine),
and the peptide derivates of lysergic acid or ergopeptides (water
insoluble) (ergotamine, ergovaline, ergosine, ergocornine, ergocryptine, ergocrystine).
All these compounds have some degree of toxicity and psychoactivity. Epidemics of ergot poisoning (ergotism) have occurred,
and still occur, when contaminated grains are used for food
preparation since these compounds are not broken down by heat.
The symptoms include mental disturbance and intensely painful peripheral vasoconstriction, leading ultimately to gangrene
of the extremities.
Ergotism has been nowadays practically eliminated as a human
disease, thanks to the effective cleaning techniques that remove a
large proportion of ergots from grain, but it remains an important
veterinary problem [328]. Ergotism shows a high mortality (up to
34%) and 5–10 g of fresh ergot would be lethal to humans.
The presence of EAs in foods may directly affect human
health, even if the risks correlated with low level of EA ingestion
have not already been stated. Recently, great attention has been
paid to the determination of EAs in foodstuffs, in order to make
a scientific risk assessment of the potential health hazard. Since
rye is the main cereal affected, many countries have fixed limits
to the EA content in rye; the European Food Safety Authority
(EFSA) stated in 2005 that the degree of variability in EA pattern in relation to fungal species, host plant, and geographical
distribution is not known [333].
According to EU regulation 824/2000, a limiting value of
0.05% w/v of ergot is valid within the EU for interventional grain
[334], but not for consumption grain. (The EU has established an
intervention system, in order to stabilize the markets and ensure
a fair standard of living for the agricultural community in the
cereal sector) [335]. Through this system, the EU dictates certain
standards in grain for interventional affairs within the common
market, which individual countries can also accept for consumption grain.

29.8.2 Analysis
The most important EAs are ergotamine, ergosine, ergocristine,
ergovaline, ergonine, and ergocornine.
For the determination of EAs in grains, grasses, feed, and
grainy food, various methods were proposed based on TLC, GC,
and CE techniques; RP-HPLC with UV and FLD were, in the
past, the most used methods for the quantification of EAs since
they demonstrate appropriate sensitivity, accuracy, and reproducibility and can be used in routine laboratory analysis of EAs,
even if the sample preparation procedure is very complicated and
time consuming.
But in recent years, LC-MS has become the method of choice
for mycotoxin determination, as it can provide an unequivocal
identification of EAs in various matrices.
Since there are no analytical standards available for many
alkaloids, mass spectrometric analysis is the only useful way
for identifying unknown chromatographic peaks; hyphenated
techniques such as LC-MS and LC-MS/MS utilized with electrospray interface in positive ion mode have been successfully
applied for the verification, confirmation, and structural elucidation of major EAs [336,337].
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Table 29.9
Ergot Alkaloids
Analytes

Experimental Conditions

DL

Applications

Sample Treatment

Reference

Ricinoleic acid as marker
for ergot inpurities

HPLC-FLD

Analytical Method

Column: 2504.6 mm i.d., 5 μm, Omnispher
C18. Mobile phase: ACN (phase A) and
ammonium carbamate buffer, 0.2 g/L (phase
B). Gradient: 35% A, linear to 60% over the
next 18 min, held for 1 min, to 70% over
3 min, held for 4 min. Fluorescence excitation
wavelength of 330 nm and an emission
wavelength of 415 nm.

From 0.35 μg/kg for
ergotamine to 1.65 μg/kg
for ergotaminine

Rye and rye
products

[339]

Ergometrine, ergosine,
ergotamine, ergocornine,
ergocristine, ergocryptine

UPLC-MS

0.01–0.1 μg/kg for wheat
and from 0.01 to 10.0 μg/
kg for rye samples

Cereal grains

Lysergic acid, lysergol,
ergonovine, ergovaline,
ergotamine, ergocornine,
ergocryptine, and
ergocrystine

HPLC-ESI(C)-MS/MS
HPLC-FLD

Column: Acquity BEH C18 (2.1 × 100 mm,
1.7 μm). Mobile phase: ACN and ammonium
carbonate buffer. Gradient elution. Total run
time of 6 min. The UPLC system was coupled
to a QQQ MS that operated by ESI in positive
ion mode.
HPLC-ESI(C)-MS/MS. Column: Luna
phenyl-hexyl. Gradient elution. Flow rate
0.5 mL/min. Mobile phase: 2.5 mM
ammonium carbonate, pH 7 and ACN. T 30°C.
HPLC-FLD. Column: Luna C18. Gradient
elution. Flow rate 1.0 mL/min. Mobile phase:
200 mg/L ammonium carbonate in water and
ACN. FLD: excitation at 250 nm, emission at
420 nm.

2 g sample addition with water and
heat-stable R-amylase. Heating at 95°C
for 30 min. Addition of NaOH and I.S.
solution (15-hydroxypentadecanoic
acid). Heating at 95°C for 1 h.
Acidification and centrifugation. 1 mL
of organic phase was dried under N2
and reconstituted in 200 μL CH3OH
(pH 6, with acetic acid) for clean up by
SPE on Bond Elut NH2 cartridges.
Extracts reconstitution in ACN/
ammonium carbamate buffer (50:50,
v/v).
SPE: 20 g ground grains were weighed
and 100 mL of ACN/ammonium
carbonate buffer (84:16, pH 8.5) was
added. The samples were shaken in a
horizontal shaker for 1 h at 250 rpm.

–

Grass and
forage

[341]

Ergocristine,
a-ergokryptine,
ergocornine, ergotamine

HPLC-FLD

Column: phenyl–hexyl

Maximum LOQ of 3.3 μg/
kg (ergometrine)

Rye and rye
products

Grasses clipped just above the soil were
air dried, ground, and combined with
chloroform and NaOH. After 18 h of
extraction on a Fisher rotorack, the
extracts were centrifuged. 5 mL of
supernatants were ﬁltered through
syringe ﬁlters containing silica and
sodium sulfate. Two washes by 1 mL
chloroform:acetone 3:1 and 1.5 mL
CH3OH. Elution by 2.5 mL CH3OH.
Drying under N2 at 50°C and
reconstitution in 0.5 mL CH3OH.
Samples were extracted with a mixture
of ethyl acetate, CH3OH, and aqueous
NH3. Centrifugation and purification by
solid phase filtration with basic
alumina.

[340]
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Very recently, a new rapid and sensitive LC-MS/MS method
has been developed and validated for the simultaneous determination of the six most prominent EAs, ergometrine, ergosine,
ergotamine, ergocornine, ergokryptine, and ergocristine, as well
as their corresponding epimers in food and feed samples [338].
The suitability of a mixture of ethyl acetate and methanol as
extraction solvent under alkaline conditions, as well as the efficiency of liquid–liquid partitioning as sample clean-up approach,
was demonstrated.
Methanol also proved to be a suitable alternative to acetonitrile for its use as organic modifier, as the former gave enhanced
MS signal. The stability of an XBridge stationary phase allows
the use of an alkaline mobile phase, thereby improving the chromatographic separation of the EAs. The application of a simple
sample clean-up protocol and a careful selection of the sample
solvent allow minimizing the epimerization of the EAs during
analysis.
Table 29.9 reports some analytical methods for the separation
and determination of EAs in different matrices.

29.9 Other Alkaloids
29.9.1 General Information
In this class called “other alkaloids,” we refer to two main classes
of alkaloids, namely, piperine and cinchona alkaloids. Piperine
is one of the components responsible for the “hot” flavor of black
pepper, to which it gives a sharp, biting taste. Piperine shows
antiallergic activity and it also acts as a tumor inhibitor and
insecticide and has proved to alter the pharmacokinetics of phenytoin, an antiepileptic drug since it delays its elimination. In
addition, it has a high antioxidant activity and is used for the
treatment of Alzheimer’s disease [343].
Cinchona alkaloids are quinine, quinidine, cinchonine, and
cinchonidine that are extracted from cinchona tree indigenous
to the high eastern slopes of the Andes. There are eight major
alkaloids that occur as four pairs of enantiomers; the (+)-isomers
have the 2R,3S configuration, and the (–)-isomers have the 2S,3R
configuration. Among these alkaloids, the most abundant is quinine that has been used for its effectiveness against malaria and
its use is widely spread in pharmaceutical, food, and drink industries in which it is used as a bitter flavoring since, in addition to
its antimalarial properties, it is a bactericide, a local anesthetic,
a cardiovascular stimulant, and an analgesic; quinidine, in addition to its antimalarial properties, has also been used to prevent
certain types of cardiac arrhythmias.

29.9.2 Analysis
An HPLC, in RP mode, fingerprint analysis protocol was established for quality control in different in vitro-regenerated tissues
of Piper nigrum L. for the determination of the most bioactive
component, piperine [344]. The extraction of “piperine” from
different tissues of P. nigrum L. was determined according to a
previous method [345].
Also in the case of piperine, like in the above-mentioned case
of EAs, up-to-date methods use mass spectrometric detection
coupled to HPLC separation.

In particular, by HPLC and liquid chromatography/mass
spectrometry, a method was developed and used to measure the
following piperamides in 10 commercial whole (peppercorns)
and in 10 ground, black, white, green, and red peppers: piperanine, piperdardine, piperine, piperlonguminine, and piperettine.
Structural identiﬁcation of individual compounds in extracts was
performed by associating the HPLC peak of each compound
with the corresponding mass spectrum [346].
Robust and simple chromatographic methodology for the
quantitative analysis, identification, purity control, and reaction monitoring of the preparations of cinchona alkaloid derivatives as well as their preparative chromatographic purification
is crucial. The use of RP liquid chromatographic assays for the
determination of quinine and quinidine is recommended by
pharmaceutical guidelines, but RP analysis of these strongly
basic compounds is still often accompanied by peak tailing and
broadening. Significant efforts have been made to reduce this
phenomenon for basic species in general, both by mobile phase
strategies [347] employing analysis at alkaline pH, the use of
ion-pairing systems or amine-type additives, and by optimizing
the surface chemistry to minimize the number of residual silanol
groups, that is, by end-capping concepts.
The recent improvement of the analytical methodologies was
obtained by Hoffman et al. [348] by using a chiral strong cationexchange (cSCX) stationary phase; the cSCX packing material
provided excellent peak efficiencies and, in combination with
enhanced diastereoselectivities for the corresponding cinchona
alkaloid diastereomers as opposed to RP-HPLC, it facilitates the
simultaneous determination of eight major cinchona alkaloids in
complex mixtures as well as in impurity profiling. It was also
demonstrated that the method is compatible with ESI-MS detection that permits to reduce the demands on the selectivity of the
chromatographic method.
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30.1 Introduction
Phenolic compounds constitute a complex group of substances
with some important properties, which have aroused much interest in modern analytical chemistry. These compounds occur
naturally in vegetables and fruits, and also in fermented products such as olives and wines. Phenols contribute substantially
to taste, flavor, and color in a number of foods, and exhibit antioxidant activity as radical scavengers inhibiting lipid peroxidation. Recent interest in functional foods and the medical use of
phenols have further increased the interest of the scientific community in these compounds (Lee, 2000; Lule and Xia, 2005).
This chapter examines various aspects of the physical and
chemical properties of phenolic compounds, and also of their
presence in foods of plant origin. Analytical methodologies for
their determination are discussed in depth, with emphasis on
sample preparation and their chromatographic determination.

30.1.1 Classification of Phenolic Compounds
and Their Occurrence in Foods
Phenolic compounds are organic substances containing one or
more hydroxyl groups on one or several aromatic rings that range

from simple phenols to complex molecules known as polyphenols. This compound class possesses a high structural diversity
and spans molecular weights ranging from less than 100 Da
for simple phenols to more than 30,000 Da for highly polymerized phenolic compounds, such as procyanidins and lignins
(Kammerer et al., 2005). In foods, flavonoids and related phenolic compounds are present as a variety of complex conjugates
with sugars and organic compounds (Kammerer et al., 2013).
The phenolic compounds present in foods show considerable
diversity structure and are divided into several different classes
of compound as seen in Figure 30.1. Table 30.1 includes the
most important polyphenol subclasses, and among them are the
simple phenols (C6), phenolic acids (C6 − C1), hydroxycinnamic
acids (C6 − C3), xanthones (C6 − C1 − C6), stilbenes and anthroquinones (C6 − C2 − C6), and flavonoids (C6 − C3 − C6) (Robards
and Antolovich, 1997).
Simple monocyclic phenolic compounds, which are based on
benzoic and cinnamic acids, are not essential for plant growth but
serve as antioxidants and are parts of plant defense systems. The
majority of these compounds are present as conjugates. The principal dietary sources of monocyclic phenolic acids are tea, red
wine, cranberries, strawberries, and barley (Tomás-Barberán and
Clifford, 2000; Khadem and Marles, 2010). Stilbenes are widely
distributed in plants (particularly in red grapes and peanuts) and
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Figure 30.1 Structures and substituent numbering of the different phenolic compounds.

provide health benefits derived from their anti-inflammatory,
antitumor, and antioxidant properties. Worth special note among
them is trans-resveratrol, which is found primarily in grapes and
wine, and has been ascribed protective effects against coronary
heart disease (Romero-Pérez et al., 1999).
Flavanoids such as flavones (e.g., apigenin, luteolin, diosmetin), flavonols (e.g., quercetin, myricetin, kaempferol), and their
glycosides constitute the most common and widely distributed
group of plant phenols. These compounds, which are widespread
in the plant kingdom—algae and fungi excepted—(Bravo, 1998),
have been deemed potentially useful against inflammation, cardiovascular disease, and cancer. Flavonols and flavones occur
mainly in plant leaves and outer parts, but only in trace amounts
below the soil surface. One exception is onions, which contain

large amounts of 4′-d-glucosides. Vegetables contain quercetin
glycosides mainly, in addition to smaller amounts of kaempferol,
luteolin, and apigenin glycosides (Soto-Vaca et al., 2012). Cocoa
and cocoa-containing foods are good sources of flavanols, procyanidins, and epicatechin, which are thought to be responsible
for the protective effects associated with the consumption of
chocolate (Langer et al., 2011). Tea is another excellent source of
dietary flavonols as they contain four main catechins that vary in
concentration with the type of tea preparation and are absorbed
in the small intestine (Williamson et al., 2011). Phenolic compounds in white wines are largely hydroxycinnamic acids and
flavan-3-ols released by pulp cells and enzymatic oxidation products formed from them during pressing; by contrast, red wines
contain large amounts of anthocyanins and proanthocyanidins

Free ebooks ==> www.ebook777.com
697

Phenolic Compounds
Table 30.1
Name of Major Phenolic Compounds Present in Food
Substituentsa
No.

Chemical Name

Hydroxybenzoic Acids
1
Gallic acid
2
Gentisic acid
3
p-Hydroxybenzoic
acid
4
Protocatechuic acid
5
Salicylic acid
6
Syringic acid
7
Vanillic acid
Hydroxycinnamic Acids
8
Caffeic acid
9
Cinnamic acid
10
p-Coumaric acid
11
Ferulic acid
12
Sinapic acid or
sinapinic acid
Stilbenes
13
trans-Polydatin
14

trans-Resveratrol

Xanthones
15
Mangostin
16

Mangiferin

Anthraquinones
17
Alizarin
18
Purpurin
Flavonols
19
Kaempferol
20
Quercetin
21

Isorhamnetin

22

Myricetin

Flavones
23
Apigenin
24
Chrysin
25
Diosmetin
26

Luteolin

Flavanones
27
Naringenin
28
Hesperetin
Isoflavones
29
Daidzein
30
Genistein
31
Glycitein

IUPAC Name CAS Number

R1

R2

R3

R4

3,4,5-Trihydroxybenzoic acid 149-91-7
2,5-Dihydroxybenzoic acid 490-79-9
4-Hydroxybenzoic acid 99-96-7

OH
OH
H

OH
H
H

OH
H
H

H
OH
H

3,4-Dihydroxybenzoic acid 99-50-3
2-Hydroxybenzoic acid 69-72-7
4-Hydroxy-3,5-dimethoxybenzoic acid 530-57-4
4-Hydroxy-3-methoxybenzoic acid 121-34-6

H
H
OCH3
H

OH
H
OH
OH

OH
H
OCH3
OCH3

H
OH
H
H

3-(3,4-Dihydroxyphenyl)-2-propenoic acid 331-39-5
(E)-3-Phenylprop-2-enoic acid 140-10-3
(E)-3-(4-Hydroxyphenyl)-2-propenoic acid 7400-08-0
(E)-3-(4-Hydroxy-3-methoxy-phenyl)prop-2-enoic acid 1135-24-6
3-(4-Hydroxy-3,5-dimethoxyphenyl)prop-2-enoic acid 530-59-6

OH
H
H
OCH3
OCH3

OH
H
OH
OH
OH

H

2-[3-Hydroxy-5-[(E)-2-(4-hydroxyphenyl)ethenyl]phenoxy]6-(hydroxymethyl)oxane-3,4,5-triol 27208-80-6
5-[(E)-2-(4-Hydroxyphenyl)ethenyl]benzene-1,3-diol 501-36-0

Glucoside

3,6,8-Trihydroxy-2-methoxy-1,7-bis(3-methylbut-2-enyl)xanthen-9-one
6147-11-1
1,3,6,7-Tetrahydroxy-2-[3,4,5-trihydroxy-6-(hydroxymethyl)oxan-2-yl]
xanthen-9-one 4773-96-0

CH3

C5H9

C5H9

H

H

Glucoside

1,2-Dihydroxy-9,10-anthracenedione 72-48-0
1,2,4-Trihydroxyanthracene-9,10-dione 81-54-9

H
OH

3,5,7-Trihydroxy-2-(4-hydroxyphenyl)-4H-chromen-4-one 520-18-3
2-(3,4-Dihydroxyphenyl)-3,5,7-trihydroxy-4H-chromen-4-one
117-39-5
3,5,7-Trihydroxy-2-(4-hydroxy-3-methoxyphenyl)chromen-4-one
480-19-3
3,5,7-Trihydroxy-2-(3,4,5-trihydroxyphenyl)-4-chromenone 529-44-2

H
OH

H
H

OCH3

H

OH

OH

5,7-Dihydroxy-2-(4-hydroxyphenyl)-4H-1-benzopyran-4-one 520-36-5
5,7-Dihydroxy-2-phenyl-4H-chromen-4-one 480-40-0
5,7-Dihydroxy-2-(3-hydroxy-4-methoxyphenyl)chromen-4-one
520-34-3
2-(3,4-Dihydroxyphenyl)-5,7-dihydroxy-4-chromenone 491-70-3

H
H
OH

OH
H
OCH3

OH

OH

5,7-Dihydroxy-2-(4-hydroxyphenyl)chroman-4-one 480-41-1
(S)-2,3-Dihydro-5,7-dihydroxy-2-(3-hydroxy-4-methoxyphenyl)-4H-1benzopyran-4-one 520-33-2

OH
OCH3

H
OH

7-Hydroxy-3-(4-hydroxyphenyl) chromen-4-one 486-66-8
5,7-Dihydroxy-3-(4-hydroxyphenyl)chromen-4-one 446-72-0
7-Hydroxy-3-(4-hydroxyphenyl)-6-methoxy-4-chromenone 40957-83-3

OH
OH
OH

H
H
OCH3

H
OCH3

H

H
OH
H
(Continued)
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Table 30.1 (Continued)
Name of Major Phenolic Compounds Present in Food
Substituentsa
No.

Chemical Name

Flavanols
32
Catechin
33
Catechin gallate
34

Epicatechin gallate

35

Epigallocatechin
gallate

a

IUPAC Name CAS Number

(2R,3S)-2-(3,4-Dihydroxyphenyl)-3,4-dihydro-2H-chromene-3,5,7-triol
[(2R,3R)-2-(3,4-Dihydroxyphenyl)-5,7-dihydroxy-3,4-dihydro-2Hchromen-3-yl] 3,4,5-trihydroxybenzoate 1257-08-5
[(2R,3R)-2-(3,4-Dihydroxyphenyl)-5,7-dihydroxy-3,4-dihydro-2Hchromen-3-yl] 3,4,5-trihydroxybenzoate 1257-08-5
[(2R,3R)-5,7-Dihydroxy-2-(3,4,5-trihydroxyphenyl)chroman-3-yl]
3,4,5-trihydroxybenzoate 989-51-5

R1

R2

R3

R4

H
H

OH
OH

OH
OH

OH
Gallate

H

OH

OH

Gallate

OH

OH

OH

Gallate

For substituents, see Figure 30.1.

extracted from grape skin and, less markedly, also from seeds
(Cheynier, 2012). Tomato, which is one of the most important
vegetables worldwide, contains a range of flavonoids and phenolic acids in addition to lycopene, all of which are considered
potentially healthy (Slimestad and Verheul, 2009). Other foods
such as milk and dairy products can also contain phenolic compounds. The presence of these compounds in milk and dairy
products can result from consumption of specific fodder crops by
cattle, bacterial catabolism of proteins, contamination with sanitizing agents, process-induced incorporation, or their deliberate
addition as specific flavoring or functional ingredients, among
others (O’Connell and Fox, 2001).
Polyphenols are partly responsible for the sensory and nutritional qualities of plant foods. Thus, the astringency and bitterness
of foods and beverages depends on their content in polyphenolic
compounds (Lule and Xia, 2005). For example, phenols in beer,
which come from barley, other adjuncts and hops, affect flavor,
astringency, haze, body, and fullness (Callemien and Collin,
2010). Oxidation of polyphenols during processing or storage can
result in beneficial or undesirable characteristics in food products. Polyphenol oxidases, which are enzymes containing copper
at their active site, are capable of inserting an oxygen atom in
ortho with an aromatic hydroxyl group to convert a phenol into
a quinone (Soto-Vaca et al., 2012). Many fruits undergo marked
color changes as a result of polyphenol oxidation and anthocyanin degradation (Robards et al., 1999). Tea processing and fermentation constitutes an instance where enzymatic oxidation is
beneficial for production of black tea.

30.2 Sample Preparation
Chemically, plant phenolics range from simple to highly polymerized substances containing variable proportions of phenolic
acids, phenylpropanoids, anthocyanins, and tannins, among
others. Phenols can also exist as complexes with carbohydrates,
proteins, and other plant components. Some high-molecularweight phenolics and their complexes are quite insoluble (Naczk
and Shahidi, 2004). Isolation of phenolic compounds from the
sample matrix is usually a prerequisite for any comprehensive
analytical scheme. The ultimate goal is obtaining a sample
extract uniformly enriched with all target components and free
from interfering matrix components (Tura and Robards, 2002).

Sample preparation varies a great deal owing to the diversity
in food and plant matrixes. Thus, wines, spirits, and clear juice
samples require minimal manipulation (La Torre et al., 2006),
whereas whole fruits and vegetables usually need a sequence of
steps for sample pretreatment. Sample preparation also affords
enrichment with specific compounds and fractionation of components into various subclasses. The determination of glycosides
requires their prior hydrolysis as an aid for structural elucidation and characterization of these complex compounds. Below
are discussed the major techniques for hydrolysis, extraction, and
cleanup of phenolic compounds.

30.2.1 Hydrolysis
Preliminary hydrolysis of samples has been used as an aid to
structural elucidation and characterization of glycosides, and also
to minimize interferences in the subsequent chromatographic
determination of phenolic compounds (Careri et al., 2000).
Three types of hydrolytic treatment are used for this purpose,
namely, acidic, alkaline, and enzymatic. Acid hydrolysis has traditionally been the most common choice for determining conjugated flavonoids (Chen et al., 2001; Luo et al., 2013); a kinetic
method using it was reported by Merken et al. (2001). Alkaline
conditions are used to isolate phenols from certain fruits, cereals,
and other plant material in order to determine bound phenolic
acids (Dobberstein and Bunzel, 2010). For instance, hydrolyzing orange juice with sodium hydroxide under nitrogen at room
temperature for 4 h allowed total phenolic acids to be recovered
by ethyl acetate extraction (Fallico et al., 1996). Cuevas Montilla
et al. (2011) used enzymatic hydrolysis of bound phenolics from
corn with a mixture of pectinase, amylase, and cellulase for 24 h
prior to their determination by liquid chromatography (LC); the
results thus obtained were similar to those provided by alkaline
hydrolysis.

30.2.2 Extraction and Cleanup
The particular procedure to be used for extraction and cleanup
of phenols depends on the nature of both the analyte (e.g., total
phenols, o-diphenols versus other phenols, specific phenolic
classes such as flavonone glycosides or individual compounds)
and sample (fruit, vegetables, beverages, honey), as well as on
the physical state of the sample (Naczk and Shahidi, 2004).
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Although most official methods for analyzing phenolic compounds in food samples use liquid–liquid extraction (LLE) on
account of its simplicity and consolidated status, solid-phase
extraction (SPE) has lately gained increasing popularity for this
purpose. Other techniques, including solid- and liquid-phase
microextraction (SPME, LPME), pressurized-liquid extraction
(PLE), matrix solid-phase dispersion (MSPD), and supercritical
fluid extraction (SFE), have also been used to treat food samples
for the determination of phenols.

30.2.2.1 Liquid–Liquid Extraction
The solubility of phenolic compounds is governed by the type of
solvent (polarity) used, their degree of polymerization, interactions with other food constituents, and the formation of insoluble
complexes. As a result, there is no universal or completely effective procedure for extracting all phenols in a specific class from
plant material. As can be seen in Tables 30.2 through 30.4, the
solvents used for the LLE of phenolic compounds include methanol, ethanol, water, acetone, ethyl acetate, diethyl ether, and, to a
lesser extent, propanol and dimethylformamide. Several solvents
are often combined to obtain the required viscosity and solvent
power for a particular extraction. For example, RodríguezDelgado et al. (2001) successfully used diethyl ether previously
adjusted to pH 2 with 0.1 M hydrochloric acid to extract 17 phenolic compounds from various types of wine, both red and white,
with a relative standard deviation (RSD) < 4.4%. In many cases,
LLE of phenolic compounds is facilitated by the use of ultrasound
or microwaves. For example, ultrasound-assisted extraction has
been used for the extraction of phenolic compounds from strawberries (Herrera and Luque de Castro, 2005), eggplant (Luthria
and Mukhopadhyay, 2006), or Pokan and Huyou (Xu et al., 2008)
with recoveries from 80% to 115%. Lou et al. (2010) used simultaneous ultrasonic and microwave-assisted extraction (MAE) to
extract 10 phenolic compounds from burdock leaves; the ensuing yields, efficiency, and extraction times were better than those
obtained by maceration. Lou et al. (2012) subsequently used
ionic liquids in combination with simultaneous ultrasonic and
MAE to isolate phenolic compounds from burdock leaves with
excellent recoveries (96%–105%) and RSD < 5.6%.
Yu et al. (2001) compared various sample pretreatments for
extracting phenolic compounds from barley, namely, (a) simple
hot water extraction, (b) extraction after acid hydrolysis, (c) acid
plus α-amylase hydrolysis, and (d) acid plus α-amylase plus
cellulose hydrolysis. Based on their results, a combination of
sequential acid, α-amylase, and cellulose hydrolysis treatments
enhances the release of phenolics from barley.

30.2.2.2 Pressurized-Liquid Extraction
PLE is a “green” technology for the extraction of various components from foods and herbal plants. PLE uses liquid solvents
at elevated temperature and pressure, which increases extraction
performance relative to other techniques using near-room temperature and atmospheric pressure (Camel, 2001). PLE can be
implemented in static or dynamic systems. In dynamic PLE, the
solvent is continuously pumped through the sample vessel, which
requires the use of high-pressure pumps (Mustafa and Turner,
2011). García et al. (2012) developed a PLE method for extracting

phenolic compounds from chips of oak wood and chestnut within
5 min. Other authors used an off-line combination of PLE and
SPE to isolate phenolics from algae with recoveries close to
100% (Onofrejová et al., 2010). Also, PLE was coupled in-line
with SPE to extract phenolic compounds from grapes with recoveries of 64%–99% and RSD from 1% to 13% (Palma et al., 2002).

30.2.2.3 Liquid-Phase Microextraction
LPME is a miniaturized sample preparation approach that
emerged in the mid-1990s. This technique uses a small amount
of solvent to extract analytes from aqueous samples. LPME has a
number of advantages over LLE, including dramatically reduced
consumption of organic solvents, sample cleanup capabilities,
and higher enrichment factors—with concentration-dependent
detectors—by virtue of its using considerably reduced solvent
volumes (Xie and He, 2010). LPME is usually implemented as (a)
single-drop microextraction (SDME), (b) hollow fiber protected
liquid-phase microextraction (HF-LPME), or (c) dispersive liquid–liquid microextraction (DLLME) (Jelén et al., 2012).
In SDME, a microdrop of solvent is suspended from the tip
of a conventional microsyringe and then either exposed to the
sample headspace or immersed in a sample solution with which
it is immiscible (Jain and Verma, 2011). In a different approach to
SDME known as “directly suspended droplet microextraction”
(DSDME), a symmetrically rotated flow field is created by a stir
bar placed in the bottom of a cylindrical sample cell to obtain a
microdroplet of solvent suspended on the top center of the aqueous sample (Mingyuan et al., 2009). This technique has been
used for the extraction of polyphenols from herbal infusions,
fruits, and functional foods, with enrichment factors from 413 to
578 (Viñas et al., 2011).
HF-LPME or liquid–liquid–liquid microextraction is based
on the distribution of the target analytes among three liquid
phases from which they are extracted into an organic membrane
and subsequently back extracted into an aqueous acceptor solution. Saraji and Mousavi (2010) used HF-LPME in combination
with LC to determine seven phenolic compounds in fruit juice
samples; the phenols were extracted from 5 mL aqueous samples
at pH 2 to a thin layer of organic solvent (hexyl acetate) phase
impregnated into the pores of a polypropylene hollow fiber wall
and then back extracted into a basic acceptor solution (0.02 M
NaOH).
In the DLLME technique, an appropriate mixture of extraction solvent and disperser solvent is rapidly injected into an
aqueous sample to obtain a cloudy solution consisting of minute
droplets of the two solvents (Rezaee et al., 2006). Acetone, methanol, and acetonitrile can be used as dispersers, whereas chlorinated solvents such as chlorobenzene, carbon tetrachloride, and
tetrachloroethylene are useful as extractants. In this technique,
instantaneous mixing of the three components ensures equilibration within a few seconds thanks to the infinitely large interface between the fine extractor droplets and the aqueous solution
(Hyötyläinen and Riekkola, 2008). Monasterio et al. (2013) used
DLLME in combination with capillary zone electrophoresis
(CZE) to determine 11 phenolic compounds in such a complex
matrix as olive oil; the ensuing method is fast, uses reagents
sparingly, and produces little waste, so it is economical and environmentally benign.
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Table 30.2
Analytical Methods for the Pretreatment of Food Samples and Liquid Chromatographic Determination of Phenolic Compounds
Phenolic Compoundsa

Food Samples

Sample Pretreatmentb

Determinationc

Olive oils

LLE (methanol–water),
centrifugation

LC-UV (278 nm)
GC-MS

1,14,20,32,34, and
others
1,2,8,10,11,20,22,34,
and others
1,4,6,7,8,10,11,19,20,
22, and others

Grape extracts and
wine
Cranberry juice

Filtration (nylon membrane)

LC-DAD

Hydrolysis (acid), SPE
(RP-C18) cartridge
LLE (diethyl ether) pH 2

6,7,10, and others

Olive oil

Hydrolysis (acid), LLE
(water–methanol)

LC-DAD (280 and
360 nm)
LC-UV (278 nm)
LC-FL (λexc: 278 nm;
λem: 360 nm)
LC-UV (280 nm)
GC-MS(sQ)

3,7,8,10,11, and others

Barley

LC-UV

1,3,4,6,7,8,10,11,12, 20,
22, and others

Wine

LLE (hot water), hydrolysis
(acid and enzymatic)
—

19,20, Elagitannis, and
others
1,3,11,12, and others

Red raspberries
Grapes

SPE (RP-C18, Diaion
HP-20)
PLE-SPE (in-line)

LC-DAD
LC-ESI-MS/MS
LC-DAD

1,6,7,11, and others

Brandies

—

LC-UV (200−400 nm)

1,6,7,8,10,11, and others

Wines

LC-UV (280 nm)

29,30,31, and others

Soy extracts

19,20, and others

Strawberries

1,4,6,7,8,10,11,19,20,
22,32,34, and others

Wine

SPE (RP-105; Oasis HLB,
RP-C18, etc.)
LLE (dimethyl sulfoxide–
methanol), sonication
Hydrolysis, LLE (methanol),
ultrasounds
Continuous isotachophoretic
pretreatment (off-line)

7,10,23,26, and other

Olive oils

LLE (methanol–water), SPE

LC-NMR

7,10,23,26, and other

Olive oils

SPE (diol-bonded) cartridge

1,2,3,4,6,7,8,11, and
others

Strawberries

LLE (methanol), ultrasounds

LC-DAD
LC-MS/MS (QqQ)
LC-DAD
(254–310 nm)

Wine

LC-DAD (200,
450 nm)

LC-DAD
LC-DAD
(254–310 nm)
LC-conductivity
detector

Analytical Figures
of Merite

Reference

RP-C18 (250 mm)
MP: water–methanol
OV-101 (30 m)
MP: helium
RP-C18 (250 mm)
MP: water–acetonitrile
RP-C18 (150 mm)
MP: water–acetic acid–methanol
RP-C18 (150 mm)
MP: acetic acid–methanol–water

—

Owen et al. (2000)

—

Revilla and Ryan
(2000)
Chen et al. (2001)

RP-C18 (300 mm)
MP: water–methanol–acetonitrile
BPX5 (30 m)
RP-C18 (150 mm)
MP: sodium citrate buffer–methanol
RP-C18 (100 mm)
MP: methanol–water

—

RP-MAX (250 mm)
MP: acetonitrile–formic acid
RP-C18
MP: methanol–acetic acid
RP-C18 (250 mm)
MP: water–methanol–formic acid
RP-C18
RP-C18 and monolithic column (100 mm)
MP: acetic acid–acetonitrile
RP-C18 (250 nm)
MP: methanol–water
RP-C16 (250 mm)
MP: methanol–acetonitrile–
organophosphate acid
RP-C18 (250 mm)
MP: water–acetonitrile (trifluoracetic acid)
RP-C18
MP: formic acid–acetonitrile
RP-C18 (250 nm)
MP: methanol–water

—
DL: 20–510 µg/L
RSD: 0.8%–4.4%

—
DL: 10−160 µg/L
RSD: 3%–6%
Rec: 95%–103%
—
RSD: 1%–13%
Rec: 64%–99%
DL: 0.01–0.30 mg/L
RSD: 0.3%–6.8%
DL: 0.13–4.5 ng
Rec: 79%–99%
RSD: 2.3%–5.0%
Rec: 97%–105%
DL: 0.3–4.1 mg/kg
RSD: 1.2%–7.5%
DL:25–158 ng/mL
RSD: 0.8%–2.9%
Rec: 86%–184%
—
DL: 5–300 ng/mL
Rec: 76%–115%
LR: 2–300 mg/L
RSD: 7%–12%
Rec: 86%–99%

RodríguezDelgado et al.
(2001)
Tasioula-Margari
and Okogeri
(2001)
Yu et al. (2001)
Castellari et al.
(2002)
Mullen et al.
(2002)
Palma et al. (2002)
Canas et al. (2003)
Matejicek et al.
(2003)
Apers et al. (2004)
Herrera and Luque
de Castro (2004)
Sladkovský et al.
(2004)
Christophoridou
et al. (2005)
De la Torre-Carbot
et al. (2005)
Herrera and Luque
de Castro (2005)
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1,3,4,6,7,8,9,10,11, and
others

Chromatographic Column/
Mobile Phased

Free ebooks ==> www.ebook777.com
Beverages and plant
extracts
Wines

LLE (hot water)

Aromatic plants

7,10,11, and others

Olive oil

LLE (methanol), hydrolysis
(acid), silylation
(BSTFA–TMCS)
SPE (diol-bonded) cartridges

4,6, and others

White grapes

1,6,7,8,10,14,19,20,
22,32,33, and others
10,19, and others

Rew wines

3,4,7,8,10,11, and 12

Bacharis
dracunculifolia
(shrub)
Fruits (Huyou and
Ponkan)

—

MDSP
LLE-SPE
SPE (copolymers and
RP-C18) cartridges
SFE (CO2)

LC-coulometric
detection
LC-DAD
LC-MS (ESI)
GC-MS
LC-DAD
LC-ESI-TOF-MS
CE-MS
LC-DAD (350 nm)
LC-DAD
(200–400 nm)
LC-DAD

LLE (methanol–water),
ultrasound and
centrifugation
LLE (methanol-ultrasound)

LC-UV (260 nm)

RP-C18 (250 mm)
MP: acetic–methanol

LC-cyclic
voltammetry
LC-MS

RP-C18 (10 mm)
MP: water–methanol (lithium acetate)
RP-C18 (75 mm)
MP: acetic acid–acetonitrile

LC-amperometric
detection
LAD-DAD
LC-DAD (278 and
339 nm)
LC-ESI-MS/MS
(QqQ)
LC-MS/MS

RP-C18 (150 mm)
MP: acetic acid–methanol

20 and its glucosides

Onion

1,3,4,6,7,8,10,12, and
others
8,10,11, and 28

Algae and
cyanobacterial
species
Citrus honey

7,8,10,23,26, and others

Olive Cake

SPE at high pressure

8,10,20,26, and others

Burdock leaves

LLE (ethanol–water),
ultrasound, microwave

Ferulic dimers and
trimmers

Cereals, asparagus,
and sugar beet

LC-UV (280 and
325 nm)

3,4,5,7,8,9,10, and
others

Algae

Basic hydrolysis, LLE
[diethyl ether], SPE
(Sephadex LH-20)
PLE/SPE (Oasis MCX3)

1,3,6,8,9,10,11

Fruit juices

19,26, and others

Rosmarius
officinalis (shrub)

SFE (CO2), SPE (Oasis
MCX 3)
Dilution with water
(ultrasound)

RP-C18
MP: ammonium acetate–acetonitrile–water
RP-C18 (150 mm)
MP: formic acid–acetonitrile
CP-Sil 8
CB-MS (30 m)
MP: helium
RP-C18 (100 mm);
MP: acetic acid–acetonitrile buffer (CE):
ammonium hydrogen carbonate
RP-C18 (250 mm)
MP: water–methanol–formic acid
RP-C18 (250 mm)
MP: water–acetic acid–acetonitrile
RP-C18 (125 mm)
MP: formic acid–methanol

ODS-2 (100 mm)
MP: water–acetic acid

QL: 0.3–143 µg/L
RSD: 1.1%–2.0%
DL: 1–160 mg/L
RSD: 0.8%–73.6%
DL: 0.05–1.65 mg/L

Jandera et al.
(2005)
La Torre et al.
(2006)
Proestos et al.
(2006)

RSD: 1.4%–4%

Carrasco-Pancorbo
et al. (2007)

—

Dopico-García
et al. (2007)
Pérez-Magariño
et al. (2008)
Piantino et al.
(2008)

RSD: 2.5%–10.5%
Rec: 26%–103%
—

LR: 1–50 µg/mL
RSD: 0.6–3.0
Rec: 80%–114%
DL: 0.8−2.6 × 10−7 M
DL: 1.1–4.3 ng/mL
RSD: 1.4%–5.8%
Rec: 83%–100%
DL: 3.2−7.3 ng/mL
RSD: 1.1%–1.8%
Rec: 99%–100%
—

Xu et al. (2008)

Zielinska et al.
(2008)
Klejdus et al.
(2009)
Liang et al. (2009)

Suárez et al.
(2009)

RP-C18 (150 mm)
MP: water (formic
acid)–acetonitrile–methanol
RP-C18 (250 mm)
MP: trifluoroacetic acid–methanol

Rec: 96%–104%

Lou et al. (2010)

DL: 0.02–0.4 µg/mL
RSD:1.2%–5.4%

Dobberstein and
Bunzel (2010)

LC-ESI-MS

RP-C18 (150 mm)
MP: acetic acid–acetonitrile

Onofrejová et al.
(2010)

HF-LPME

LC-DAD

RP-C18 (125 mm)
MP: acetic acid–methanol

SFE (CO2–ethanol),
PLE (ethanol–water)

LC-DAD
LC-ESI-MS (TOF)

RP-C18 (150 mm)
MP: formic acid–acetonitrile

DL: 0.01–0.06 ng/mL
RSD:1.0%–4.0%
Rec: 93%–98%
DL: 0.01–2.0 µg/L
RSD: 3.1%–11.3%
Rec: 61%–132%
—

Saraji and
Mousavi (2010)
Borrás Linares
et al. (2011)
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1,3,4,5,6,7,8,10,11,12,
20,23,28,32, and others
1,6,7,8,10,11,14,19,20,
21,22,32,34, and others
1,2,3,7,8,10,11,20,23,
26,32
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Table 30.2 (Continued)
Analytical Methods for the Pretreatment of Food Samples and Liquid Chromatographic Determination of Phenolic Compounds
Phenolic Compoundsa
8,10,19,20,23, and
others

Food Samples

Sample Pretreatmentb

Determinationc

Chromatographic Column/
Mobile Phased

Analytical Figures
of Merite

Reference

Helichrysum
obconicum
(traditional
medicine)
Dalbergia odorifera
(Chinese
medicine)
Wines

LLE (methanol)

LC-(ESI)-MS (ion trap)
LC-DAD

RP-C18 (250 mm)
MP: formic acid–acetonitrile

—

Gouveia and
Castilho (2011)

MSPD (titania)

LC-DAD
LC-MS/MS

RP-C18 (100 m)
MP: water–acetonitrile (acetic acid)

—

Xu et al. (2011)

MEPS (RP-C8)

LC-DAD

HSS T3 (100 mm)
MP: methanol–water

Conçalves et al.
(2012)

Chestnut and oak
wood chips
Burdock leaves

PLE

LC-DAD

Ultrasonic-MAE

LC-UV (280 nm)

Eucalyptus globolus
labill bark
Plants

SFE (CO2–ethanol)
SPE
MPDE

LC-DAD
LC-MS/MS (ion trap)
LC-UV (375 nm)

RP-C18 (250 mm)
MP: methanol–water–formic acid
RP-C18 (250 mm)
MP: acetic acid–acetonitrile–methanol
—

DL: 8–302 mg/L
RSD: 0.2%–7.5%
Rec: 76%–100%
LR: 1.1–3.200 mg/L

1,2,4,6,7,9,10,11, and
others

Wines

MEPS (RP-C8)

LC-DAD

HSS T3 (100 mm)
MP: methanol–water

14,20,23,30, and others

Beverages

SPE (MIP)

19,20,22,23,26,30, and
others

Leaves of
sweetpotato
cultivars

Hydrolysis (acid and basic),
LLE (water–acetonitrile)

RP-C18 (100 mm)
MP: water–acetonitrile–formic acid
RP-C18 (150 mm)
MP: methanol–water (formic acid)

8,14,20,32,34, and
others

Wine, berry, and
grape

SPME
(automated-96-thin-film)

LC-DAD
LC-MS/MS (QqQ)
LC-DAD
(210−400 nm)
LC-ESI-MS/MS
(Q-trap)
LC-MS

32,34, and others

P. calliantha
H. Andr (traditional
medicine)

NMAE (1-butyl-3methylimidazolium
tetrafluoroborate)

LC-UV

RP-C18 (250 mm)
MP: formic acid–methanol–acetonitrile

30 and others flavonoids

2,4,6,7,8,9,10,11,19,
22,32,34, and others
6,7,11, and others
8,20, and chlorogenic
acid
1,20,27, and others
22 and amentoflavone

b

c

d
e

RP-C18 (250 mm)
MP: acetic acid–methanol

DL: 0.08–0.1 mg/mL
RSD: 2.9%–3.2%
Rec: 76%–90%
DL: 0.01–0.2 mg/L
RSD: 0.3%–6.0%
Rec: 77%–100%
DL: 1.5–7.0 µg/L
Rec: 88%–100%
Rec: 30%–117%

DL: 0.2–3.0 ng/mL
RSD: 4%–13%
Rec: 69%–82%
DL: 0.03–1.74 µg/mL
RSD: 5.4%–8.8%

Santos et al.
(2012)
Bi et al. (2013)

Conçalves et al.
(2013)
Euterpio et al.
(2013)
Luo et al. (2013)

Mirnaghi et al.
(2013)
Zhang et al.
(2013)

Number of phenolic compounds (see Table 30.1).
BSTFA: N,O-bis(trimethylsilyl) rifluoroacetamide; LLE: liquid–liquid extraction; HF-LPME: hollow fiber protected liquid-phase microextraction; LPME: liquid-phase microextraction; MIP: molecularly
imprinted polymer; MEPS: microextraction by packed sorbent; MPDE: multiphase dispersive extraction; MSPD: matrix solid-phase dispersion; NMAE: negative pressure and microwave-assisted extraction;
PLE: pressurized-liquid extraction; SBSE: stir bar sorptive extraction; SFE: supercritical fluid extraction; SPE: solid-phase extraction; SPME: solid-phase microextraction; TMCS: trimethylchlorosilane.
CE: capillary electrophoresis; DAD: diode array detector; ESI: electrospray ionization; FL: fluorescence detector; GC: gas chromatography; LC: liquid chromatography; MS: mass spectrometry;
MS/MS: tandem mass spectrometry; NMR: nuclear magnetic resonance spectroscopy; QqQ: triple quadrupole; sQ: single quadrupole; TOF: time-of-flight; UV: ultraviolet detector.
MP: mobile phase: RP: reversed phase.
DL: detection limit; LR: linear range; QL: quantification limit; Rec: recovery; RSD: relative standard deviation.
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a

RP-C18 (150 mm)
MP: acetonitrile–water–trifluoroacetic acid

RSD: 2.3%–5.6%
Rec: 96%–105%
—

García et al.
(2012)
Lou et al. (2012)

Free ebooks ==> www.ebook777.com
Analytical Methods for the Pretreatment of Food Samples and Gas Chromatographic Determination of Phenolic Compounds
Phenolic Compoundsa

Food Samples

Sample Pretreatmentb

Determinationc

1,3,4,6,7,8,9,10,11, and
others

Olive oils

LLE (methanol–water), centrifugation

LC-UV (278 nm)
GC-MS

3,6,7,8,10,11, and others

Olive oil

SPE (RP-C18), LLE (diethyl ether)

GC-FID

6,7,10, and others

Olive oil

Hydrolysis (acid), LLE (water–methanol)

LC-UV (280 nm)
GC-MS(sQ)

3,5,6,7,8,10,11, and others

Olive oil

1,2,4,5,7,8,11,12, and others

Arboreal leaves

LLE (methanol–water), silylation
(BSTFA–TMCS)
LLE (n-hexane), SPE (RP-C18, florisil),
silylation (BSTFA–TMCS)

GC-MS/MS (ion
trap)
GC-FID

1,2,5,7,8,10,11,12, and
others
9,10, and others

Pine needles

LLE (n-hexane), SPE (RP-C18, Florisil),
silylation (BSTFA–TMCS)
SPE (diol-bonded) cartridge

GC-FID, GC-MS
(sQ)
GC-MS (ion trap)

1,2,3,7,8,10,11,20,23,26,32

Aromatic plants

4,8,10,19,20, and others

Carica papaya
L. leaf

GC-MS
LC-DAD
GC-MS (sQ)

5,9,11,24, and others

Honeys

LLE (methanol), hydrolysis (acid),
silylation (BSTFA-TMCS)
Hydrolysis (acid), extraction (Soxhlet,
methanol–water), silylation
(BSTFA-TMCS)
SPME (polyacrylate fiber)

1,6,7,8,9,10,11,14,19,20,32,
and others

Wines

MSPD

GC-MS

Monophenols

Beer

10,11,23,26, and others

Olive oil

HS-SPME, acetylation (acetic anhydride),
KHCO3
SPE (diol cartridge), silylation
(BSTFA-TMCS)

GC-MS (dual stage
quadrupole)
GC-APCI-TOF-MS
LC-DAD

14,20,33,34, and others

Herbal infusions,
fruits, and
functional foods
Cranberry
products

DSDME, silylation (in port, BSTFA)

GC-MS (sQ)

Hydrolysis (acid, ultrasound), LLE (ethyl
acetate), silylation (BSTFA-TMCS)

GC-MS (sQ)

3,7,8,9,10,11,12,14,20,22,32,
34, and others
a
b

c

d

GC-MS (sQ)

Analytical Figures of
Merite

RP–RP–C18 (250 mm)
MP: water–methanol OV-101 (30 m)
MP: helium
SPB-5 (30 m)
MP: helium
RP–RP–RP-C18 (300 mm)
MP: water–methanol–acetonitrile
BPX5 (30 m)
J&W DB-5MS (30 m)
MP: helium
DB-5 (30 m)
MP: helium

—

Owen et al. (2000)

Rec: 18%–90%

Liberatore et al.
(2001)
Tasioula-Margari and
Okogeri (2001)

PE-5MS, PE-5ht; DB-5 (30 m)

—

Reference

—

Saitta et al. (2002)

DL: 2–10 ng
RSD: 4.3%–14.7%
Rec: 32%–88%
—

Jaroszynska (2003)

Zebron ZB-5 MS
MP: helium
CP-Sil 8, CB-MS (30 m)
MP: helium
SPB-5 (30 m)
MP: helium

—

Jaroszynska and
Ligor (2005)
Ríos et al. (2005)

DL: 0.05–1.65 mg/L

Proestos et al. (2006)

RSD: 0.04%–5.9%

Canini et al. (2007)

DB-5HT (30 m)
MP: helium
DB-5MS (30 m)
MP: He

—

Daher and Gülaçar
(2008)
Minuti and
Pellegrino (2008)

Rtx-5Sil-MS (60 m)
MP: helium
HP-5MS (30 m)
MP: helium
RP–RP–RP-C18 (205 mm)
HP-U1MS (30 m)
MP: helium
DB-5 (30 m)
MP: helium

DL: 2–8 ng/L
RSD: <20.7%
Rec: 48%–109%
DL: 0.16–92 µg/L
RSD: 0.7%–16.4%
DL: 0.13–1.05 mg/kg
RSD: 0.7%–6.1%
Rec: 95%–102%
DL: 11–130 ng/L

DL: 52–697 µg/L

Sterckx et al. (2010)
García-Villalba et al.
(2011)
Viñas et al. (2011)

Wang and Zuo
(2011)

Number of phenolic compounds (see Table 30.1).
BSTFA: N,O-bis(trimethylsilyl) rifluoroacetamide; DSDME: directly suspended droplet microextraction; HS-SPME: headspace solid-phase microextraction; LLE: liquid–liquid extraction; MSPD: matrix solidphase dispersion; SPE: solid-phase extraction; SPME: solid-phase microextraction; TMCS: trimethylchlorosilane.
APCI: atmospheric pressure chemical ionization; FID: flame ionization detector; GC: gas chromatography; LC: liquid chromatography; MS: mass spectrometry; MS/MS: tandem mass spectrometry; sQ: single
quadrupole; TOF: time-of-flight; UV: ultraviolet detector.
MP: mobile phase: RP: reversed phase.
DL: detection limit; Rec: recovery; RSD: relative standard deviation.
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Table 30.4
Other Methods for the Pretreatment of Food Samples and Determination of Phenolic Compounds
Phenolic Compoundsa

Food Samples

Sample Pretreatmentb

Beers

—

Total phenolic compounds

Plant extract

1,4,6,8,11,34, and others

Wine

LLE (methanol–water),
centrifugation
LLE (diethyl ether)

10,32,34, and procyanidins

Soaking water from
lentils, white beans
and black beans,
and almond peels
Wine

LLE (methanol–HCl),
centrifugation

20,34, and others

Hull and flour or
buckwheat

LLE (ethanol), filtration

1,2,4,7,8,9,10,11,20, and
others
2,7,11, and chlorogenic

Alperujo

LLE (methanol–water),
sonication

9,10,11, and others

Vegetable oils

Dilution (1-propanol)

20,22,24, and others

Rosemary honey

SPE (Amberlite XAD-2)

1,2,20,23,26, and others

Pollen extract

7,8,10,11, and others

Olive oil

LLE (ethanol–water),
centrifugation
SPE (diol-bonded)

1,7,10,11,32, and others

Walnuts

4,6,7,10,11,18,19,20, and
others

Dilution
(water–methanol)

Wines

LLE (ethanol–water),
sonication and
centrifugation

Reagentsd

Analytical Figures of Merite

Reference

Biosensor (carbon
paste-apple tissue/
Nujol)-cyclic
voltammetry
Spectroscopy
(765 nm)
CZE-DAD (280 nm)
LC-DAD (280 nm)
MEKC-DAD (200
and 280 nm)

Phosphate buffer

Sensitivity: 0.15−0.91 mA/M

Cummings et al. (1998)

Folin–Ciocalteu reagent

—

Kähkönen et al. (1999)

BGE: sodium borate (pH 9.5)

—

Andrade et al. (2001)

BGE: sodium borate–SDS

RSD: <7%

Cifuentes et al. (2001)

CZE-capillary
isocatophoresisconductivity/UV
CE-voltammetric
detection

BGE: HCl + Tris + HEC and
boric acid

DL: 30–250 µg/L
RSD: 0.1%–11%

Hamoudová et al. (2004)

BGE: sodium borate

Peng et al. (2004)

CE-DAD

BGE: boric acid (pH 9.6)

DL: 20–50 mg/L
RSD: 2.8%–3.6%
Rec: 95%–98%
DL: 2.12–7.0 µg/g

CE-amperometric
detection
(microchip)
CE-DAD (450 nm)

BGE: sodium borate (pH 9.5)

RSD: 1.5%–6.5%

Scampicchio et al. (2004)

BGE: KOH in
methanol–propanol
BGE: ammonium acetate

LR: 120–720 mg/L

Mendonça et al. (2005)

DL: 1–25 mg/L
RSD: 3.0%–6.0%
RSD: 0.5%–3.0%

Arráez-Román et al.
(2006)
Arráez-Román et al.
(2007)
Carrasco-Pancorbo et al.
(2007)

CE-ESI-MS
CE-UV (214 nm)
CE-ESI-TOF-MS
LC-ESI-TOF-MS
CE-MS

CE-ESI-TOF-MS

BGE: ammonium acetate
RP-C18 (100 mm); MP:
acetic acid–acetonitrile
BGE (CE): ammonium
hydrogen carbonate
BGE: ammonium acetate
(pH 9.5)

RSD: 1.4%–4%

DL: 0.2–2.1 mg/L
RSD: 1.9%–4.7%

Priego-Capote et al. (2004)

Gómez-Caravaca et al.
(2008)
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10,11,33,34, and catechol

Determinationc
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Tomato

LLE (ethanol), sonication

CZE-amperometric
detection

BGE: sodium borate (pH 8.7)

2,7,10,11, and others

Olive oil

SPE

CE-ESI-MS

BGE: ammonium acetate/
ammonium hydroxide

20 and quercetin glycosides

Buckwheat

LLE (methanol–water),
SPE (RP-C18)

MEKC-UV (270 nm)

BGE: sodium tetraborate,
boric acid, SDS, methanol

8 and others

Tea infusions

—

1,3,4,6,7,810,11,12,14,32,
35, and others
1,3,4,7,8,9,10, 23,26, and
others
20,32,33,34,35, and others

Wine

—

Amperometric
biosensor
ET

Olive oil

—

CE-DAD (210 nm)

BGE: boric acid (pH 10.2)

Tea, grape residues,
cocoa, barley shell,
chestnut hedgehog,
and others
Vegetables oils

LLE (water + formic
acid), filtration

MEKC-UV (210 nm)

BGE: sodium borate–SDS–
potassium phosphate buffer

In-vial LPME

CE-DAD (200 nm)

1,4,7,9,10,11,19,20,22,32,34,
and others

Wines

Dilution (ethanol–water),
filtration

CZE-DAD (217 nm)

BGE: sodium
tetraborate–methanol
BGE: boric acid (pH 9)

2,7,8,9,10,20, and others

Olive oil

Dilution (1-propanol)

Total phenolic compounds

Plant extract

4,7,8,10,11, and others

Olive oil

4,6,7,9,10,11

Plant extracts

LLE (petroleum ether,
methanol), centrifugation
LLE (ethanol),
centrifugation
SPE (DPA)

1,2,3,4,6,7,8,9,10,11,12, and
others
6,7,8,9,10,23,26, and others

Avocado fruit

CE-DAD
CE-FL
Spectroscopy
(750 nm)
CE-DAD
(200–400 nm)
CZE- capillary
isocatophoresisDAD
CE-UV (254 nm)

1,3,6,7,8,9,10,11, and other

a
b
c

d
e

Olive oil

LLE (methanol),
centrifugation
DLLME

CZE-UV (200 nm)

BGE: boric acid in
1-propanol–methanol
Folin–Ciocalteu reagent
BGE: boric acid and NAOH
in 1-propanol–methanol
BGE: boric acid in
water–methanol–
hexadimethrine bromide
BGE: sodium tetraborate
(pH 9.4)
BGE: boric acid (pH 9.5)

DL: 0.01–1.0 mg/L
RSD: 1.8%–3.8%
Rec: 95%–105%
DL: 6–500 µg/L
RSD: 2%–10%
Rec: 93%–107%
DL: 2.5–2.7 mg/kg
RSD: 3.0%–5.5%
Rec: 88%–97%
DL: 0.5–35.4 µM

Peng et al. (2008)

RSD: 0.2%–3.8%

Rudnitskaya et al. (2010)

DL: 40–850 µg/L
RSD: 2.2%–7.0%
DL: 0.6–1.9 mg/L
RSD: 0.6%–6.7%

Ballus et al. (2011)

DL: 17–160 µg/L
Rec: 80%–120%
DL: 60–280 µg/L
RSD: 0.8%–6.9%
Rec: 91%–107%
DL: 0.21–0.95 µg/mL
RSD: 1.2%–14.0%
—

Bakar et al. (2012)

DL: 0.4–0.9 µg/mL
Rec: 89%–106%
DL: 11–31 mg/L
RSD: 1.1%–19.2%

Godoy-Caballero et al.
(2013)
Honegr and Pospísilová
(2013)

DL: 9–145 mg/L
RSD: 2.2%–18.7%
DL: 4–251 µg/kg
RSD: <7.4%
Rec: 89%–101%

Hurtado-Fernández et al.
(2013)
Monasterio et al. (2013)

Berzas Nevado et al.
(2009)
Dadáková and Kalinova
(2010)

Phenolic Compounds

14,22, and others

Ibarra-Escutia et al. (2010)

Castro López et al. (2011)

Ballus et al. (2012)

Godoy-Caballero et al.
(2012)
Kunyanga et al. (2012)

Number of phenolic compounds (see Table 30.1).
DLLME: dispersive liquid–liquid microextraction; LLE: liquid–liquid extraction; LPME: liquid-phase microextraction; SPE: solid-phase extraction.
CE: capillary electrophoresis; CZE: capillary zone electrophoresis; DAD: diode array detector; ESI: electrospray ionization; FL: fluorescence detector; MEKC: micellar electrokinetic capillary chromatography;
MS: mass spectrometry; TOF: time-of-flight; UV: ultraviolet detector.
BGE: background electrolyte; HEC: 2-hydroxyethylcellulose; MP: mobile phase; RP: reversed phase; SDS: sodium dodecylsulfate; Tris: tris(hydroxymethylamino)methane.
DL: detection limit; LR: linear range; Rec: recovery; RSD: relative standard deviation.
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Bakar et al. (2012) reported a method that combines the high
preconcentration capabilities and selectivity of in-vial LPME
sample preparation with the high resolving power—but low sensitivity—of capillary electrophoresis (CE). The method was used
to determine phenolic compounds at concentrations from 0.1 to
30 mg/L in vegetable oil samples.

30.2.2.4 Solid-Phase Extraction
SPE, also called “liquid–solid extraction,” is a commonly used
technique for fractionating compound mixtures and removing
unwanted components. SPE is a fast, sensitive sample preparation technique that has superseded many time-consuming conventional methods for the isolation and extraction of analytes.
This technique has several advantages over other liquid partitioning choices, including higher precision and throughput, and
lower solvent consumption; also, it avoids the formation of emulsions, which often delays processing of samples. Several commercial SPE formats ranging from the original cartridges and
columns to disks containing a variety of sorbents are currently
available (Tura and Robards, 2002).
As can be seen from Tables 30.2 through 30.4, SPE on C18bonded silica reversed-phase (RP-C18) (Chen et al., 2001;
Liberatore et al., 2001; Matejicek et al., 2003; Pérez-Magariño
et al., 2008), diol-bonded silica gel sorbents (De la Torre-Carbot
et al., 2005; Ríos et al., 2005; Carrasco-Pancorbo et al., 2007)
and styrene–divinylbenzene copolymers (Amberlite XAD-2,
Oasis MCX, Oasis HLB) (Matejicek et al., 2003; Arráez-Román
et al., 2006; Pérez-Magariño et al., 2008; Onofrejová et al., 2010)
are the most common choices for extracting phenolic compounds
from food samples. An excellent review of the literature on the
adsorption of phenolic compounds was published by Soto et al.
(2011), who examined the types of sorbents, operational conditions, adsorption equilibria, mechanisms, kinetics, and sorbent
regeneration procedures used in the SPE of phenolic compounds
from environmental and food samples.
Matejicek et al. (2003) compared various sorbents (RP-C18,
RP-101, RP-105, Amide, Oasis HLB, Strata X, and Abselut
Nexus) for the SPE of 19 phenolic compounds from wines. The
best results in terms of recovery were obtained with the RP-105
polymeric sorbent, with yields close to 100% for all target compounds. Inoue et al. (2005) reported the SPE of phenolic compounds in honey with a GL-Pak PLS-2 cartridge. The samples
were primarily dissolved in distilled water and transferred into
an SPE cartridge preconditioned with methanol and distilled
water; then, the cartridge was washed with water and the analytes were eluted with methanol. Mullen et al. (2002) used a
Diaion HP-20 ion-exchange column and a RP-C18-containing
column in combination to remove sugars and other contaminants
prior to the LC determination of ellagitannins, flavonoids, and
other phenolics in red raspberries.
Immunosorbents, which rely on reversible, highly selective
antigen–antibody interactions, and synthetic antibody material such as molecularly imprinted polymers (MIPs), are excellent candidate materials (Muldoon and Stanker, 1997; Augusto
et al., 2013). Euterpio et al. (2013) developed and validated an
analytical procedure based on MIP SPE and LC coupled to UV
detection for the determination of (E)-resveratrol and quercetin
in wine and fruit juice samples. The specific binding capacity

Handbook of Food Analysis
of the MIP as estimated with the cartridge test was found to
be 80 μg/g polymer. This sample pretreatment method affords
excellent sample cleanup and dramatically reduces the number
of potentially interfering coextracted compounds.
Microextraction by packed sorbent (MEPS) recently emerged
as a new, miniaturizable format of SPE for processing sample
volumes as low as 10 µL (Abdel-Rehim, 2010). The commercially available presentation of MEPS uses the same sorbents as
conventional SPE columns, so it can be used with most existing methods simply by scaling the reagent and sample volumes
as required. MEPS was used by Conçalves et al. (2012, 2013)
to quantify phenolic compounds in various types of wines with
extraction yields of 76%–99% and good precision (RSD < 7.5%).

30.2.2.5 Solid-Phase Microextraction
Solid-phase microextraction (SPME) is a modern, solvent-free
sample preparation technique combining sampling and sample
preparation in one step, which is commonly used in trace analysis.
SMPE relies on absorption–adsorption of the analyte onto a fiber
optic coating—or, since recently, in a stainless-steel version—
and has rapidly become one of the most often used techniques in
environmental, food and flavor, clinical, and toxicological analyses (Jelén et al., 2012). A typical SPME device consists basically
of a fiber coated with a thin layer of a suitable polymeric sorbent
or immobilized liquid that is fixed in the needle of a syringe-like
arrangement. In-tube SPME and membrane SPME modes are
also available. In in-tube SPME, the coated fiber is replaced with
an internally coated capillary to circulate or repeatedly draw the
sample (Olejniczak and Staniewski, 2007). In membrane SPME,
a hollow-fiber membrane is used to protect the SPME fiber
(Basheer et al., 2005). Extraction is performed by immersing
the fiber in a gaseous medium or a relatively pure liquid medium
(Pawliszyn, 1997); analytes can also be sampled from the headspace (HS-SPME) (Zhang and Pawliszyn, 1993). Sterckx et al.
(2010) used HS-SPME in combination with gas chromatographymass spectrometry (GC-MS) to quantify 13 monophenols in
beer. Optimal extraction of the analytes was obtained by adding
150 µL acetic anhydride, 250 mg KHCO3, and 3 g NaCl to 10 mL
of sample, followed by extraction at 60°C with a divinylbenzene–
carboxen–polydimethylsiloxane fiber for 40 min.
Daher and Gülaçar (2008) used SPME followed by GC-MS for
the analysis of phenolic and other aromatic compounds in honey
samples of variable floral origin. They found the most suitable
fiber type for extracting phenols and aromatic acids to be polar
polyacrylate.
A 96-well SPME system was automated by using robotic
autosamplers capable of preparing up to 96 samples in parallel. The system was used by Mirnaghi et al. (2013) for high-
throughput analysis of phenolic compounds in wine, berry, and
grape samples. Within-day and between-day reproducibility
were 4%–8% and 7%–13%, respectively, as RSD for all eight
phenolic compounds.

30.2.2.6 Matrix Solid-Phase Dispersion
MSPD is a simple, inexpensive sample preparation procedure
involving simultaneous disruption, and extraction of various
solid and semisolid materials. The usefulness of MSPD for
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food analyses is a result of a viscous, solid, or semisolid sample
being blended with an abrasive solid support material previously
derivatized to obtain a bound organic phase (e.g., RP-C18) on
its surface as in silica-based SPE materials (Barker, 2000). In
MSPD, a small amount of sample (0.1–5 g) is blended with the
selected solid phase and the resulting mixture is used to pack a
chromatographic column. Elution of the MSPD column with a
solvent or solvent sequence normally provides clean extracts that
can be further purified if necessary (García-López et al., 2008).
The ease of achieving homogeneous blending with the dispersant basically depends on the physical state of the matrix. With
low viscosity, liquid samples (e.g., juices, wine, melted fat, milk),
stirring usually suffices to obtain a thin layer of sample around
the sorbent particles. In some cases, liquid samples are merely
deposited on top of a cartridge containing a small amount of a
solid sorbent (Zhu et al., 2007).
Dopico-García et al. (2007) compared MSPD with LLE-SPE
for the extraction of phenolic compounds and organic acids from
white grapes and concluded that MSPD was simpler and faster
but failed to completely extract some compounds (organic acids in
particular). Therefore, although MSPD might be a useful tool for
identifying phenols and organic acids in white grapes, LLE-SPE
was preferred to obtain quantitative recoveries of all compounds.
The use of new materials as MSPD sorbents for phenolic compounds has been investigated in recent years. Thus, Xu et al.
(2011) successfully extracted trace flavonoid glycosides from
Dalbergia odorifera (a Chinese medicine) with MSPD, using
titania as packing material. Based on the chromatographic rule
of flavonoid as glycosides and aglycones on the titania column,
the MSPD method was optimized to elute highly concentrated
flavonoid aglycones with 90% acetonitrile and 10% water containing 100 mM ammonium acetate buffer first, and to elute
trace flavonoid glycosides with 20% acetonitrile and 80% water
containing 1% trifluoroacetate then. Bi et al. (2013) used hybrid
poly (ionic liquid)-bonded silica in combination with an ionic
liquid solution for the extraction, separation, and determination
of flavonoids from natural plants with a multiphase dispersive
extraction (MPDE) method, thereby combining the advantages
of ionic liquids, ionic liquid-based sorbents, and MPDE; recoveries of flavonoids from Chamaecyparis obtusa were 76% for
myricetin and 90% for amentoflavone.

30.2.2.7 Supercritical Fluid Extraction
In SFE, the extractant is in its supercritical state, which means
that both pressure and temperature are above their critical value.
Supercritical fluids possess unique properties in between those
of gas and liquids that depend on the pressure, temperature,
and composition of the fluid (Riekkola and Manninen, 1993).
A wide variety of solvents, including carbon dioxide, nitrous
oxide, ethane, propane, n-pentane, ammonia, fluoroform, sulfur hexafluoride, and water is available for use as supercritical fluids. Carbon dioxide is currently the solvent of choice by
virtue of its easily reaching supercritical conditions and having
marked advantages (e.g., low toxicity, flammability and cost,
and high purity) over other fluids. However, its use is restricted
by its inadequate solvating power for highly polar analytes,
which can to some extent be improved by using an appropriate
modifier (Zougagh et al., 2004).

Many reported that SFE methods for phenolic compounds
share a common feature, namely, the following: they use high
proportions of organic modifiers, which usually requires operating under subcritical conditions (García-Salas et al., 2010).
Ghafoor et al. (2012) used SFE to extract total phenols and antioxidants from grape seeds by using supercritical CO2 modified
with ethanol. The extracts were found to contain gallic acid
(1.21–3.84 µg/mL), protocatechuic acid (3.57–11.78 µg/mL), and
p-hydroxybenzoic acid (206–688 µg/mL). Taamalli et al. (2012)
also used ethanol-modified CO2 for the SFE of phenolic compounds from olives leaves. They compared the performance of
SFE and alternative extraction techniques, including PLE, MAE,
and LLE. SFE and PLE proved more efficient than the other two
techniques in extracting low-polar compounds such as apigenin,
luteolin, and diosmetin, whereas MAE and LLE were seemingly better choices for extracting more polar compounds such
as oleuropein derivatives, apigenin rutinoside, and luteolin glucoside isomer 3. Table 30.2 lists other SFE methodologies used
to extract phenolic compounds from plants.

30.3 Determination Methods
This section deals with the most salient analytical methods currently available for the identification and quantification of phenolic compounds. LC and gas chromatography (GC), and their
combinations with mass spectrometry, are the most common
choices for determining phenols in foods. In recent years, however, CE has gained increasing popularity for this purpose.

30.3.1 Liquid Chromatography
LC is undoubtedly the most useful analytical technique for characterizing phenolic compounds in food samples. This assertion
is supported by the large number of studies on this technique
reported over the last decade. Because of the relatively high
molecular masses and intrinsic features of hydrophobic flavonoid
aglycones and hydrophilic flavonoid glycosides, the overwhelming majority of available chromatographic methods for phenols
use LC. LC has the unique ability to simultaneously separate
all target components together with their potential derivatives
or degradation products (Stalikas, 2007). Recently, a number of
developments in LC have led to a quantum leap in instrument
performance. The most salient developments in this context
include ultra-high-pressure LC (UHPLC), high-temperature LC
(HTLC), multidimensional LC (MDLC), and new column supports, including monolithic and superficially porous stationary
phases (Kalili and de Villiers, 2011).
As can be seen from Table 30.2, the chromatographic conditions for the LC separation of phenolic compounds include the
use of, almost exclusively, a reversed-phase C18 column, in addition to a UV–Vis detector and a binary solvent system containing
acidified water (acetic or formic acid) and a polar organic solvent
(methanol or acetonitrile). Routine detection of phenolics by LC
is typically based on spectroscopic measurements at 225, 240,
280, or 375 nm. Because some phenols exhibit several absorption
maxima, UV–Vis diode array detection (DAD) is recommended
for their identification (Chen et al., 2001; Herrera and Luque de
Castro, 2004, 2005; Dopico-García et al., 2007; Pérez-Magariño
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et al., 2008; Piantino et al., 2008; Suárez et al., 2009; Saraji and
Mousavi, 2010; Conçalves et al., 2013; Euterpio et al., 2013; Luo
et al., 2013).
Although porous silica remains the phase of choice for most
LC applications by virtue of its many advantages, extensive
research into alternative stationary phase materials and morphologies is under way. The importance of monolithic (continuous) beds is connected with their ease of preparation and the
far-reaching potential of modifying their surface and porous
properties (Zacharis, 2009; Skeriková and Urban, 2013). Such
properties make them particularly attractive for the analysis of
biologically important compounds possessing a wide spectrum
of physicochemical properties (Szumski and Buszewski, 2007).
Few references to separations of phenolic compounds on monolithic columns have to date been reported, however. The exceptions include two studies by Castellari et al. (2002) and Apers
et al. (2004), who compared conventional RP-C18 with monolithic columns for extracting phenolic compounds from wine
and soy extracts, respectively. The two types of column provided
similar results and, although coupling two 100 mm monolithic
columns was needed to improve resolution of some compounds,
using flow rates as high as 4 mL/min allowed analysis times to
be shortened by a factor of almost 3 (Apers et al., 2004).
Identification of phenolic compounds in foods is a complex
task owing to the wide variety of structures typically present in
the samples and the lack of commercially available polyphenol
standards. Liquid chromatography-mass spectrometry (LC-MS)
has proved to be a powerful tool for determining phenolics in
foods (Cortina-Puig et al., 2012). This hyphenated technique
combines the advantages of chromatography for separation and
MS for identification, thereby allowing large amounts of information about complex mixtures to be extracted and enabling
the screening, confirmation, and quantitation of phenolic compounds in a single analysis (Di Stefano et al., 2012; Motilva et al.,
2013). As can be seen from Table 30.2, electrospray ionization
(ESI) in the positive or negative mode is the most commonly
used ionization source for phenolic compounds. In regard to the
different mass analyzers used in the reported methods for the
determination of phenolic compounds in food samples, apart
from early applications that used ion trap (Gouveia and Castilho,
2011; Santos et al., 2012) or time-of-flight (TOF) (CarrascoPancorbo et al., 2007; Borrás Linares et al., 2011), the remaining published methods use quadrupole mass filters (Table 30.2).
Triple quadrupole (QqQ) MS in the selected reaction monitoring
mode has raised sensitivity and selectivity in the determination
of phenols at low concentrations levels (De la Torre-Carbot et al.,
2005; Suárez et al., 2009; Euterpio et al., 2013).
Christophoridou et al. (2005) used a combination of LC with
nuclear magnetic resonance (NMR) spectrometry to separate and
identify 27 phenolic compounds in olive oil. They accomplished
the unambiguous identification and confirmation of a large number of phenols and the detection and structural elucidation of new
phenolic compounds such as syringaresinol; homovanillyl alcohol; the 5S, 8S, 9S isomer of the aldehyde form of oleuropein; the
two isomers of the aldehyde form of ligstroside; the ligstroside
aglycone; the dialdehyde form of elenolic acid lacking a carboxymethyl group and maslinic acid.
Electrochemical detection (ECD) coupled with LC is an attractive, useful technique for electroactive species on account of its
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inherent simplicity, ease of miniaturization, broad linear measuring range, high sensitivity, and relatively low cost (Cortina-Puig
et al., 2012). Phenolic compounds are electroactive by virtue of
the presence of hydroxyl groups attached to their aromatic rings,
which can undergo electrochemical oxidation reactions. Jandera
et al. (2005) proposed a method using LC with a multichannel
electrochemical coulometric detector for the determination of
phenolics in beverages and plant extracts. Liang et al. (2009)
used LC with amperometric detection at +800 mV to determine
caffeic acid, p-coumaric acid, ferulic acid, and hesperetin in
citrus honey; the ensuing LC-ECD method was 10 times more
sensitive than LC-DAD, with detection limits of 3.2–7.3 ng/mL
versus 33–65 ng/mL.

30.3.2 Gas Chromatography
GC is another major chromatographic technique for the analysis of phenolic compounds in food samples. One salient chemical feature of the OH group in phenolic compounds is its
hydrogen-bonding ability, which increases their boiling points.
Consequently, the greatest concern in using GC technique with
these compounds is their low volatility (Stalikas, 2007). In fact,
GC methods for phenols require their derivatization to volatile
compounds by methylation, trifluoroacetylation, or trimethylsilylation. Volatile phenols can be obtained by using a variety
of reagents. For example, Husek (1992) used ethyl and methyl
chloroformate to obtain ethyl and methyl esters, respectively,
of phenolics. Sterckx et al. (2010) acetylated monophenols with
acetic anhydride and KHCO3 as derivatizing agent and a base
catalyst. Silylated compounds (i.e., substances containing a
trialkylsilyl group) have some advantages over other derivatives.
Thus, they are obtained by covalently linking an alkyl substituted silicon atom to the oxygen atom in the hydroxyl group.
The most common alkyl substituent has been a methyl group,
hence the trimethylsilyl derivative (Robbins, 2003). Although
there exists a great variety of commercially available silylating
reagents, the most common in the bibliography surveyed regarding phenolic compounds have been N,O-bis-(trimethylsilyl)
acetamide, N-methyl-N-(trimethylsilyl) trifluoroacetamide, N,Obis-(trimethylsilyl)-trifluoroacetamide (BSTFA), and trimethylchlorosilane (TMCS). As can be seen from Table 30.3, a mixture
of BSTFA and 1% TMCS is a widely preferred choice.
Separation of GC-amenable phenolic compounds has been
facilitated by using 30-m-long capillary columns, helium as carrier gas, and a nonpolar stationary phase for capillary GC such as
5% phenyl methyl polysiloxane (SPB-5, BPX5, DB-5, PE-5MS,
PE-5ht, Zebron ZB-5 MS, DB-5HT, Rtx-5Sil-MS, and HP-5MS)
(see Table 30.3). Some authors (Owen et al., 2000; Viñas et al.,
2011) use methyl polysiloxane as stationary phase instead.
The mass spectrometry detector is undoubtedly the most
widespread choice for GC of phenolic compounds. The use of
GC-MS, which is currently accessible to most laboratories, provides major advantages resulting from the combination of the
separation capabilities of GC and the identification and confirmation power of MS. As can be seen from Table 30.3, the
single quadrupole analyzer is the most widely used choice by
virtue of its providing adequate selectivity and sensitivity for the
determination of phenolic compounds in various types of foods
(Tasioula-Margari and Okogeri, 2001; Jaroszynska and Ligor,
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2005; Canini et al., 2007; Daher and Gülaçar, 2008; Viñas et al.,
2011; Wang and Zuo, 2011). Ríos et al. (2005) used an ion trap
analyzer for the evaluation of phenolic compounds in virgin olive
oil, and the structural confirmation of oleuropein and ligstroside aglycones and their oxidation products. A new analytical
approach based on GC coupled with atmospheric pressure chemical ionization–TOF mass spectrometry was used to determine 21
phenolic compounds in extra virgin olive oil with detection limits of 0.13–1.05 mg/kg and accuracy (as recovery) ranging from
95% to 102% (García-Villalba et al., 2011).

30.3.3 Capillary Electrophoresis
CE has also been used as an alternative technique to LC and
GC for the analysis of phenolic compounds in food samples.
CE combines short analysis times and high analyte separation
efficiency, uses small volumes of sample and reagents and can
be easily automated; also, capillaries are more economical than
LC columns and GC capillary columns. By contrast, CE is less
sensitive in terms of solute concentration than are both LC and
GC, and also less reproducible by effect of the short optical
pathlength of the capillary used as detection cell and the small
volumes it can hold (ca. 1–10 µL) (Ignat et al., 2011). A collection of strategies grouped by the names “sample stacking” and
“transient isotachophoresis” provide but a few examples of this
category, which has been thoroughly discussed in three excellent
reviews (Hamoudová et al., 2004; Font et al., 2008; Bahga and
Santiago, 2013).
The CE operational modes typically used with phenolic compounds include micellar electrokinetic chromatography (MEKC)
and CZE. Castro López et al. (2011) used MEKC to determine
catechins, quercetin, and thymol in natural samples, including vegetables, fruits, and beverages. The running buffer solution was prepared by mixing 3 mL of 50 mM borax, 1.75 mL
of 400 mM SDS, and 0.17 mL of 300 mM potassium phosphate,
diluting to 10 mL and adjusting the pH to 8.0 with 1 M hydrochloric acid. In the CZE mode, however, sodium borate is often used
as background electrolyte (see Table 30.4). An online combination of CZE and capillary isotachophoresis significantly boosts
the separation capabilities and sensitivity of CE. Hamoudová
et al. (2004) used it to separate and quantify 14 selected natural constituents (flavonoids and phenolic acids) of red wine with
detection limits of 30 µg/L for phenolic acids, quercitrin, and
rutin; 100 µg/L for quercetin, kaempferol, and epicatechin; and
250 µg/L for catechin.
The CE technique can be coupled with various detectors (UV,
fluorescence, electrochemical, MS). As can be seen from Table
30.4, the diode array detector is the preferred choice for quantifying phenolic compounds. Detection of phenolics by CE is
typically based on measurements at 200 (Cifuentes et al., 2001;
Bakar et al., 2012; Monasterio et al., 2013), 210 (Ballus et al.,
2011; Castro López et al., 2011), 217 (Ballus et al., 2012), 254
(Hurtado-Fernández et al., 2013), 270 (Dadáková and Kalinova,
2010), 280 (Andrade et al., 2001; Cifuentes et al., 2001), or 450 nm
(Mendonça et al., 2005). Other authors have used amperometric
detectors for the determination of phenolic compounds in buckwheat hull and flour (Peng et al., 2004), and tomato samples
(Peng et al., 2008). Scampicchio et al. (2004) demonstrated the
usefulness of CE microchips with screen-printed electrochemical

detectors for the fast separation and detection of chlorogenic,
gentisic, ferulic, and vanillic acids in red wines. The expeditiousness and negligible waste production of CE relative to, for
example, common LC protocols, is especially attractive for some
practical applications.
The CE-MS technique combines the high speed and efficiency
of CE with the selectivity and sensitivity inherent in MS. CE can
be coupled to different types of MS analyzers (single quadrupole, QqQ, ion trap, TOF); also, the spectrometer can be used in
various ionization modes (ESI, APCI, and matrix-assisted laser
desorption ionization [MALDI]) (Varenne and Descroix, 2008).
ESI, which allows direct coupling with electrophoretic separation
techniques, has emerged as a highly useful choice for the determination of phenolic compounds. For example, Arráez-Román
et al. (2006, 2007) used CE-ESI-MS to identify and determine
phenolic compounds from pollen extracts or rosemary honey
with good precision (RSD < 6.0%). Of particular interest is the
combination of CE with ESI-TOF-MS, which provides excellent
mass accuracy over a wide dynamic range as long as a modern
detection technology is used. Also, it affords accurate measurement of correct isotopic patterns, thereby providing important
additional information for the determination of elemental composition (Bristow and Webb, 2003). The CE-ESI-TOF-MS combination was used to quantify seven phenolic compounds from
walnut samples at concentrations from 1.1 to 250 mg/L within
15 min (Gómez-Caravaca et al., 2008).

30.3.4 Other Methods
Other methodologies based on the use of spectroscopic techniques or biosensors have also been used to determine phenolic
compounds in food samples with good results in terms of operational simplicity and expeditiousness.
The Folin–Denis assay is the first and most widely used rapid
reaction procedure for quantifying total phenolics in plant material (Folin and Denis, 1912). The method relies on the reduction
of phosphomolybdic–phosphotungstic acid reagent to a blue colored complex in alkaline solution. The resulting phosphomolybdic–phosphotungstic–phenol complex gives an easily detected
absorbance at 750 nm. The Folin–Ciocalteu assay is also used
for the determination of the total content of phenolic compounds
in food (Singleton and Rossi, 1965). For example, the reagent
was used to determine total phenolics in order to assess antioxidant activity in plant extracts (Kähkönen et al., 1999). Among
edible plant materials, berries (especially aronia and crowberry)
exhibited high antioxidant activity and also high total phenolic
contents (gallic acid equivalents exceeding 20 mg/g). Kunyanga
et al. (2012) used the Folin–Ciocalteu assay to examine the relationship of phenolic content with antioxidant and antidiabetic
properties of extracts of raw and traditionally processed Kenyan
indigenous food ingredients. The results revealed that soaking plus cooking was the mild processing method of choice for
preserving phenolic compounds and their health-relevant functionality in the studied cereal, legume, and oil grains, whereas
cooking was suitable for vegetables.
In the last two decades, biosensors have gained much ground
as monitoring tools for environmental and food analysis.
Biosensors combine a biological component and a transducer to
transfer a biological reaction signal. Biosensing modes include
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electrochemical, thermal, optical, and piezoelectric detection
with signal processing (Meulenberg, 2009). A number of biological components, including microorganisms, enzymes, antibodies, antigens, and nucleic acids, have been used to construct
biosensors for detecting phenolics in food samples (Karim and
Fakhruddin, 2012). Thus, an amperometric carbon paste biosensor based on apple tissue was used to determine flavanols
and phenols in beer samples (Cummings et al., 1998). The sensitivity (as slope of the calibration graph) for various analytes
ranged from 0.15 to 0.91 mA/M. Recently, Ibarra-Escutia et al.
(2010) developed an amperometric biosensor based on a highresolution photopolymer deposited onto a screen-printed electrode for monitoring phenolic compounds in tea infusions. The
detection limits of the biosensor for the four analytes ranged
from 0.5 to 35.4 µM, and its estimated useful lifetime exceeded
6 months.
An electronic tongue (ET) multisensor system was used
to estimate wine age and quantify organic acids and phenolic
compounds (Rudnitskaya et al., 2010). ET measurements were
made by using a multisensor system comprising 26 potentiometric chemical sensors, including plasticized PVC sensors—which
proved especially sensitive to organic anions and phenols (A1–
A9), and also, to a lesser extent, to organic cations (C1–C5)—
chalcogenide glass sensors with redox response capabilities
(G1–G11) and a conventional glass pH electrode.

30.4 Conclusions
Phenolic compounds constitute a fascinating, unique class of bioactive compounds widely spread in nature. Studies on polyphenols have grown exponentially over the last two decades, mainly
as a result of the association between their consumption and
health benefits. Current research on phenolics in foods has been
driven by two major forces that have influenced the choice of
sample preparation and the importance of this step in the overall
analytical process. One is simply the search for new compounds,
where the development of increasingly sensitive analytical techniques can help expand the seemingly limitless scope for isolating and identifying novel substances. The other is the interest in
the antioxidant properties of phenols as alternatives to the synthetic antioxidants used by the food industry and also as ingredients of the human diet. For these reasons, accurately identifying
and quantifying phenolic compounds in foods are of great scientific interest.
Several analytical procedures directed toward the determination of the complete phenolic profile have been developed by
using a Folin–Denis or Folin–Ciocalteu assay involving spectroscopic measurements at 750 nm of the resulting derivative. Much
more interesting, however, are analytical procedures for simultaneously determining phenolic compounds in food samples. The
general process involves three steps: extraction from the sample,
analytical separation, and quantitation with a sensitive, selective detector. As stated above, the most widely used techniques
for extracting phenols are LLE, SPE, SPME, and LPME. No
doubt, LC is the first choice for the separation and quantitation
of phenolic compounds; in combination with MS, this technique
clearly outperforms others in separation capabilities, sensitivity
and selectivity. Some authors prefer GC; however, this technique
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requires derivatization—most often silylation—of phenols prior
to their determination. In recent years, CE has emerged as an
effective, increasingly used choice combining short analysis
times and high separation efficiency. Finally, biosensors for the
determination of phenols, which are simple to use and sensitive,
have grown substantially in use over the past decade; in any case,
further research in this field is required to develop effective biosensors for the simultaneous determination of large numbers of
analytes in food samples.
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31.1 Introduction
In 1971, the pioneering Ron Buttery and his coworkers extracted
1500 g of potato chips for 3 h using simultaneous distillation/
extraction (SDE) with diethyl ether, followed by concentration of
the solvent extract, with subsequent preparation of nonbasic and
basic fractions. They used gas chromatography (GC-MS), separating each fraction using a 300-m capillary column and a 4-h temperature program. They also isolated individual compounds from
the fractions, in order to obtain additional structural information
by infrared spectroscopy. This was then followed by weeks of
data analysis, in order to identify around 65 compounds (Buttery

et al., 1971; Buttery and Ling, 1972). Nowadays, automated solidphase microextraction (SPME), GC-MS with a 30-m capillary
column, and appropriate deconvolution software make it possible
to identify a similar number of compounds in a gram of chips in
less than 30 min (J. S. Elmore, unpublished work), thanks to massive increases in instrument sensitivity and computer power, as
well as the availability of databases containing many thousands
of aroma compounds. By using cryogenic cooling of the sample
inlet and a 10-m narrow-bore column, this analysis time could be
reduced further.
However, knowing the identity of the aroma compounds in an
aroma extract is only the first step on the path to understanding
717
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the aroma of a food and how it can be controlled, manipulated,
or replicated.
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31.2 Physicochemical Properties of Aroma
Compounds
It is important to understand the contribution of the food’s aroma to
the overall eating experience. The aroma of a food is not just perceived when we inhale, that is, orthonasally. When food is eaten,
aroma compounds can reach the olfactory receptors by the retronasal route, entering the nasal cavity by the same route as expired air.
Aroma, taste, and mouthfeel act together during the eating process,
resulting in the integrated sensation of flavor (Thomson, 1986).
Aroma compounds are organic molecules, which are diverse in
structure. Their molecular weights are generally below 250 Da, with
vapor pressures sufficiently high for these molecules to be partially
present in the gas state. The concentration of these substances in the
gas phase depends on several factors, such as their physicochemical properties, their concentrations, and their interactions with other
food components (Landy et al., 1996). Aroma compounds are usually present at very low concentrations—ppm or less, and their concentration will not reflect their contribution to the overall aroma.
Aroma compounds are usually of limited solubility in water,
although there are exceptions, such as volatile organic acids, for
example, butyric acid; aromatic phenols, for example, vanillin;
and sugar-derived compounds, for example, maltol and furaneol.
Oil:water partition coefficients are a convenient way of defining
the water solubility of aroma compounds; log P values (the logarithm of the oil:water partition coefficient) are also widely used.
As log P increases, compounds become more lipophilic, that is,
less water-soluble and are therefore more readily extracted by
nonpolar solvents (Reineccius, 2006).
The structures of some important aroma compounds are
shown in Figure 31.1.

31.3 Aroma Extraction Techniques
Over the last 60 years, many different techniques have been
developed, to provide aroma extracts suitable for GC analysis.
These techniques can be roughly divided into two groups: solvent based and headspace based, although there is some overlap.
Although I have tried to describe as many of these techniques
as I could in this chapter, the list is not exhaustive. Some of
those that I have overlooked, due to their limited numbers of
appearances in the scientific literature, include microextraction
by packed sorbent (MEPS) (Abdel-Rehim, 2011; Mendes et al.,
2012), membrane-based techniques (Jonsson and Mathiasson,
2000; Chongcharoenyanon et al., 2012), and some variations on
stir-bar sorptive extraction, such as monolithic material sorptive
extraction (MMSE) (Ma et al., 2013).
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Figure 31.1 Structures of aroma compounds referred to in the text.

can be stirred, making them easier to extract than solid samples.
Samples that are low in fat or fat-free are amenable to more
extraction methods than high-fat samples.
If accurate quantification of one particular aroma compound
is required, whether it is a desirable aroma attribute, or a taint or
off-flavor, the extraction method should be selected to maximize
the extraction of that particular compound, without generating
that compound in situ. However, if the full aroma profile of a
food is desired, another extraction method may be more s uitable.
If compounds that are relatively water-soluble are of interest, a
solvent-extraction-based method will probably be most effective
(Teranishi and Kint, 1993). If very low-boiling aroma compounds, such as ammonia and hydrogen sulfide need to be studied, direct headspace analysis might yield the best results.
Some extraction techniques only provide enough extract for
one analysis, whereas others provide a liquid sample, which can
be used for several different experiments. If high throughput is
required, and/or if manpower is limited, automated extraction
and analysis may be necessary. Cost will obviously influence
which techniques are chosen. The experience of the scientist performing the extraction may also be of importance. Some extraction techniques are simpler to use than others.

31.3.1 Considerations When Choosing an Aroma
Extraction Method

31.3.2 Good Practice

When choosing an appropriate extraction technique for a particular analysis, there are numerous considerations. The composition
of the food is important. Liquid samples are homogeneous and

In addition to choosing a suitable method, good practice should
also be observed. Solvent-based methods require solvents of the
highest purity. If possible, solvents used for extraction should be
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redistilled, particularly if the extract needs to be concentrated
before analysis. In order to obtain the best analytical data, the
food samples studied should represent as well as possible the
population from which they are taken. Samples should be homogeneous and analyses should be performed a sufficient number
of times to allow reliable conclusions to be drawn. For example, a processed food has been formulated so that pack-to-pack
variation is minimized. Hence, comparison of two brands of
baked beans may only require three cans of each to be analyzed.
However, if two herds of cattle are being fed on different diets,
then cooked steaks from 5 or 6 animals in each herd may have
to be analyzed, in order to examine if the diets have affected the
aroma of the meat in different ways.
It is important to keep temperatures as low as possible during the extraction process. High extraction temperatures may
lead to sample decomposition or cooking, while concentration
of the extract should be carried out at temperatures only slightly
higher than the boiling point of the extraction solvent, in order to
prevent losses of potentially important aroma compounds. Long
extraction times may also lead to sample decomposition, particularly if enzymes in the sample are active.
The physical state of food samples may have a large effect
on the amount and type of compounds that can be analyzed.
For example, lipoxygenase brought into contact with unsaturated fatty acids when crushing or cutting plant material may
generate volatile compounds, particularly 6-carbon alcohols
and aldehydes, such as (E)-2-hexenal and (Z)-3-hexen-1-ol,
that are present at much lower amounts when whole leaves
are analyzed (Jiang and Kubota, 2001). Low-moisture samples
high in starch and/or protein, for example, heated cereal, may
need the addition of water to allow volatile material to transfer from sample to headspace (Elmore et al., 2008), while in
other cases, the addition of water may provide a barrier to the
release of some compounds relative to others (Kreutzmann
et al., 2006).
The use of calcium chloride is particularly effective in reducing enzyme activity in a food prepared for extraction (Buttery,
1993); saturated calcium chloride solution can be mixed with
soft fruit (1:1), to give samples that are stable in aroma for at
least 24 h at 4°C. Calcium chloride also exhibits a salting-out
effect; salts remove the amount of available water for solubilizing
aroma compounds, increasing their concentration in the headspace above the sample. Sodium chloride, due to its low cost and
wide availability, is mostly used for salting out, although calcium
chloride has been shown to be more effective (Buttery, 1993).
Preparation of a blank sample for GC-MS is also important.
For a headspace technique, this could be an extraction from an
empty vessel or a salt solution where appropriate; in a solvent
extraction, a blank could be prepared using the same glassware
but with water replacing the food sample. Odorless detergents,
such as Decon 90 (Decon Laboratories Ltd., Hove, UK), are
essential for cleaning glassware, which should be rinsed with
high-purity water before drying.
Optimization of the extraction process may need consideration. Variables such as extraction time, extraction temperature,
stirring rate, amount of salt added, and sorbent phase (where
appropriate) will influence the quality of the aroma extract produced. Many workers have used response surface methodology
in method development (Bezerra et al., 2008) and its use in the

optimization of aroma extraction procedures is widespread (Jiao
et al., 2013; Ribeiro et al., 2010).

31.3.3 Solvent-Based Techniques
31.3.3.1 Solvent Extraction (Liquid–Liquid
Extraction)
The main properties needed for the solvents used in solvent
extraction are that they are immiscible with water and low boiling.
Not only are these properties useful with regard to the extraction
process, they are useful in the chromatographic process; first,
because the stationary phase in many GC columns is sensitive to
water and second, a low-boiling solvent will elute quickly from
the GC column, before most of the peaks of interest. Commonly
used solvents for aroma analysis, in increasing order of polarity,
are pentane, diethyl ether, and dichloromethane.
A major benefit of solvent-based extraction techniques, compared to headspace techniques, is the solvent. A solvent extract
of 1 mL can provide numerous samples for analysis because the
volume of injection for a gas chromatographic analysis is usually around 1 µL. Hence, one extract could provide material for
GC, GC-MS, and for quantitative GC-olfactometry (GC-O) techniques. Fractionation of the extract can be carried out, resulting in
increased separation of the components in the extract, facilitating
the identification of its minor components (Pollien et al., 1998).
Direct extraction of clear liquid samples, which are high in
flavor and low in fat, for example, carbonated and noncarbonated
soft drinks, clear juices, can be achieved simply by shaking the
liquid with a small amount of an appropriate solvent. At the end
of the extraction, the solvent is removed, dried by shaking with
0.1 g anhydrous sodium sulfate, and then analyzed by GC-MS,
usually without the need for concentration. If concentration is
necessary, solvent removal can be achieved by bubbling highpurity nitrogen over the sample after the drying step. Although
simple shaking with a separating funnel is often sufficient,
extraction under reflux may increase yields, while microwaveassisted and ultrasound-assisted extraction have their advocates
(Chemat and Esveld, 2013).

31.3.3.1.1 Supercritical Fluid Extraction
Supercritical fluids combine gas-like mass transfer and liquidlike solvating characteristics (Hawthorne, 1990). Supercritical
carbon dioxide possesses a relatively low critical temperature
and pressure, is low in toxicity and reactivity, and is available
in high purity at low cost. Its solvating qualities can be altered
by changing the pressure or temperature at which the extraction
takes place and conditions can be tailored so that aroma compounds are extracted, while nonvolatile constituents (e.g., lipids),
are not. The ease of removal of the solvent, after extraction, to
give a concentrated aroma extract, is another attractive feature
of supercritical carbon dioxide extraction. Unfortunately, supercritical CO2 does not have sufficient solvent strength at typical
working pressure to quantitatively extract the more polar aroma
compounds. This can be partially resolved by adding a polar
modifier, usually methanol, to the extraction vessel.
SFE has only received limited attention, possibly because of
high initial costs and the relatively large number of variables that
need to be considered during method development, in order to
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obtain successful results. Although a few papers exist on the use
of SFE to analyze the aromas of foods, such as onions, roasted
peanuts, and meat fat, SFE has mainly been used for the extraction of essential oils from herbs and spices, mirroring its application in the food industry (Capuzzo et al. 2013; Carbonell, 1991).

31.3.3.1.2 Single-Drop Microextraction
Single-drop microextraction (SDME) covers a range of techniques, which involve the formation of a droplet of around 2–3 µL
at the tip of a microsyringe needle. The two most common SDME
modes are direct immersion and headspace solvent microextraction. In direct immersion SDME, the microdrop of an extracting
solvent is in direct contact with an aqueous sample. Volatile compounds partition between the sample and the microdrop.
However, volatile compounds are best preconcentrated by
headspace SDME, arguably a technique that should be described
in the headspace section of this chapter. Equilibrium exists
between the sample and the headspace and also between the
headspace and the microdroplet. By minimizing the headspace,
the concentration of analytes in the microdroplet can be maximized. At the end of extraction, the droplet is withdrawn into the
syringe barrel and injected directly into the GC-MS. The technique can be automated and both sample and microdroplet can
be agitated (Jeannot et al., 2010).
SDME and similar methodologies have not been widely used
for the analysis of aroma, since their introduction in the mid1990s; a recent review tabulated around 25 publications using
these techniques (Jeleń et al., 2012).

31.3.3.2 Solid-Phase Extraction
SPE is a widely used analytical technique for the cleanup of
nonvolatile organic compounds in liquid samples. It is a onestep extraction and concentration procedure, which gives a
sample that is then usually analyzed by high-performance liquid

chromatography. An adsorbent material, within a small cartridge, is conditioned with a solvent. The sample is then loaded
onto the adsorbent. There are then two different ways to proceed.
The adsorbent may be washed to remove impurities, followed
by elution of the compounds of interest with a second solvent.
Alternatively, the compounds of interest could be eluted directly,
leaving the impurities on the adsorbent (Figure 31.2). A vacuum
manifold is usually required to enable the sample to pass through
the cartridge and also to dry the sorbent when necessary.
Although SPE is still not widely used for aroma analysis,
wine research has embraced this methodology, with at least 20
publications on wine aroma analysis by SPE (Mendes et al.,
2012; Zapata et al., 2010). The preferred sorbent for aroma
analysis is LiChrolut EN (Merck), although Strata-X cartridges
(Phenomenex) have been used in our laboratory with some success (Lignou et al., 2013).

31.3.3.3 High-Vacuum Methods/SAFE
High-vacuum transfer was developed around 1970, as a way of
removing the volatile aroma compounds from solvent extracts
of food materials (Varo and Heinz, 1970). A series of cold traps
was used to collect the volatile material after it had sublimed
(Sen et al., 1991). However, there were numerous drawbacks
with the technique: (1) high-boiling compounds could condense
before reaching the cold traps; (2) solvents other than ether and
dichloromethane would freeze and block the system; (3) samples
high in saturated fats could not be analyzed; and (4) the apparatus was large, fragile, and slow to reach operating temperature.
A robust alternative, known as solvent-assisted flavor evaporation (SAFE), was developed (Figure 31.3). Although highvacuum transfer and SAFE are similar techniques in principal,
greater thermal control and a more compact arrangement of the
glassware, means that SAFE is more efficient than high-vacuum
transfer, resulting in higher yields of high-boiling and polar
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Figure 31.2
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Figure 31.3 Solvent-assisted flavor extraction (SAFE).

compounds (Engel et al., 1999). It can also be used directly with
liquid foods, with no need of a solvent extraction step. For solid
samples, a preliminary solvent extraction is necessary, with, for
example, ether (Drake et al., 2010).
The solvent extract or liquid sample is immediately vaporized
on entering the distillation chamber which is under high-vacuum
(10−3 Pa). Nonvolatile material is separated from the volatile
material, which condenses on the walls of the collecting vessel.
The condensate is then extracted with solvent, such as ether or
dichloromethane, and then concentrated for analysis. A result of
using SAFE rather than high-vacuum transfer is that the time
of extract preparation can be substantially reduced, from 4–8 to
1–2 h (Engel et al., 1999).
SAFE is widely considered to provide aroma extracts most representative of the food from which they derive. Many papers have
been published in which SAFE was used to provide aroma extracts,
which were then analyzed by GC-O, in order to find the key aroma
compounds in the extract. Identification by GC-MS and accurate
quantification (usually with stable isotope dilution assay [SIDA])
of these aroma compounds in the food is achieved. With this
knowledge, these compounds can be combined to give an essence,
which can be compared with the original extract using a sensory
panel. The panel can hence determine if the aroma of the essence
is representative of the extract and also of the food itself. Papers
using this technique have been recently published on the aromas
of raw and roasted hazelnuts (Burdack-Freitag and Schieberle,
2012; Kiefl et al., 2013), pan-fried mushrooms (Grosshauser and
Schieberle, 2013), gulupa fruit (Conde-Martinez et al., 2013), and
pumpkin (Poehlmann and Schieberle, 2013).

31.3.3.4 Distillation-Based Methods
Distillation-based techniques are widely used for the preparation
of essential oils. Steam is generated and flows through the sample, carrying the volatile compounds in a vapor. Alternatively,

water can be added directly to the sample which is then heated
to boiling point. This is known as hydrodistillation, usually
carried out using a Clevenger apparatus. The steam and aroma
compounds are condensed and collected. Normally there are
two layers, as the aroma extract and the water are immiscible,
although a solvent extraction may be necessary to completely
separate the organic layer from the aqueous layer (Majors, 1999).
Concentration of the extract is then necessary.
One of the most widely used techniques in aroma analysis,
simultaneous distillation/extraction (SDE) combines hydrodistillation and solvent extraction in a Likens–Nickerson apparatus,
which was first reported in 1964 for the extraction of hop oil
(Likens and Nickerson, 1964). Liquid samples can be analyzed
directly, while solid samples may be combined with water, ideally as a slurry. Sample size is usually from 100 g to 5 kg, while
around 30 mL of solvent are used. The extracting solvent should
be low boiling, and immiscible with water and, in a conventional
Likens–Nickerson apparatus, less dense than water, usually
pentane, diethyl ether, or a combination of the two, although a
solvent more dense than water can be used simply by replacing
the sample flask with the solvent flask and vice versa (Auyeung
and Macleod, 1981). Upon heating, volatile compounds in the
steam are transferred to the solvent and both liquids condense.
The glassware is constructed so that both solvent and water
are returned to their starting vessels. After an extraction time
of 1–12 h, the extract is collected and dried, either using anhydrous sodium sulfate, or by freezing and decanting the solvent
from the ice. The extract is then concentrated before analysis
from 20–30 to 1 mL or less by fractional distillation, using, for
example, a Vigreux column (Majors, 1999). A diagram of the
Likens–Nickerson apparatus is shown in Figure 31.4.

Coolant

Solvent

Sample

Water
bath

Heating mantle
Arrows show movement of steam and solvent, respectively
Figure 31.4 Simultaneous distillation-extraction (SDE) using a Likens–
Nickerson apparatus.
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Schultz et al. (1977) suggested several modifications to the
Likens–Nickerson apparatus, which have been widely adopted.
They carried out SDE at reduced pressure and suggested an
extraction at reduced pressure alongside extraction at atmospheric pressure would yield the most complete information
about a sample. If SDE is carried out under reduced pressure,
thermal degradation of labile components can be diminished.
For example, linalyl acetate is known to be hydrolyzed to linalool
readily during SDE at atmospheric pressure, whereas no degradation occurs under vacuum (Maignal et al., 1992). By maintaining the system under a static vacuum, sample loss will be reduced
and higher boiling solvents, such as heptane, octane, and toluene
can be used. In fact, extraction at room temperature is possible.
A further development is a micro-SDE apparatus, suitable for
solvents both denser and less dense than water, which reduces
the amount of solvent required for the extraction to 1 mL, removing the need for a concentration step after the extraction process
(Blanch et al., 1993; Godefroot et al., 1981), therefore reducing
losses of more volatile compounds.
SDE continues to be a popular extraction technique, with
dichloromethane widely considered the most effective solvent.
Efficient stripping of volatiles from foods allows quantitative
recoveries to be achieved for many compounds (Schultz et al.,
1977) and, of course, the aroma extract is obtained in a solvent;
therefore, many injections can be performed from one extraction.
An excellent discussion of SDE is available (Chaintreau, 2001).
Although SDE and SAFE may be considered to be similar
extraction techniques, few papers have compared them. SAFE
was compared with SDE for the analysis of aroma volatiles in a
potato snack. Although more compounds were found in the SDE
extract, the authors suggested that these were artifacts formed
during the SDE extraction (Majcher and Jeleń, 2009). When the
aroma composition of fermented camel milk was examined,
SDE using dichloromethane yielded more volatiles than SDE
with diethyl ether and a SAFE extraction using dichloromethane. Again, the authors suggested that the additional compounds
found in the SDE extracts were artifacts (Li et al., 2011).

31.3.4 Headspace Techniques
31.3.4.1 Static Headspace Extraction
While most of the extraction techniques discussed in this chapter include a concentration step of some sort, static headspace
extraction is exactly that; an aliquot of the headspace is removed
from above an enclosed sample and analyzed directly by GC or
GC-MS. This technique is simple but lacks sensitivity, relative to
other techniques. Reineccius (2006) suggests that this technique
is only suitable for the identification of volatile compounds present in a sample at levels of 10−5 g/L or higher, while key aroma
compounds may be present at 10−10 g/L or less. A recent review
describes different methods to increase the sensitivity of static
headspace extraction (Snow and Bullock, 2010).
Commercial automated headspace analyzers are available,
usually for quality control purposes, allowing unattended
operation of up to 50 samples. Some of these systems involve a
pressurization step; either an independent gas supply or the GC
carrier gas is used to pressurize the sample, which increases
the amount of volatile material in the headspace of the sample
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vial. Additional pressure is also generated from water vapor,
if the sample is extracted at elevated temperature (Kolb and
Ettre, 2006).
Multiple headspace extraction can be used for the quantitative
analysis of the most abundant aroma compounds in food samples.
A portion of the headspace is removed in the first extraction and
analyzed. The sample re-equilibrates and a second extraction
and analysis takes place, resulting in smaller chromatographic
peaks. By continuing this procedure, it is possible to strip off
all the volatiles from the sample. The concentration of the analyte in the headspace decreases exponentially during the series
of extraction steps. After several extractions of the one sample,
the logarithms of the various area values can be plotted against
the number of analyses and the total area value can be obtained
by regression calculation from the areas obtained (Kolb and
Ettre, 1991). Although this technique is traditionally associated
with static headspace extraction, it can also be used with some
of the other headspace techniques described in this chapter, such
as SPME and headspace SDME (Hakkarainen, 2007; Tena and
Carrillo, 2007).

31.3.4.2 Dynamic Headspace Extraction/Thermal
Desorption
A concentrated headspace extract can be obtained by passing
a stream of inert gas (nitrogen or helium) over the sample and
condensing the volatiles in a series of traps cooled by ice, solid
carbon dioxide, or liquid nitrogen. Extraction of the condensate
with a small amount of a suitable solvent provides an aroma
extract suitable for chromatographic analysis, although often the
presence of trapped ice along with the aroma compounds results
in an aqueous distillate, which will require further treatment
(Dravnieks and O’Donnell, 1971).
A far more practical approach is to collect headspace aroma
volatiles on suitable adsorbent materials, the most widely used
of which is Tenax TA (Gallego et al., 2011), a porous polymer
resin based on 2,6-diphenylene oxide. These materials readily
adsorb volatiles while having little affinity for water, making
them particularly useful in the analysis of samples with high
water content. These adsorbents are usually contained within
a glass or stainless-steel tube, which is known as a trap. In a
typical collection, purified inert gas sweeps volatile material
from the headspace in the sample flask into a trap containing
from 10 to 200 mg of the adsorbent. Typically, at least 5 volumes of headspace should be collected from the sample vessel.
Adsorbed volatiles can be heat desorbed directly onto a gas chromatographic column by placing the trap in a specially modified
injection port, thus avoiding loss of components or unnecessary
dilution. Headspace adsorption is a popular technique because
it is sensitive and extracts a wide boiling point range of volatile
compounds; artifact formation is minimal, as extraction is carried out under inert gas flow. Normally only one GC analysis is
obtained from each extraction, unless solvents are used to desorb
the contents of the traps. A diagram of the experimental setup
used in our laboratory is shown in Figure 31.5.
A recent paper compared 15 different adsorbents, both
separately and in combination. The authors highlighted the
effectiveness of multiwalled carbon nanotubes as a new adsorbent material, particularly in combination with Carbopack B
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Figure 31.5 Dynamic headspace adsorption on Tenax.

and silica gel, providing aroma extracts containing volatile
compounds with a wide range of polarities (Hu et al., 2013).
Carbopacks and Carbotraps are types of graphitized carbon
black, while Carboxens are carbon molecular sieves (Matisová
and Skrabakova, 1995). Multisorbent bed tubes, containing carbonaceous adsorbents (a mixture of Carbopack X, Carboxen 569,
and Carbotrap), showed better performance than Tenax TA tubes
for very volatile organic compounds, when outdoor and indoor
air samples of up to 90 L were collected. The authors suggested
Tenax TA exhibited unacceptable breakthrough values for nearly
all compounds and sampling volumes studied, that is, the adsorbent became saturated and material could no longer be trapped.
This problem did not exist for the multisorbent tubes (Gallego
et al., 2011). However, in single-sorbent traps, Tenax TA outperformed Carbopack A and Carbopack B, when used to measure 10
microbially produced volatile compounds of various polarities
(Sunesson et al., 1995).
Alternatively, volatiles may be removed from the trap by passing a small amount of a low-boiling solvent through the adsorbent. Concentration of the collected solution by evaporation of
the solvent provides a liquid aroma extract for GC. LiChrolut
EN, discussed earlier as an SPE phase, was used to trap volatile
material from white wine, which was then eluted using dichloromethane and analyzed by GC-MS using large-volume injection
(Campo et al., 2006).
Variations of the headspace adsorption technique exist. For
liquids or porous samples, the collecting gas could be passed
through the sample. This is known as purge-and-trap. Two diverse
applications of this technique have been recently published. In
the first, air was pumped through pureed avocado and volatiles
collected on a trap containing 30 mg Super Q adsorbent, followed by solvent desorption with dichloromethane (Pereira et al.,
2013). In the second, volatile compounds in a Lacón ham puree
were extracted onto Tenax using an automated system (Lorenzo
et al., 2014). Closed-loop stripping is another adsorbent-based

technique, featuring a closed system, where a pump draws aroma
compounds from above the sample and onto the adsorbent trap.
Nowadays, this technique is used most often to examine volatile
compounds formed from bacteria (Citron et al., 2012).
A battery-powered pump can be used to analyze samples outdoors; such as vapors from an outflow or fruit still on the tree.
The pump sucks air through the trap and the volatile compounds
are retained on the trap (Tholl et al., 2006).
Automated devices exist for headspace adsorption/thermal
desorption using a dedicated GC injection port. Where samples
have been extracted manually, multitrap autosamplers can be
used to heat desorb the volatile compounds. However, a dedicated injection system for traps may be expensive, especially if
automated extraction is desired.

31.3.4.2.1 In-Tube Extraction
A recent development in dynamic headspace extraction methodologies is in-tube extraction (ITEX), which allows the use of a
sorbent extraction method within the limited space of a robotic
autosampler. The sorbent material is contained within the upper
half of the needle of a microsyringe. The needle penetrates
the sample of the extraction vessel, which is incubated and, if
desired, agitated. The syringe plunger is moved up and down
for a fixed distance for a fixed number of times, transferring the
aroma compounds from the headspace of the sample onto the
sorbent material in the needle barrel. The upper part of the needle is surrounded by a heater and, when the extraction has finished, the heater is turned on and the contents of the sorbent are
desorbed using a fixed volume of helium via the injection port
onto the front of the GC column (Jochmann et al., 2008). Tenax
TA is the preferred adsorbent for this technique; it has been used
for the analysis of sea buckthorn berry and juice aroma (Socaci
et al., 2013), and wine aroma (Zapata et al., 2012), while Bond
Elut ENV has been used for the analysis of wine and beer aroma
(Zapata et al., 2012).
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31.3.4.3 Solid-Phase Microextraction
SPME has been available for nearly 25 years (Arthur and
Pawliszyn, 1990) and is arguably the most popular aroma extraction technique nowadays. SPME uses a small fused silica fiber,
coated in an absorbent/adsorbent material, mounted inside a
syringe-like device. The fiber can be immersed directly into
a liquid sample or it can be used to obtain an extract from the
headspace above the food sample (Zhang and Pawliszyn, 1993).
The latter approach is more appropriate for food analysis because
nonvolatile material in the food, particularly lipids, can contaminate the fiber, making it unfit for use.
In headspace SPME, the needle is pushed through a septum
and the fiber is exposed to the headspace above the food or beverage sample, which is sealed in a suitable container (Figure 31.6).
Volatile compounds are absorbed/adsorbed onto the fiber; at the
end of the extraction, the fiber can be removed from the sample
vessel and directly desorbed into the split/splitless injector of
a gas chromatograph. A very narrow quartz liner is present in
the injection port of the GC, which helps to focus the volatile
compounds at the front of the GC column. Alternatively, cryofocusing of the aroma volatiles on the front of the column can be
performed, to prevent peak broadening.
For the volatile compounds in a sample undergoing headspace
SPME extraction, there is an equilibrium between the sample,

the headspace, and the fiber. By minimizing the headspace volume, the amount of material absorbed/adsorbed onto the fiber
can be maximized. Other means of increasing sensitivity include
the addition of salt and agitation of the sample (Steffen and
Pawliszyn, 1996; Zhang and Pawliszyn, 1993). Agitation is particularly effective in increasing the sensitivity of the technique
by allowing equilibrium to be reached more quickly but must be
applied in a consistent manner (Pawliszyn, 2009).
Numerous different stationary phases have been used as coatings for SPME fibers, either on their own or in combination.
Coatings may be absorptive—volatiles are bound to the surface
of the fiber—or adsorptive—volatiles are trapped within pores
in the stationary phase (Shirey, 2000). Popular absorptive stationary phases include polydimethylsiloxane (PDMS), while
Carboxen and divinylbenzene (DVB) are widely used adsorptive
phases. These phases are also used in combination and 50/30
DVB/Carboxen on PDMS fibers arguably gives the best response
for the widest range of volatile compounds. Currently, SPME
fibers are only available commercially from Supelco (Bellefonte,
PA). However, numerous papers have been published using coatings prepared in-house, such as molecular imprinted polymers,
polypyrrole fibers, immunosorbents (Spietelun et al., 2010), ionic
liquids and multiwalled carbon nanotubes (Xu et al., 2013).
Home-made devices with fiber coatings selected from this large
range of materials have the potential to be cheaper and more
task-specific.
A large number of publications exist demonstrating the use
of headspace SPME as a technique for the analysis of food
aroma. A recent review highlights a number of these papers and
emphasizes the use of SPME as an in vivo technique, including
the study of living flowers and leaves (Zhu et al., 2013), while
another recent review focuses on the use of SPME for the analysis of liquid foods (Heaven and Nash, 2012).
SPME is easy to use, relatively low in cost, solvent-free, and
reliable (Ai, 1997). Like dynamic headspace extraction, SPME
is sensitive, and extracts a wide range of volatile compounds.
Again, artifact formation is minimal. Its big advantage over
headspace adsorption is that it can be used with any GC. Like
dynamic headspace extraction with thermal desorption, only one
GC analysis is obtained from each extraction.
There are some drawbacks to the technique. The fiber is not
very strong mechanically, although the introduction of StableFlex
fibers and more recently, metal fiber assemblies have resulted in
greater robustness. The number of extractions that one fiber can
be used for is uncertain, although several hundred injections
from one fiber may be achievable using automated SPME with a
Merlin Microseal® septum-free injector (Pawliszyn et al., 2009).
The technique continues to evolve and its popularity looks set to
continue (Bojko et al., 2012).

31.3.4.3.1 Stir-Bar Sorptive Extraction and Other
SPME-Based Techniques

Figure 31.6

SPME: fiber in resting and extraction positions.

Variants of SPME continue to be developed of which stir-bar
sorptive extraction (SBSE, marketed by GERSTEL as Twister®)
appears to be the most popular. A stir-bar (1 cm length) is coated
with an SPME coating and is placed in a liquid sample (Baltussen
et al., 1999). The stir-bar is washed after extraction and is heatdesorbed in a dedicated injection port. Alternatively, the stirbar can be desorbed in a small amount of solvent. In headspace
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SBSE, the stir-bar is suspended by a wire above the sample during extraction (Bicchi et al., 2002). The larger surface area of the
stir-bar compared to an SPME fiber results in a larger amount of
material extracted from the sample; otherwise, the principles of
SPME apply.
A recent review on SBSE in food analysis suggests that immersion SBSE and headspace SBSE have been used to a similar extent
for aroma characterization, with around 40 papers published in
total. Wine is once more the most analyzed food and PDMS is
almost universally used as the stir-bar coating (Kawaguchi et al.,
2013). A thorough discussion of the SBSE technique, along with
some of its less widely used variants, has been recently published
(Nogueira, 2012).
Solid-phase dynamic extraction transfers the SPME coating to
the inside of a syringe needle, thereby increasing the amount of
stationary phase available for extraction (Musshoff et al., 2002).
INCAT is a similar technique, where the needle contains a short
length of GC capillary column or an internal coating of carbon
(Bicchi et al., 2008).
A recent paper compared a number of SPME-derived techniques for the analysis of trace compounds in red wine (Gamero
et al., 2013). The authors considered direct immersion SPME
to be most sensitive, followed by SBSE and MMSE (Jang et al.,
2011; Ma et al., 2013). Headspace SPME was less sensitive but
was considered sensitive enough for detection of most compounds of interest.

31.4 Aroma Extract Analysis
31.4.1 Gas Chromatography-Mass Spectrometry
Although GC with nonspecific detectors (flame ionization, thermal conductivity) and elemental detectors (electron capture for
halogens, flame photometric for sulfur, nitrogen–phosphorus,
chemiluminescence for nitrogen and sulfur), can be used to give
some idea of what is present in an aroma extract, particularly if
looking for very low levels of a particular type of compound, for
example, sulfur compounds in orange juice (Perez-Cacho et al.,
2007) and whisky (Ochiai et al., 2012), the GC-MS is usually the
first and last instrument to be used by the flavor chemist to discover the identity of the compounds in his or her extract.
The success of any aroma analysis depends mainly upon the
efficiency of separation and the sensitivity of detection. GC using
bonded-phase fused silica capillary columns is universally used
as the separation method in aroma analysis and the most commonly used stationary phases are Carbowax 20 M, a polar phase,
and the two nonpolar phases, 100% poly(dimethylsiloxane) and
poly(5% diphenylsiloxane/95% dimethylsiloxane). Traditionally,
column lengths for aroma analysis have varied between 25 and
60 m, and from 0.25 to 0.32 mm in diameter. Nowadays, fast
GC, particularly with two-dimensional (2D) GC, has led to an
increase in the use of short narrow-bore columns, for example,
10 m × 0.1 mm.
Often, aroma compounds are present as enantiomers; mirror
images that arise if the molecule contains one or more asymmetric carbon atoms (i.e., one connected to four different substituents). Enantiomers may have markedly different aroma
properties; for example, there are two enantiomers of carvone,

one smelling of caraway and the other of spearmint (Mussinan,
1993). Capillary columns containing chiral phases, usually
derivatized cyclodextrins, can resolve enantiomers that may not
be separated by conventional columns. While naturally formed
compounds usually vary in their enantiomeric ratios, chemically
prepared equivalents will be present as a racemic mixture, containing equal amounts of each enantiomer. Chiral columns can
hence be used to uncover adulteration of fruit-based beverages
with synthetic flavor compounds (Ravid et al., 2010).
Several types of mass spectrometer are suitable for the identification of aroma compounds, although most of the work discussed in this chapter was performed using quadrupole mass
spectrometers, the most widely used type for aroma analysis.
Quadrupole mass spectrometers, scanning at up to 20 mass
spectra per second, are ideal for low-resolution GC-MS of
aroma extracts. Recently, time-of-flight (TOF) machines have
become increasingly popular as mass spectrometric detectors
for aroma analysis, offering high scan speeds (up to 500 spectra per second) and high-resolution (accurate mass) capabilities, although only low-resolution TOF has been used so far in
aroma analysis publications. High scan speeds are necessary
when using fast GC techniques, such as comprehensive 2D GC
(GC × GC).

31.4.1.1 Two-Dimensional GC-MS
Recent innovations in both GC and mass spectrometry (MS),
in particular fast GC (Leclercq and Cramers, 1998), 2D GC
(Adahchour et al., 2006a,b), and routine low-resolution TOF MS
(Čajka and Hajšlová 2007) have resulted in the development of
comprehensive 2D GC-MS for the analysis of aroma compounds.
2D GC (GC × GC) occurs by the repeated reinjection of effluent from one chromatographic column into a second column.
The first column is usually a nonpolar column (25–60 m; 0.25–
0.32 mm id), while the second column is a short polar column
(10 m max.; 0.1 mm id) mounted in a secondary oven located
inside the main GC oven. The cycle of refocusing aroma compounds followed by reinjection on the second column is matched
to the time required for compounds to elute from the second GC
column, resulting in a separation of compounds across a plane,
rather than just along a line.
As fast scanning speeds are required, a TOF mass spectrometer is most suitable, although newer quadrupoles may also scan
quickly enough to be used (Silva et al., 2012). The application of
2D GC-MS results in greater separation capacity, greater sensitivity (as background noise is reduced), and a greater degree
of certainty when confirming identifications (Adahchour et al.,
2003; Murray, 2012).
Nontargeted analysis is becoming an increasingly popular
approach, and is particularly applicable to 2D GC-MS. As much
data as possible are collected and then analyzed using chemometric software, to provide an aroma fingerprint of the studied
sample (Murray, 2012).

31.4.2 Quantification
Often quantitative information on aroma compounds in a food
is needed, for example, when preparing a natural flavoring
based on that food. Quantification is rarely simple, because most
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extraction techniques only remove a proportion of the aroma
from the food and difficulties may arise when compounds are
not resolved by GC. However, if the internal standard (IS) used
to measure the compound of interest (COI) is efficiently mixed
into the food, so that it is homogeneously distributed, then complete extraction of the COI is not necessary. Several quantification methods are available but only the two most accurate are
described here: SIDA and standard addition.

31.4.3 Data Analysis

31.4.2.1 Stable Isotope Dilution Assay

31.4.3.1 Library Searches

The most effective means of quantification is SIDA using
GC-MS (Schieberle and Grosch, 1987). A known amount of
a 13C- or 2H-labeled IS is added to a slurry of the food under
study, in order to quantify its nonlabeled equivalent, the labeled
compound being known as an isotopologue. As the labeled and
unlabeled aroma compound possess similar physical properties, they will co-elute, and the proportion of each extracted
from the food will be the same. The relationship between the
isotopologue and the COI can be used to calculate accurately
the amount of the COI in the food. For example, if a known
amount of 13C-dimethyl disulfide (molecular weight of 96) is
used to quantify dimethyl sulfide (molecular weight of 94), the
peak area of m/z 94 is measured relative to that of m/z 96, to
determine the amount of unlabeled dimethyl disulfide in the
sample. A calibration curve for the COI is prepared from solutions of different concentrations covering its expected range in
the extract. A known, fixed amount of IS is added to each standard solution. A plot of (peak area COI)/(peak area IS) against
COI concentration is used to determine the amount of COI in
the sample.
Although SIDA is the desirable choice for the quantification of aroma compounds in a food, labeled aroma compounds
are expensive and only a limited number are commercially
available.

Mass spectral libraries are usually supplied with a new GC-MS
instrument. These libraries, such as the NIST/EPA/NIH Mass
Spectral Library (NIST 11; http://www.nist.gov/srd/nist1a.
cfm) and the Wiley Registry 10th Edition/NIST 2012 Mass
Spectral Library (http://eu.wiley.com/WileyCDA/WileyTitle/
productCd-1118616111.html), are vast and many of the compounds in them are not aroma compounds. There are commercial libraries containing only aroma compounds, such as
the Adams library of essential oil components (Adams, 2007)
and the FFNSC (Flavor and Fragrance Natural and Synthetic
Compounds) Library, while many flavor laboratories tentatively
identify compounds and then purchase reference compounds,
which they analyze under the same conditions to confirm their
identification. The spectrum of the reference compound can
then be entered into the laboratory’s own library, to be used for
future analyses. Sometimes a reference compound is not available and synthesis may be required.
Automated mass spectral library searches can be used to tentatively identify the peaks in the GC trace. Library matches are
given a score, with those compounds scoring highest suggested
as being most likely to be the compound under investigation. The
number of peaks that are processed can be controlled by raising
or lowering a threshold, below which peaks are no longer considered. Deconvolution software, such as AMDIS (Automated Mass
Spectral Deconvolution and Identification System; http://chemdata.nist.gov/mass-spc/amdis), provides a means of separating
unresolved peaks and has been incorporated into more recent
versions of instrument software, as an aid to the analyst.

31.4.2.2 Standard Addition
Standard addition incorporates the calibration curve into the
extraction procedure. A series of known amounts of the COI
are added to the sample, at concentrations similar to those
expected. For example, if the COI is present at around 1 ppm,
then amounts of COI could be added to give concentrations
in the sample of 2, 3, 6, and 11 ppm. These samples can be
extracted and, by plotting peak area for the COI against added
concentration of COI, the calibration curve can be extrapolated
back, so that where it meets the x-axis is the (negative) concentration of the COI in the sample (Pozo-Bayón et al., 2006). Of
course, like all quantification techniques, it is assumed that the
response of the GC-MS is linear across the concentration range
studied. As for SIDA, peak areas of the COI can be measured
relative to the peak area of an IS added to each sample in the
same amount.
While this technique is cheaper than SIDA, it requires a fair
bit more work, that is, at least four or five times as many extraction procedures. A recent paper quantified the key aroma compounds in tempeh, a fermented soybean product, using SIDA in
the first instance and standard addition when isotopomers were
unavailable (Jeleń et al., 2013).

GC-MS data can be complex and may appear daunting on first
sight. A GC chromatogram may contain upward of 300 peaks
and it may be necessary to try to identify all of them. Some peaks
may contain more than one compound; many of the compounds
may be widely reported while others may not have been previously identified.

31.4.3.2 Linear Retention Indices
The LRI of a compound, also known as its Kovats Index, is
defined as its chromatographic retention time relative to a series
of straight-chain alkanes. The LRI of an alkane is defined as 100×
the number of carbons in the alkane; that is, LRI hexane = 600;
the LRI of any compound eluting from the GC is given by

 t − tn
LRI = 100 
+ n

 tn+1 − tn
where t is the retention time of the compound, n is the carbon number of the n-alkane eluting immediately before the
compound and n + 1 is the carbon number of the subsequent
n-alkane. The LRI for a particular compound on a particular
phase is constant, regardless of GC conditions. The LRI provides
an additional piece of information when confirming the identity
of an unknown compound and is applicable to all types of injection system (d’Acampora Zellner et al., 2008).
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Ideally, the LRI of an aroma compound should be measured
on two columns with different stationary phases (one polar, one
nonpolar). Databases containing LRI data for volatile compounds
are available (Kondjoyan and Berdague, 1996; http://www.
pherobase.com/database/kovats/kovats-index.php).
Problems
exist with measuring LRI values in 2D GC, because of the difficulty of distributing the reference alkanes across the second axis
(Marriott et al., 2012); often the LRI value for the first dimension
only is calculated (Weldegergis et al., 2011).
Although library searches and LRI values are undoubtedly
useful, the analysis of reference compounds for the confirmation of identities is essential, particularly if the COI is considered
important to the overall aroma of the food being studied.

31.4.4 GC-Olfactometry
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GC-O is the assessment by human assessors of the aromas of
separated compounds as they elute from the GC column to a
humidified nosepiece, usually via a heated transfer line. This
technique, which was first performed 50 years ago, provides
information on the most potent aromas in an extract (Acree,
1993; d’Acampora Zellner et al., 2008).
Aroma extract dilution analysis (AEDA) is a quantitative
GCO technique, which has been used many times to estimate the relative contributions of volatile components toward
the total aroma quality of a food (Grosch, 1993). The aroma
extract under study is analyzed by GC-O, then diluted twofold
and analyzed again. The extract is repeatedly diluted and analyzed, and after a certain number of dilutions of the extract,
aromas will no longer be perceived. The flavor dilution factor
for a particular compound is defined as the highest dilution at
which that compound can be perceived by GC-O. For example,
if the concentration of the extract was halved at each dilution
and the seventh dilution was the last at which the compound
could be detected, its flavor dilution factor would be 27, that

is, 128. An adaptation of the AEDA approach for the analysis
of headspace extracts involves the preparation of a number of
SPME extracts from aliquots taken from a single sample. The
first SPME extract would be injected in split injection mode
with a low split ratio; subsequent extracts would be desorbed
with increasing split ratios. FD values are determined in the
same way as for AEDA (Kim et al., 2003).
Charm analysis is a similar quantitative GC-O technique,
although much less popular. In Charm analysis, the duration of
the aroma eluting from the GC column is also considered, so that
broader, shorter peaks can be given the same level of importance
as narrower, taller peaks (Acree et al., 1984).
If the aroma extract is representative of the food from which
it is derived, the most important contributors to the aroma of the
food are those with the highest aroma extract dilution factors. It
should be noted that components with high flavor dilution factors might not give GC peaks of any significant size. The flavor
dilution factors can be plotted against retention time, to give an
aromagram for a particular extract (Figure 31.7).
More recently, the combined nasal impact frequency (NIF)
and surface of nasal impact frequency (SNIF) procedure has
been developed, which is more applicable to headspace samples
and requires less training than the aforementioned techniques
(Pollien et al., 1997). Peak intensities are not related to aroma
intensities, but to their detection frequencies, so that a NIF of
100% means that the aroma was detected by all n panelists. A
smaller peak corresponds to an aroma compound that was below
the detection threshold for one or more of the panelists, with the
smallest height (NIF) equal to 100/n, corresponding to an aroma
found by only one panelist. During the analysis, elution of an
aroma can be recorded by pressing a button during the whole
sensory impression, giving an area, which is designated as the
SNIF value. SNIF and NIF give similar results. The NIF method
is also known as the detection frequency method (Van Ruth and
O’Connor, 2001) and is widely used.
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Another way of estimating the contribution of a volatile compound to the aroma of a food is by calculating its odor activity value
(OAV), also known as its odor unit value. The OAV of an aroma
compound in a food is defined as the ratio between its concentration
in the food and its odor threshold, usually in water, as measured by
sensory evaluation. Hence, the higher the OAV of the compound,
the more likely it is to contribute to the overall aroma of the food
and a value less than 1 for a compound suggests that it would not
contribute (Buttery, 1993; d’Acampora Zellner et al., 2008).

31.4.5 Sensor Arrays
Sensor arrays provide a fingerprint of a food rather than identify any of its components. The array is “trained” using a set
of samples of acceptable quality. Pattern recognition techniques,
such as principal components analysis, allow the classification
of samples analyzed subsequently as either acceptable or unacceptable. A trained sensor array thus provides a rapid, simple
means to predict product aroma quality, ideal for quality control
purposes (Dirinck et al., 2009).

31.4.5.2 MS-Noses
More recently, electronic noses based on MS have been developed, which are also known as mass sensors or MS-noses.
Volatile compounds are introduced directly into the mass
spectrometer, preferably thermally desorbed from an SPME
fiber or adsorbent trap, without any preseparation. With these
instruments, each mass scanned by the mass spectrometer can
be described as a sensor, which detects any ion fragment with
that mass. In fact, the mass sensors are taking all of the scans
that make up a GC-MS run and then combining these scans, to
provide a fingerprint of the food under study. The advantages
of these machines over conventional electronic noses are that
they are less prone to sensor poisoning (due to excess sample),
moisture effects, and nonlinearity of signals (Pérez Pavón et al.,
2006). This technique has the potential to develop, particularly if
a high-resolution TOF-MS is used instead of a quadrupole MS as
the detector (Biasioli et al., 2011).

31.5 Future Trends
31.4.5.1 Electronic Noses
Originally, the term “electronic nose” was used to describe an
array of electronic chemical sensors, connected to a pattern
recognition system, which responded to aromas passing over
it. Different aromas cause different responses in the sensors
and these responses provide a signal pattern, characteristic of a
particular aroma. Sensors are usually made of metal oxides or
organic polymers, although more recently surface acoustic waves
and piezoelectric crystals have been used. Problems may exist
when high-moisture samples are analyzed, as many of the sensors respond strongly toward water, preventing any sample differences being observed. Even with these limitations, electronic
noses remain popular (Baldwin et al., 2011).

Although the analysis of aroma compounds by GC-MS with capillary columns is a mature technology that improves incrementally year by year, there are several areas where rapid advances
are being made.

31.5.1 More Automation
Automation continues to increase within the flavor chemist’s
laboratory, to handle the ever-increasing numbers of samples:
larger sample sets, new processes (e.g., high-pressure processing), even nonfood samples that possess aroma. Autosamplers,
such as those developed by Gerstel and CTC, massively extend
the range of extraction techniques that can be automated.
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Automated SPME is now well accepted and provides excellent
results (Figure 31.8). ITEX has been introduced fairly recently
and should evolve in a similar fashion to automated SPME;
potentially, the greater number of adsorbents and larger adsorbent surface area could render the technique even more popular
than SPME in a few years time.

31.5.2 Developments in Extraction Methods
SPE should become more popular, as it also has the potential to
be automated and provides a means to measure polar volatiles
that are poorly detected by automated headspace methodologies.
SAFE will gradually replace SDE as the main solvent-based
extraction technique, removing concerns about artifacts present
in a liquid extract.

31.5.3 GC × GC-TOFMS
Sales of GC × GC-TOFMS (time-of-flight mass spectrometry)
systems will increase as, like all GC-MS systems, they will
become cheaper in real terms with time. This will be accompanied by an increase in nontargeted analysis. The cost of high-resolution TOF will render it beyond the reach of most laboratories
but will add a fourth dimension of information (GC #1, GC #2,
mass spectral data, high-resolution mass spectral data).
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32.1 Introduction
Inorganic nutrients are minor components of animal and plant
tissues, which remain in ashes after foods are incinerated.
Minerals are classified into major and minor or trace elements
according to their presence in foods and the requirements of
human being. Major elements are required in amounts higher than
100 mg day−1, and include calcium (Ca), phosphorus (P), sodium
(Na), potassium (K), magnesium (Mg), chloride (Cl), and sulfur (S).
Minor or trace elements are those required in amounts lower than
100 mg day−1. This group include iron (Fe), zinc (Zn), copper (Cu),
iodide (I), manganese (Mn), selenium (Se), chromium (Cr), and silicon (Si). The requirements of all of them can oscillate in a more or
less narrow range. Intakes lower or higher than the requirements
are responsible for deficiencies or toxicity, respectively. There is
a third group of minerals called “ultratrace minerals,” which still
do not have clearly defined biochemical roles and whose possible
functions are being investigated. This group includes vanadium
(V), tin (Sn), nickel (Ni), arsenic (As), and boron (B) (Miller 1996).

Inorganic elements and their compounds are involved in the
metabolism of living organisms. They participate in the control of the osmotic balance and the maintenance of the potential of cellular membrane, are essential to different enzymatic
and hormonal activities, and even have a structural role in the
case of calcium and phosphorus, which are bone tissue components. Complexes between organic molecules and cations,
as for instance hemoglobin, participate in different biological activities and play important metabolic functions (Miller
1996).
The role of minerals as food components is not restricted
to the nutritive value; they also participate in taste, as enhancers or inhibitors of enzyme catalysis and in reactions affecting
food color and stability. So, heme iron contributes to improve
the organoleptic properties of meat thanks to its color. Minerals,
mainly Ca, play important roles in the structure and stability
of the casein micelles, preventing them to precipitate. Calcium
phosphate also may be ionically bound to casein carboxyl groups,
and together with Ca2+ ions can promote cross-linking between
casein micelles (Gaucheron 2005).
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The mineral content of plant foods is affected by environmental
factors, such as soil and water composition, the use of fertilizers,
pesticides, and fungicides. In animal foods, the type of feeding can
affect the mineral content. Food processing can also influence their
mineral content, so the contact with water, mainly during bleaching
and cooking, and the removal of the nonedible parts of a food can
be responsible for losses. In the same way, the milling of grains is
responsible for significant losses of all minerals. However, processing can also be responsible for mineral enrichment by transfer of
minerals from water, machinery, and/or package material. In addition, minerals, mainly calcium or iron, can be added to foods in
order to restore mineral losses due to food processing or also to
increase the content of a particular element in a staple food.
It has also to be taken into account that minerals can interact
with other food components and as a consequence of the interactions changes, in color or most important, in mineral bioavailability
can result. Metallic divalent cations and polyvalent anions such as
oxalate or phytate react to form highly insoluble salts that cannot
be absorbed in the gut. This is why not only the mineral content but
also its bioavailability has to be taken into account when the ability
of a food to fulfill mineral requirements needs is evaluated. In fact,
the global utilization of a given element can be affected by several
chemical, dietary, physiological, and individual factors.
In developing countries and also among European population, dietary intakes of essential minerals (Ca, Mg, Fe, and I)
lower than the recommended doses have been reported (Elmadfa
2009). Considering that the consequences of dietary micronutrient deficiency are a matter of public health concern, efforts are
being taken to facilitate the achievement of essential elements
requirements, especially at certain stages in life, such as pregnancy and infancy, when the increased requirements of elements
such as Ca and Fe are of greater concern, because of the difficulties in obtaining adequate intakes. With the aim to prevent and/or
mitigate widespread micronutrient deficiencies in humans, supplementation through the addition of mineral salts to staple foods
have been used, and more recently through biofortification, that
is the increase of micronutrient trace elements contents of food
crops. As an example, biofortification of rice (Oryza sativa L.),
a staple food in many parts of Asia, can be mentioned. With the
purpose of enhancing micronutrient accumulation in rice seeds,
numerous attempts such as increasing the contents/expression of
genes encoding metal chelators (mostly phytosiderophores) and
metal transporters, Fe storage protein ferritin, and phytase have
been successfully undertaken (Bashir et al. 2013).
In the case of essential elements such as Ca, Fe, I, Zn, and so
on, it is necessary to know their best dietary sources, to estimate their average intake in order to check the fulfillment of the
requirements, to test the efficiency of the supplementation, or the
results of a biofortification.
Besides this, the determination of mineral elements is needed
to check the compliance of a specific food or food categories
with the legal requirements and also to obtain information for
nutritional labeling, because the mineral contents must be stated
on food labels.
Another purpose of inorganic nutrient determination can be
the evaluation of microbiological stability: high mineral contents
are sometimes used to delay the growth of certain microorganisms, or the technological processes: The mineral content of a
food can affect its physicochemical properties.
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Multielement and multi-isotope analyses are used for tracing the
geographical origin of food (Kelly et al. 2005). Based on the fact
that the content of some minerals in foods reflects the soil type
and the environmental growing conditions, mineral determinations, including the evaluations of the content of selected minerals
and trace elements, are used to assure the geographical origin of
food samples. Trace-element composition and stable isotope ratios
(SIRs) are important parameters for establishing scientifically the
protected designation of origin (PDO) of foods by selecting appropriate chemometric data treatments (Gonzalvez et al. 2009).
Mineral analyses (P, Ca, Na, K, Mg, Zn, Fe, Cu, and Mn) have
been also applied to differentiate cheeses according to the animal
milk species used in their manufacture and according to the variety (Fresno et al. 1995). In the same way, the elemental composition of different honeys is determined with the aim to evaluate the
existence of data patterns and the possibility of classification of
honeys from different botanical origins according to their mineral content. The results obtained once submitted to multivariate
analysis, including techniques such as factor and cluster analyses,
show a significant influence of the botanical and geographical
provenance as well as technological processing on the elemental
composition of honeys (Grembecka and Szefer 2013).
As reported, there are numerous reasons that justify the need
for determining inorganic nutrient components of food.

32.2 Sample Treatment
32.2.1 Previous Considerations in the Analysis
of Mineral Elements
To carry out trace mineral analysis, a clean laboratory environment is required.
All reagents, and in particular acids, should be distilled or
purity degrees checked to prevent contaminations.
All glassware should be segregated and used only for a particular trace mineral determination. For ultratrace work, acid:mineral
washing of glassware and ultrapure reagents are required.
Other possible problems include the contamination of samples
by minerals being analyzed from grinders, glassware, or crucibles
that come in contact with the samples during the sample treatment
and analysis should be of special materials, quartz, glassy carbon,
and perfluoroalkanes (at lower temperatures) (Delves 1992).
The volume of acids used in the digestion step must be kept to
a minimum to help ensure low blanks. Care in manipulation to
avoid contamination and to work safely is essential for any analyst involved in trace mineral analysis.
A routine sample run always includes blanks, standards treated
in the same manner as the samples, and reference samples, either
in-house analytical quality assurance materials or purchased
standard reference materials (SRM). Care must be taken with
the use of recovery spikes since the spike is not an endogenous
source of the trace mineral and usually not organically bound.
However, the use of spikes is recommended especially where
SRMs are doubtful or not available.
When interferences are suspected, it is a common practice to
use a sample matrix for standard curve preparation. If there are
interferences among the major minerals, the impact in the standards and the sample should be similar if a sample matrix is used.
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32.2.2 Organic Matter Destruction: Mineralization
Foods, except for water and beverages, have a high organic matter content, which has to be removed or destroyed before mineral
determination. An alternative to the destruction is the extraction
of minerals from the sample.
Therefore, prior to the analysis of minerals in most types of foods
and beverages, it is necessary to convert the sample into solution
through the use of a digestion method. In some samples, especially
in beverages, a simple dilution of the sample can be sufficient.
The choice of procedure depends on the complexity of the
matrix, the element to be determined, and the analytical technique to be applied (Korn et al. 2008).
Factors influencing the choice of digestion method to be
applied are:
• The complexity and composition of the food to be analyzed. Some foods are difficult to incinerate even with
the aid of oxidizing compounds (e.g., caseins) and others are difficult to digest with acids (e.g., fatty products).
• The risk of losses by volatilization or insolubility. In
these cases, incineration has to be avoided.
• The risk of contamination, especially in wet digestions,
when high amounts of acid are required.
• The costs, time needed, the number of samples that can
simultaneously be digested, and the possibility to automate the procedure.
In order to facilitate the incineration, wet digestion, or mineral
extraction, solid foods have to be finely ground, and samples with
a high water content should be dried to prevent spattering during
ashing and high-fat samples are defatted by solvent extraction.
All these treatments facilitate the release of moisture and prevent
spattering.
To shorten the time of analysis and reduce chemical waste and
contamination, relatively small analytical portions are used. To
avoid the problems of heterogeneity linked to the use of small
analytical samples, homogenization procedures are improved.
Cryogenic homogenization (the samples are cooled to dry ice
temperature −78°C or colder before being comminuted (by
cutting, milling, pulverization, etc.) could facilitate the use of
smaller analytical portion masses, reduce or eliminate matrix
problems, enhance acid digestions, and reduce laboratory waste.
However, these procedures would also increase analysis time
and cost. An interesting study of cryogenic procedures in the
preparation of food for elemental analysis has been published by
Cunningham (2008).
Different aspects of sample treatment for mineral determination in seasoning products have been critically revised by
Gonzalvez et al. (2009).
The following types of procedures have been applied to
organic matter destruction.
Digestion procedures can be classified into two major types:
dry and wet ashing.

32.2.2.1 Dry Ashing
In dry ashing, organic matter is destroyed by incineration in an
oxygen atmosphere, at temperatures of 450–600°C, in furnace

muffles. To facilitate the ashing, several compounds are used and
among them, oxidizing compounds, such as HNO3, ammonium,
or magnesium nitrate, which are useful to destroy carbon particles. Alkaline compounds (MgO, MgNO3, KOH) are added to
prevent losses of metalloids such as P, S, or I.
Dry ashing procedures offer the following advantages: they are
safe, require little attention from the analyst, permit to destroy
simultaneously large amounts of sample and a high number of
samples, and to dissolve the resulting ash in a small volume of
acid, a practice that permits the preconcentration of trace elements in the final solution. In addition, the resulting ashes are
completely free of organic matter, which is a prerequisite among
others for electroanalytical techniques, inductively coupled
plasma-mass spectrometry (ICP-MS), or ICP-atomic emission
spectroscopy (AES) with ultrasonic nebulization.
The drawbacks of ashing include the length of time required,
the possible losses of volatile minerals (e.g., Cu, Fe, Ni, Zn) at
high temperatures, or the absorption on the walls of the container
where the destruction is carried out.
The AOAC official methods include ashing procedures for
individual foodstuffs (e.g., ash of sugars and syrups, in butter to
determine chlorides, of flour) (AOAC 2002).
In order to minimize mineral losses or to reduce the time
needed for the destruction, various procedures of dry ashing
have been proposed.
Combustion in a closed-flask method is commonly used in the
determination of S or halogens; NaNO3 can be used as absorbent
and the resulting solution treated with HNO3 and evaporated to
dryness (Ma 1990).
In low-temperature plasma dry ashing, foods are oxidized in a
partial vacuum by nascent oxygen from an electromagnetic field,
ashing occurring at a much lower temperature (≤150°C), than in
a muffle furnace, thus preventing the volatilization of most elements. The major disadvantages are the cost of the equipment
and the small sample capacity of the device.

32.2.2.2 Wet Ashing
In wet digestion, the organic matter is oxidized by the action
of organic acids and/or oxidizing agents (HNO3, HCl, H2SO4,
HClO4, H2O2) and heat. Wet digestion methods offer a wide
range of varieties with respect to the choice of reagents and their
mixtures as well as the devices used to apply the procedure. They
can be carried out with a concentrated acid or mixture of acids,
in open or closed systems (Poitevin 2012).
The most utilized acids in wet digestions are nitric and perchloric, although in the use of the latter, a special perchloric acid
hood is essential and precautions must be taken when fatty foods
are digested.
The advantages of wet digestion methods are that the losses
of volatile minerals are low because the temperatures applied
and the time required are lower than in dry ashing. In addition,
reflux heating can be used in order to prevent volatile mineral
losses. One of the major applications of wet digestions is the
digestion of samples with a high fat content (meat and meats
products). The main disadvantages of open-vessel digestions are
the long time and relatively large volumes of reagents needed
for the digestion, factors contributing to the increased risk of
contamination.
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The AOAC official methods include different wet ashing procedures (e.g., HNO3–HClO4 oxidation for Ca, Mg, Cu, Fe, Mn,
K, and Zn in plants and pet foods; Ca determination in animal
feeds [AOAC 2002]).

32.2.2.2.1 Microwave Digestion
Since 1975, microwave-assisted sample digestion has been
increasingly used for sample preparation of mineral element
determination in food samples. Microwave heating allows the
digestion of small amounts of samples more quickly and with
an accuracy that is at least equal to that of conventional ashing.
The advantages of microwave digestion over conventional
sample preparation techniques are as follows: a reduction in the
time needed for sample preparation, a reduction of the amounts
of acids used for digestion, and, additionally, the possibility of
controlling pressure/temperature, automation, and flexibility in
sample preparation (Bakircioglu et al. 2011). A drawback is the
limited number of samples that can be processed at any one time.
Mixed digestion procedures (microwave, wet–dry ash oxidation) have been described. Examples include the determination
of minerals in ready-to-feed milk-based infant formula (AOAC
2002) and Se in foods (Mindak and Dolan 1999).
High-pressure ashing (HPA) has been used as an alternative
to microwave digestion. Some of the benefits of HPA procedures
include low acid requirements, a destruction of the organic matter, with a minimum remaining organic residue and no mineral
losses. In addition, the preparation of the sample can be automated and the safety of the operator is high.
HPA systems have been applied to food reference materials
(Levine et al. 1999), certified biological reference materials (Ca,
Cd, Cu, Fe, Mg, Mn, and Zn) (Amarasiriwardena et al. 1994),
and different food in the determination of iodine by inductively
coupled plasma (ICP) mass spectrometry (Fecher et al. 1998);
also, HPA was used in the determination of trace elements in
wine (Castiñeira et al. 2001).

32.2.2.3 UV Photolysis
UV photolysis is applied with the addition of H2O2. This reagent
supplies free OH* radicals, which accelerate the decomposition
of organic compounds present in samples. The procedure offers
the advantage that the H2O2 decomposition products are water
and oxygen, which do not interfere in the subsequent analysis.
Metals quantification remains unaffected by UV irradiation,
except Mn. UV photolysis offers the following advantages:
simplicity of the procedure, low reagent requirements, complete automation, and very low blanks. The procedure has been
applied to wine samples (Buldini et al. 1999) and previously to
ionic chromatographic and pulse voltammetric determination of
Cu, Ni, Zn, and Co in honey (Buldini et al. 2001).

32.2.2.4 Direct Determination, Emulsions,
Slurries, and Extracts
Direct measure and the use of extracts or slurries are alternatives
to the sample digestion prior to mineral determination.
There are a limited number of foods in which minerals can be
measured without a prior treatment (water, beverages, and solid
samples) or after a simple dispersion in a solvent (e.g., oils). The
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main advantage of these kinds of procedures is a reduction in the
risks of volatilization and contamination.
Several analytical techniques may be used in the direct analysis (x-ray fluorescence [XRF], ICP, atomic absorption spectroscopy [AAS], near infrared [NIR], and neutron activation analysis
[NAA]). Of these techniques, the electrothermal atomic absorption spectrometry (ET-AAS) is one of the most widely used,
because the introduction of the solid materials into the atomizers
is facilitated by the absence of a nebulizer system. Samples can
be introduced as solids or slurries.
Problems related to solid sampling procedures are (1) the very
small sample sizes that can be used, (2) the fact that joined to
the heterogeneity of the food matrix highly imprecise values can
originate, (3) and also the presence of high background interference levels.
Slurry sampling permits the advantages of the direct solid and
liquid sampling methods combined. The conventional atomizers
and injection systems used in liquid samples can also be used in
slurry samples, permitting the use of higher amounts of sample
than in solid sample analysis, and even to carry out dilutions.
The critical factor is the need to maintain the stability of the
slurry until sample injection, a factor that affects the variability of the procedure. Different solvents and stabilizers such as
HNO3, H2O2, triton X-100, ethanol, and so on are used in the
preparation of the slurries. The combination of slurry sampling
and ET-AAS determination, using ultrasonic homogenization
devices helps in overcoming some of the inherent drawbacks of
traditional sample decomposition methods.
A review of the use of slurry sampling and ET-AAS in foods
has been carried out by Cal-Prieto et al. (2002).
The following are examples of direct extraction, emulsion, or
slurry preparations in the determination of minerals in foods:
• Suspensions of baby foods in a medium containing
0.1% triton X-100, H2O2 and HNO3, and 1% NH4H2PO4
as a matrix modifier have been used to determine Se by
ET-AAS (Viñas et al. 2000).
• Milk samples containing 10% (v/v) water-soluble tertiary amines can be analyzed by ET-AAS without
prior digestion of the sample. This procedure has been
applied to Fe and Se determination in bovine milk
(Aleixo and Nóbrega 2003).
• A slurry of chocolate obtained by adding nitric acid has
been used in the determination of Mn and Zn by FAAS
(da Silva et al. 2006).
• In wheat flour and flour-based ready-oven foods, a
slurry with Triton X-100 and nitric acid has been compared with microwave digestion (nitric acid in PTFE
digestion tube, 80% 700 W 10 min, 100% 700 W
10 min) (Cernohorsky et al. 2009).

32.3 Determination Methods
32.3.1 Classic Physicochemical Methods
Different classic methods (gravimetric, titrimetric, colorimetric/
visible spectrophotometric) are still used in the determination of
mineral element content in foods. These methods are adequate to
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determine major elements because the sensitivity is satisfactory
and they are useful to small laboratories with skilled analytical
personnel with a limited number of samples to be analyzed accurately and at minimal costs.

In gravimetric methods, minerals are precipitated as insoluble
forms and precipitates are rinsed, dried, and weighed to estimate
mineral content.
Nowadays, gravimetric methods have practically disappeared
from the laboratories of food analysis because the methods are
time consuming and only suitable when the content of the element to be measured is relatively high. Therefore, gravimetric
methods are useful to determine the content of major elements
(Ca, P, Na, K, S, and Cl). They are unsuitable for the determination of trace elements because balances are not sensitive enough
to accurately weigh the small amount of precipitate formed.
Gravimetric methods used in the determination of inorganic
element contents in foods are reported in Table 32.1.

KMnO4. Fe (II) is directly titrated with KMnO4. The use of
KMnO4 permits an easy detection of the end point because the
change of color from the reduced form Mn(II), which is pale pink,
to the oxidized (MnO −4 ), which is deep purple. Thus, KMnO4
titrations can be used as an indicator of many food reactions.
Precipitation titrations (Mohr and Volhard methods) are commonly applied to Cl determinations in foods, being especially
well suited to foods rich in Cl due to salt addition during the
manufacturing process. These methods have been very common
in the food industry, but are gradually being replaced by the use
of Cl selective electrodes. Applications to the determination of
high Cl contents in butter and cheese have been reported.
The AOAC methods (AOAC 2002) include several titration
procedures with AgNO3 and potentiometric end-point detection,
for the determination of Cl content in cheese, eggs, milk-based
infant formula, or to determine NaCl content in canned vegetables and seafood. These methods are useful to NaCl levels equal
or higher than 0.03%.
Titrimetric methods proposed for the determination of mineral
content in foods are shown in Table 32.2.

32.3.1.2 Titrimetric Methods

32.3.1.3 Visible Spectrophotometric Methods

Three types of titrimetries, complexometric with ethylenediamino tetraacetic acid disodium salt (Na2 EDTA), precipitation, and redox are used to determine major (Ca, P, Cl, I, and S)
and minor (Fe) element content in foods. The end point of the
titration can be detected through a color change or a potentiometric measurement.
EDTA is a chemical reagent that forms strong and highly stable complexes with multivalent metallic ions, in general, in a 1:1
ratio that can be used for volumetric analysis. The pH value will
affect the complex formation.
EDTA titrations are applied to determine Ca; in these cases,
Mg and PO4 interfere, due to the turbidity, in the perception of
the end point (Kindstedt and Kosikowski 1985). Difficulties
can appear when the content of a specific ion is determined by
complexometry, in solutions containing other multivalent metallic ions. To solve these difficulties, it is necessary to remove the
interfering ions by passing the sample solution through an ionexchange column prior to analysis. For instance, in Ca determination, P and Mg can be removed by ion-exchange.
Redox titrations are applied to the determination of Ca and Fe
contents in foods. Ca is precipitated as oxalate, the precipitate
is rinsed and dissolved in hot H2SO4 and oxalate titrated with

Visible spectrophotometric methods are and have been applied in
the determination of a wide variety of minerals. In these methods, a chemical reaction between the element to be measured and
a reagent must result in a stable color, which develops rapidly and
is the result of a single colored product. The color-forming reaction should be selective for the mineral being analyzed.
Visible spectrophotometry is the main technique used in the
determination of phosphorus content in foods. The addition of
the vanadate–molybdate reagent gives a phospho-vanadomolybdate complex. A microdetermination technique applied to
P in foods, allowing the determination of 0.04 µg of P in the
assay (1.1 mg P/100 g sample), has been proposed and validated
(Miquel et al. 2004).
Visible spectrophotometric methods have also been described
to measure Fe. Phenanthroline is the most commonly used
reagent for ferrous iron determination because of the simplicity of the method and the stability of the colored iron complex
formed (Yuan et al. 2008). A spectrophotometric method for
Fe determination in food with 2,6 bis(1-hydroxy-2-naphthylazo)
pyridine has been proposed as an alternative to AAS determination. The method is very simple, highly selective, reproducible,
and relatively inexpensive (Sharma and Singh 2009).
Colorimetric methods based on the catalytic effect of iodide
have been the most commonly used for the determination of
iodine. They are based on the catalytic effect of iodide in the
reduction of ceric ammonium sulfate by arsenious acid, which
yields colorless cerous ammonium sulfate and arsenic acid.
The decrease in absorption at 405 nm is related to the iodine
concentration. Another method in which iodide catalyzes the
destruction of iron thiocyanate by nitrite, with an accompanying decrease in the color of the Fe(III) thiocyanate produced
by addition of Fe(III), is precise and sensitive enough for a
simple determination of total iodine in food (García-Llatas
et al. 2012).
Several methods used in the determination of mineral elements in foods are summarized in Table 32.3.

32.3.1.1 Gravimetric Methods

Table 32.1
Gravimetric Methods (AOAC 2002)
Element
Ca
Fe
Mg
P
P

S

Food

Precipitation

Water
Water
Water
Baking
powders
Fruits and fruit
products

(NH4)C2O4. Weigh as OCa (AOAC 920.199)
NH4OH. Weigh Fe2O3 (AOAC 920.196)
(NH4)C2O4. Weigh as OCa (AOAC 920.200)
MoO3 in NH4OH. Weigh Mg2P2O7 (report
as P2O5) (AOAC 965.18)
Molybdate quinoline. Precipitated as
phosphomolybdate of quinoline
(AOAC 970.40)
BaCl2. Weigh BaSO4 (AOAC 955.48)

Food
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Table 32.2
Titrimetric Methods
Element

Food

Complexometry
Ca
Canned vegetables
Poultry and beef
Ca

Cheese

Ca, Mg

Water

Cu, Fe

Milk

Precipitation
Ca
Flour

Ca

Cl

Plants
Fortified buffalo milk and whey
Fortified cow milk
Fortified mango yogurt
Mustard, cheese, plants
Distilled liquors

P

Butter
Nuts and nut products, seafood,
Meat
Flour
Meat

Redox
Fe

Plants
Water

I

Iodized salt

Reagents
Titration of EDTA-Na2. pH 12.5–13. Indicator:
hydroxynaphthol blue (AOAC 968.31)
pH 12.5. EDTA-Na2 addition. Back titration with CaCO3.
Indicator: naphthol blue (AOAC 983.19)
Addition of CaCl2 and back titration with EDTA-Na2. Indicator:
naphthol blue
Ca: EDTA-Na2 pH 12 Ca and Mg: EDTA-Na2 pH 10. Indicator:
eriochrome black T (Ca and Mg), calconcarbonic acid (Ca)
Titration with EDTA by constant potential amperometry

Reference
AOAC (2002)

Kindstedt and Kosikowski (1985)
Vahl et al. (2010)
Rao et al. (1991)

Precipitated as oxalate. Dissolution H2O + H2SO4 (AOAC,
944.03)
Titration KMnO4 (AOAC, 910.01, 921.01)
Precipitation as calcium oxalate. Dissolution HCl Back titration
of EDTA (0.05M) excess with MgAc (0.015M). Indicator:
calmagite solution
Precipitated with AgNO3. Titration with KSCN (Volhard)
(AOAC, 941.13, 935.43, 915.01)
Precipitated with AgNO3. Potentiometric end point (AOAC,
966.09)
Titration AgNO3 (AOAC, 960.29)
Precipitated with AgNO3. Titration with NH4SCN (AOAC,
950.52, 937.09, 935.47)
Precipitated with ammonium molybdate, dissolved in alkali
standard, titration with acid standard (AOAC 948.09)
Precipitated with acidified molybdate, dissolved in alkali
standard, titration with HCl or HNO3. Indicator:
phenolphthalein (AOAC 969.31)

AOAC (2002)

Oxidation with KMnO4. Titration with diluted TiCl3 (AOAC,
936.02)
Precipitation Fe2O3 with (NH4)OH/fusion. Reduction Fe with
H2S. Titration with KMnO4 (AOAC, 920.197)
Oxidation with bromine. Titration with Na2S2O3 (AOAC, 925.56)
KI/H3PO4. Titration with Na2S2O3

AOAC (2002)

32.3.1.4 Spectrofluorimetry
Spectrofluorimetry is a well-established method for the determination of Se in food and biological materials. The fluorimetric
methods proposed to determine the Se content in milk have been
reviewed. Following wet digestion, the Se is converted to Se (IV)
by boiling with HCl and determined by measurement of the fluorescence of the piazselenol formed on reaction with 2,3-diaminonaphthalene (DAN), or 3,3′-diaminobenzidine (DAB). DAN is
the reagent of choice because the complex is extractable into an
organic solvent and the sensitivity of fluorescence is higher than
that of DAB complex. However, the potentially carcinogenic
nature of DAN constitutes an inconvenience to its usage. The
pH of the media influence strongly the formation of the selenium
complex, the optimum for complexation is in the range of 1.1–2.4.
The detection limit in Se determination by spectrofluorometry
(0.001 μg g−1) is lower than in hydride generation atomic absorption spectrometry (HGAAS) 0.033 μg g−1 (Alegría et al. 2010).

Ranjan et al. (2005)
Singh et al. (2007)
Singh and Muthukumarappan (2008)
AOAC (2002)

AOAC (2002)

AOAC (2002)
Ranganathan and Sesikeran (2008)

A chemiluminescence method for the determination of P in
water, highly sensitive (0.02–0.1 μg P/L), based on sorption preconcentration of P on a paper filter, as a yellow vanado molybdophosphoric heteropoly acid, followed by direct chemiluminescence
detection on the P concentrate via reaction with an alkaline luminol solution has been described (Zui and Birks 2000).
Fluorimetric methods applied to the determination of mineral
element contents in foods are summarized in Table 32.4.

32.3.2 Ion-Selective Electrodes
The difference of potential between a specific ion electrode and
a reference electrode depends on the activity of the ions corresponding to the specific electrode in the solution where the electrodes are immersed.
Major advantages to the use of specific electrodes in inorganic ion determinations are: simplicity, fast response, low cost,
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Table 32.3
Spectrophotometric Methods
Element
Ca
Ca, Mg, Zn
Cu
Fe

Food

Method

Enriched whole and skimmed milk
Cow’s milk, milk powder
Vegetables
Food, milk, and milk products
Fish
Meat

Selective optical strip test 655 nm
Bromopyrogallol red/350–650 nm
Sodium diethyldithiocarbamate/CCl4/430 nm (AOAC, 953.03)
Sodium diethyldithiocarbamate/CCl4/400 nm (AOAC, 960.40)
Ferrozine/NH4Ac (pH 5.5)/562 nm
Heme: Extraction with hydrochloric acid/water/acetone (×2) left
to stand in the dark for 1 h. Centrifugation at 10°C for 10 min.
Measure of acid hematin/640 nm
Nonheme: Extraction with citrate phosphate pH 3.6 buffer and a
hand-held emulsifier. Centrifugation at 10°C for 10 min
Fe(II) and Fe(III): Bathophenanthroline/hydroxylamine
hydrochloride/535 nm

Legumes
School menus
Milk, tea, foodstuffs
Vegetables
Beer
Flour
Meat

Fe

I

Iodized salt
Fortified rice

P

Infant formulas, cheese, wine
Meat and meats products

Dairy products
Foods
Food

Zn

Fe(II): Thiosemicarbazide. pH 6.0. 550 nm
o-Phenanthroline/510 nm (AOAC, 521.02)
2,2′-Bipyridine. o-Phenanthroline/505–520 nm (AOAC, 955.21)
o-Phenanthroline α-α′ dipyridyl/510 nm (AOAC, 944.02)
Heme; HCl/H2O2/acetone. Heme iron converted acid hematin
640 nm
Nonheme: Citrate phosphate buffer/ammonium acetate/ferrozine.
562 nm
Ammonium persulfate/arsenious acid/ceric ammonium 405 nm
Potassium thiocyanate/ammonium iron(III) sulfate/sodium nitrite
450 nm
Molybdovanadate/400 nm (AOAC, 986.24, 991.25, 962.11)
H2SO4/cyclohexanediamine/tetraacetic acid/ammonium
molybdate tetrahydrate/ascorbic acid/dimethyl
sulfoxide/890 nm (AOAC, 991.27)
2,4-Diaminophenol dihydrochloride/750 nm
Ammonium molybdate/hydrazine sulfate/730 nm
Diphenylthiocarbazone/CCl4/540 nm (AOAC, 944.09)

nontoxicity, and ease of use and the possibility to directly measure many anions and cations. Turbidity, color, and viscosity of
the solution do not interfere in the determination. A disadvantage
to the use of ion-selective electrodes is their relative lack of sensitivity, the detection limit being about 2–3 μg mL −1, although

Table 32.4
Fluorometric Methods
Element
Se

Food

Method

Reference

Human
milk,
infant
formulas
Mushrooms
Honey

EDTA/Glycine buffer/DAN 60°C
1 h/Cyclohexane extraction
Excitation 378 nm; Emission
520 nm
EDTA/DAN 60°C 30 min
Excitation 375 nm; Emission
525 nm
EDTA/DAN 60°C 15 min/
Cyclohexane extraction
Excitation 377 nm; Emission
516 nm
EDTA/NH4OH/DAN 60°C 1 h
Excitation 366 nm; Emission
525 nm (AOAC, 974.15, 969.06)

Alegría et al.
(1995,
1996)

Goat milk

Human and
pet foods,
and plants

Costa-Silva
et al.
(2011a,b)
Rodríguez
et al.
(2002)
AOAC
(2002)

Reference
Capitán-Vallvey et al. (2004)
Afkami et al. (2008)
AOAC (2002)
Roos et al. (2007)
Harrington et al. (2001)

Quinteros et al. (2001)
Cámara et al. (2005a)
Sharma and Shing (2009)
AOAC (2002)

Harrington et al. (2001)

Wegmüller et al. (2003)
Tulyathan et al. (2007)
AOAC (2002)

De la Fuente and Juárez (1995)
Jastrzebska et al. (2003)
AOAC (2002)

some electrodes are sensitive down to 1 ng mL −1. However,
when the analyte contents are low (below 10−4 M), the electrode
response time is slow.
Although ion-selective electrodes are in principle sensitive to
only one ion type, other ions can often interfere in the determination. Interferences can frequently be overcome by adjusting
the pH value and ionic strength, reducing the interfering ion or
removing it by the formation of a complex or precipitation.
There are electrodes available for the direct measurement of
various cations (Ca, Na, and K) and anions (Br, Cl, F, and S).
There are different types of specific electrodes: (a) sodium glass
membrane electrodes operating in the range 0.023–23 μg mL −1
(1 × 10−6 M), with a response time of 30 s. Interfering ions are
Ag, Li, K, NH4, and (b) solid-state ion-selective electrodes having a response time lower than 30 s. Its detection limits are F
(from 0.02 μg mL −1 up), Br (from 0.04 μg mL −1 up), and Cl
(from 0.178 μg mL −1 up). The performance (low detection limit
and high selectivity) of recent ion-selective electrodes has been
optimized by the introduction of conducting polymers into the
sensing membrane. Advances in this subject have been recently
reviewed (Mei-Rong et al. 2012).
Very often, a fluoride ion-selective electrode is used to measure the total fluoride content in digested and purified samples. Different decomposition procedures can be used and the
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most important ones are open ashing, alkaline fusion, oxygen
combustion, and acid digestion that could be followed by purification such as distillation, diffusion, pyrolysis, and solvent
extraction (Ponikvar et al. 2007). Fluoride has been determined
in several marine biological samples and certified reference
materials by using a fluoride ion-selective electrode, previous
alkaline fusion (NaOH solution at 200°C for 16 h and 525°C for
3 h), neutralization with HCl, the pH value being adjusted to the
optimal range (5.2–5.4) (Kjellevold et al. 2001). The addition
of HNO3 followed by aqueous KOH to a ground sample of vegetables (10–2000 μg fluoride g−1 dry weight) results in a slurry
(pH 5.5) where the fluoride content can be measured with a fluoride ion-selective electrode. The procedure cannot be applied
to insoluble inorganic F or F inorganic combinations (Method
975.04) (AOAC 2002). An analytical procedure using an alkaline carbonate fusion (KNaCO3) after prior incineration of the
samples with NaOH and subsequent determination by fluoride
ion-selective electrode using the semiautomatic multiple known
addition technique has been validated for fluoride determination
in total diet samples (including drinking water and beverages)
(Ponikvar et al. 2007).
Recently, a microdiffusion method (0.1 M acetic acid to adjust
the pH, 50 μL 0.05 M NaOH as solution used for trap and sulfuric acid for hexamethyldisiloxane saturation) has been proposed as a gold standard method to determine fluoride in foods
(Martínez-Mier et al. 2011).
Specific electrodes have also been used to determine the
sodium or chloride content in foods with the aim to estimate their
salt (sodium chloride) content. Sodium content in foods for special dietary use is extracted in triethanolamine buffer, adjusted to
pH 10.2 with HCl. The method is applicable to foods containing
≤100 mg Na/100 g (Method 976.25 AOAC 2002). In a comparative study of four methods (ICP/MS, FAAS, potentiometric titration of chloride, ion-selective electrode), for the determination of
salt in several foods of low sodium content, it was observed that
the use of an ion-selective electrode did not perform well in fatty
foods (such as cookies, peanuts, and almond butter), at very low
Na concentrations (<100 μg g−1), and/or when the interference
from K is significant (Ehling et al. 2010). A chloride ion-selective
electrode has been developed (extract phosphate buffer, adjusted
to pH 7.4) for the estimation of the sodium chloride content in
dough and bread. The method was validated and compared with
the reference methods for chloride (potentiometric titration with
AgNO3) and for sodium (AAS) (Plácido et al. 2012).
Other examples for the determination of ion content in foods
by ion-selective electrode are:
• Free Ca(II) in peptide fractions of α and β-casein
from fresh skimmed milk in 50 mM tris-HCl (Park
et al. 1998), or the calcium-binding capacities of casein
phosphopeptides, β-casein, and caseinate in 20 mM
Tris-buffer (Mekmene and Gaucheron 2011), both at
pH 8 at 20°C.
• Copper species (free Cu (II) ions, labile and tightly
bound Cu species) in white wines without any digestion, so that the equilibrium between the different species is not disturbed. A stable signal is recorded after
about 60 s. A pH value ≤6 is the optimum (Wiese and
Schwedt 1997). The Cu species in soybeans, chickpeas,
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and calf’s liver are also measured using ion-selective
electrodes (Dendougui and Schwedt 2002).
• Iodide is determined in ready-to-feed milk-based
infant formulas using ion-selective electrode; proteins
are previously precipitated by adding acetic acid (3%
v/v). NiNO3 is used to reduce the interferences to iodide
electrode response (method 992.24) (AOAC 2002).
• A novel Sn (II) membrane sensor based on a new synthesized Schiff’s base (tris(3-(2-hydroxybenzophenone)
propyl)-amine has been developed. Their applicability to determine Sn(II) in juices and canned fish was
confirmed by comparing it with inductively coupled
plasma (Hosseini et al. 2009).

32.3.3 Neutron Activation Analysis
In neutron activation analysis (NAA), the sample is irradiated
with neutrons and the characteristic emission from a radioactive isotope formed is monitored. According to the way radionuclides are analyzed, two types of NAA can be differentiated:
Radiochemical Neutron Activation Analysis (RNAA) and
Instrumental Neutron Activation Analysis (INAA). RNAA
requires the chemical decomposition of the sample (samples are
usually acid digested or burned in an oxygen atmosphere) and
then the radionuclides are isolated by separation techniques (liquid extraction, chromatography, ion exchange, etc.). In INAA,
the decomposition of the radioactive sample is not required.
The main advantages of NAA are that it is a nondestructive
process, it does not require complicated handling, and it allows
the simultaneous determination of several elements in a given
gamma spectrum sample, therefore being a multielement analytical technique (Witkowska et al. 2005).
INAA is a useful methodology for the determination of trace
elements in samples with complex matrices. It permits to achieve
low detection limits, although the sensitivity obtained is a function of nuclear parameters of the element (neutron cross section,
isotope abundance, half-life, and gamma-ray abundance), the
available neutron flux, the length of irradiation, the sensitivity
of the detector, the irradiation time, and the matrix composition.
NAA is often called thermal NAA (TNAA) to emphasize that
thermal neutrons play the main role in the activation process.
To improve detection limits and precision of determination of
elements such as U, Tl, In, Au, Br, Co, I, and Sb, nonthermal
neutrons are used. This technique is epithermal neutron activation analysis (ENAA) and is also very often used to determine
Br and I in foods. Interferences from Na, K, Br, and Cl in iodine
determination can be reduced to a large degree by using ENAA
instead of TNAA (Shelor and Dasgupta 2011).
INAA is used as a reference technique in the certification of
reference material. Recently, INAA has been used to determine
As, Al, Ca, Co, Cr, Cu, Fe, K, Mn, Na, Sb, Se, and Zn in CRM
tuna fish (Park et al. 2011) and Br, Cl, Mg, Mn, K, and V in
mussel reference material and NIST SRM 1566b-oyster tissue
(Moreira et al. 2013).
NAA has also been used in the determination of the trace mineral content of propoli in order to assess their geographical provenance (Cantarelli et al. 2011).
Some of the methods of NAA used in the determination of
inorganic micronutrients in foods are reported in Table 32.5.
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Table 32.5
Neutron Activation Analysis
Element

Food

Al, Br, Ca, Cu, Cl,
Fe, K, I, Mg, Mn,
Mo, Sn, V, Zn

Rice and legumes

Br, Ca, Cl, Co, Cu, I,
K, Mg, Mn, Na, V
Br, Cl, Co, Cr, Cs,
Cu, Fe, K, Mn, Mo,
Na, P, Se, Zn

Cereals, oils, sweeteners,
vegetables
Cereals, vegetables, and spices
NIST 1572 Citrus leaves
NIST 1568 Rice flour
IAEA 331 Spinach
Diets
INCT-MPH2 Mixed polish herbs
SRM 2976 Mussel tissue
RM 8435 Whole milk powder
SRM 1567 Wheat flour
SRM 1566b Oyster tissue SRM
1577b Bovine liver
SRM 2387 Peanut butter
Italian dairy products

Ca, Cr, Fe, K, Na,
Zn

Co, Cr, Fe, Rb, Se,
Zn
Iodine

Se

Milk, milk powder, baby foods,
health drink powders
IAEA RM 359 Cabbage
IAE RM 153 Milk powder
NIST SRM 1575a Pine needles
NIST SRM 1570 Spinach
NIST SRM 1549 Low-fat milk
NIST SRM 1548a Typical diet
NIST SRM 1566a Oyster tissue
Fruit and vegetables

Method

Reference

INAA: Short irradiation (Al, Ca, Cl, Cu, I, Mg, Sn, V). Irradiation
25 s thermal neutron flux 2 × 1012 n.cm−2 s−1
Medium irradiation (Br, K, Mn, Mo). Irradiation 12 h epithermal
neutron flux 1.8 × 109 n.cm−2 s−1
Long irradiation: (Cr, Fe, Se, Zn). Irradiation 36 h thermal
neutron flux 2 × 1012 n.cm−2 s−1
Detector: High-purity Ge (HPGe)
INAA: Thermal neutron flux 5 × 1011 n.cm−2 s−1, 60–200 s
depending on sample. Detector: Ge (counting 300 s)
INAA: Irradiation time 10 min. Thermal neutron flux 1011–1013 n.
cm−2 s−1. HPGe detector

Parengam et al. (2010)

Soliman and Zikovsky
(1999)
Singh and Garg (2006)

INAA: Irradiation time 8 h
Thermal neutron flux 4.5 × 1012 n.cm−2 s−1
Detectors: High-purity Ge (HPGe)

Avegliano et al. (2011)

INAA: Thermal neutron flux 2.6 × 1012 n.cm−2 s−1 for 14 h. HPGe
detector
EINAA: Irradiation time 30 min or 1 h. Thermal (1012),
epithermal (1.4 × 1010), and fast fluxes (5 × 1010) n.cm−2 s−1
HPGe detector

Gambelli et al. (1999)

Sample digestion with H2O2 at 250°C and oven at 520°C
RNAA: Irradiation time 40 h
Thermal neutral flux 1.1 × 10 16 n.cm−2 s−1. HPGe detector

32.3.4 XRF Spectrometry
Among the different x-ray spectrometry techniques (absorption,
emission, and diffraction), XRF is probably the most important
and most utilized technique in the determination of mineral element contents in foods. Emission x-ray methods in which the
x-rays are generated by the own sample are classified according
to the methods used to excite the x-rays in the sample: direct or
electrons beam and indirect or primary x-rays.
The XRF uses x-rays or primary radiation (having an energy
higher than the minimum absorption energy of the sample) to
expel electrons from the inner atom layers, that will be occupied
by electrons from the outer layers, in such a way that the emitted
x-rays or secondary radiation will be of a lower energy than the
primary and characteristic of the excited sample. Qualitative and
quantitative analysis are based on the measurement of the wavelength and intensities of the emitted lines, respectively. XRF methods are rapid, permit the simultaneous determination of different
elements having atomic numbers greater than oxygen, and are
fairly sensitive (able to detect minor components at levels of mg
100 g−1 with an accuracy of 1–5%). Although the major advantages

Bhagat et al. (2009)

Ventura et al. (2009)

are the specificity, emitted x-rays are characteristic of the element
emitting them and the number of lines of the x-ray spectra is low.
Hence, interferences between different elements are rare, and the
results obtained are relatively independent from the physical state
of the sample (liquid, solid, or even gaseous, when the contents of
the elements to be measured are high enough); therefore, a prior
preparation of the sample is usually unnecessary. In addition, XRF
methods are nondestructive (Skoog et al. 2007).
XRF methods can simultaneously determine 20–40 elements
in dried and pelletized food samples without dissolution, ashing, or other destructive preparation techniques, thus reducing
the dilution and contamination problems. These methods use a
prior system of calibration of element sensitivities for mineral
quantitation. This approach eliminates the need for calibration
standards of similar composition to the samples and permits the
use of standard reference materials only to monitor the accuracy
and precision. The analyses are nondestructive; therefore, samples can be repeatedly reanalyzed (Nielson et al. 1991).
Liquid samples are the easiest to analyze, being the solvents
of choice: H2O, HNO3, hydrocarbons, and oxygenated organic
compounds, because they only content elements of a low atomic
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number, whereas HCl and H2SO4 acid or Cl4C are inappropriate
because their elements are of a higher atomic number and can
absorb x-rays. The solid samples difficult to solve are homogenized, ground, and compressed to obtain a pellet, which is easy to
handle. Borate is often added as it acts as a support but does not
interfere in the determination; owing to the low atomic number of
the elements constituting it, the interaction with the x-rays is low
(Otin Lacarra, 1974).
The main limitations of the XRF methods are the reduced number of elements to which the method is applicable, only to elements
having an atomic number between 22 (Ti) and 55 (Cs), and the
need to work in special conditions or with a low sensitivity, when
light elements, such as Mg has to be measured. This type of elements emit long-wavelength x-rays, which are absorbed by different materials (air in the apparatus, detector windows). Currently,
apparatus working by vacuum are available, and XRF methods
can be successfully applied to light elements such as B. In general, total reflection XRF (TR-XRF) has proven to be a powerful
method for light element detection (B, C, N, O, F, Na, and Mg).
In the case of elements heavier than Cs, there are no tubes
capable of generating x-rays of a sufficiently short wavelength
(high energy) to work with the series K emission lines. Therefore,
series L emission lines have to be used, although there is a significant loss of intensity (about 10 times lower).
Other drawbacks of the XRF methods are the high cost,
important matrix effects when the contents of salt are high, and
the fact that the radiation intensity is not a lineal function of the
element or element contents.
A review has been carried out, including sample treatment
and metal speciation, on the methods (such as XRF, AAS, AES,
ICP, NAA, molecular fluorescence, and voltammetry) proposed
for the determination of trace elements in seasoning products
(Gonzálvez et al. 2008).
Table 32.6 summarizes methods of different XRF types applied
to the determination of major and minor element contents in foods.

32.3.5 Electroanalysis
Electroanalytical techniques provide an alternative to atomic
spectroscopic methods for the determination of metals. They are

simple, fast, and require relatively inexpensive instrumentation;
the sensitivity is good (accurate determinations at trace to ultratrace levels), and allow multielement determination. However,
it should be noted that digestion methods that are suitable for
analysis by atomic spectrometry, where the digest is atomized,
may not be adequate for electroanalysis, where an appropriate
pretreatment of the sample is required.
Stripping voltammetry (SV) has been receiving considerable
attention because it is the most sensitive electroanalytical technique. During the last decade, SV has evolved into a very versatile and powerful analytical technique; facts that explain its wide
use in the determination of inorganic nutrients in food. The main
limitation of stripping analysis is its restriction to about 30 elements, and among them, only the following inorganic nutrients
Co, Cu, Cr, K, Mg, Mo, Mn, Na, Ni, Se, and Zn. The range of
electroanalysis application, therefore, is more restricted than that
of spectroscopic techniques.
The SV method encompasses a variety of electroanalytical
procedures having a common characteristic initial step. In all
these procedures, the analyte of interest is deposited on a working
electrode by a controlled potential electrolysis. After a short rest
period, the preconcentration step is followed by the stripping step,
which involves the dissolution of the deposit when a linear ramp
is applied to the electrode. Thus, a detectable current is produced
at the electrode surface following the oxidation or reduction of the
analyte at a characteristic potential. The peak potential is characteristic of the given substance and thus it can be used for identification, while the peak current is proportional to the concentration
of the corresponding analyte in the test solution. This analytical quantitative information can be obtained from the height or
area of the stripping voltammetric peak. Since stripping curves/
peaks for various analytes occur at characteristic potentials, several species can often be simultaneously determined (Alghamdi
2010). Anodic stripping voltammetry (ASV), adsorptive stripping voltammetry (AdSV), and cathodic stripping voltammetry
(CSV) have all been used for the detection and quantification of a
wide range of inorganic species. A particular characteristic of the
voltammetric techniques is the preconcentration step, which takes
place directly into the voltammetric cell, without risk of sample
contamination (Saterley and Compton 2000).

Table 32.6
XRF Methods
Elements
Al, Ca, Co, Cr, Cu, Fe, K, Mn, P,
S, Se, Si, Sb, Sr, Ti, V, Zn
Be, Ca, Cu, Fe, K, Cl, S, Se, Sr, Zn
Br, Ca, Cl, Cu, Fe, K Mg, Mn, Na,
Ni, P, Rb, S, Sr
Br, Ca, Cl, Cu, Fe, K, Mn, Ni, P,
Rb, S, Se, Sr, Zn
Ca, Cl, Fe, K, Ti, S
Ca, Fe, K, Mg, Mn, Zn
Cr, Cu, Mn, Fe, Ni, Zn, Rb, Sr
Fe, Se, Zn
Fe, Zn

Food
Soft drinks
Seafood (edible tissues of lobsters)
Milk, dairy products, and infant
formulas
Certified reference material (NIST)
(wheat flour) and dietary supplements
Fruit juices
Tea
Sweets (chewing gum and candies)
Standard reference materials (SRM)
Whole grain wheat
Certified reference material (NIST)
Rice and pearl millet grain
Certified reference material (NIST)

Method
Acid digestion (HNO3–H2O2 120–130°C)/
Ga internal standard/TR-XRF
ED-XRF
ED-XRF
Homogenized and diluted with aqueous
Triton X-100 solution (1%)/TR-XRF
ED-XRF
XRF
Microwave digestion (HNO3–HCl–H2O2)/
Ga internal standard/TR-XRF
ED-XRF versus acid digestion (HNO3–
HClO4/ICP-OES and/or ICP-MS
ED-XRF versus acid digestion (HNO3–/
H2O2) ICP-OES and/or ICP-MS

Reference
Zucchi et al. (2005)
Barrento et al. (2008)
Pashkova (2009)
Stosnach (2010)
Sussulini et al. (2009)
Verbi Pereira et al. (2006)
Martínez et al. (2010)
Paltridge et al. (2012a)
Paltridge et al. (2012b)
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In the voltammetric measurements, a conventional three-electrode arrangement consisting of a multimode working electrode,
an Ag/AgCl (3 M KNO3) reference electrode, and 6.5 cm long
platinum wire auxiliary electrode are used. The conditions for
the elements are Zn (II) and Cu (II)-deposition (at −1.450 V)
120 s, rest time before potential scan 20 s, DPASV from −1.450
to −0.100 V; Ni (II) and Co (II)—deposition (at −1.100 V) 35 s,
rest time before potential scan 30 s, DPCSV from −1.100 to
−1.450 V (Buldini et al. 2001).
One of the possible problems encountered in electroanalysis is
generated by the presence of surface active materials in analytical media, which can passivate electrodes and disturb the path of
the electrode process. For example, it is not possible to determine
the Cu ions in beer by electroanalysis because the electrode is
passivate by adsorbed organic species; in the same way, the analysis of samples containing proteins, soluble polymers, or sugars
is also hindered by the same reason of electrode-fouling.
Hanging-Hg drop electrodes were used in the earliest work of
electrochemical stripping analysis, due to their ability to easily
facilitate accumulation of ionic metal species from the solution,
in the form of an Hg amalgam. Slowly dropping Hg electrodes
are used to prevent the electrode passivation, thus allowing constant regeneration of a fresh Hg surface. Dropping Hg electrodes
have been successfully used for many analytical applications
over the years (Abbasi et al. 2011).
Locatelli (2007) used voltammetric methods to determine Cu
(II), Cr (VI), and Zn (II) in meals and some Standard Reference
Materials. After determining the analytical parameters, the proposed voltammetric analytical procedure was compared to AAS.
Good precision, accuracy, and limits of detection were obtained
and in all cases, both techniques gave comparable results. So,
the two methods are equivalent, although voltammetry allows
the simultaneous determination of metals, it does not require the
addition of matrix modifiers and is much less expensive.
In AdSV, the analyte is adsorbed on the working electrode by
means of a nonelectrolytic process. In the measurement of reducible species, most AdSV use the hanging mercury drop electrode
(HMDE), which offers the advantages of self-cleaning, reproducible surface area, and automatic control. It permits the determination of many dissolved metals after the addition of selective
organic chelating compounds, which allow complex adsorption on the electrode surface. AdSV is often more sensitive than
ASV, because the metal is not dissolved in the mercury, but rather
forms a molecular complex layer on, for example, a mercury film
electrode.
To overcome passivation and allow the carrying out of electroanalysis even in complex matrix such as foodstuffs, the effects
of power-ultrasound (20–100 kHz) have been used. Its introduction into voltammetric cells affects the mass transport and
surface activation characteristics of the electrochemical system.
Mass transport is greatly increased via acoustic streaming and
microjetting, resulting from cavitational collapse local to the
electrode surface. The coupling of power-ultrasound with electroanalysis techniques improve reaction rates, analysis times,
detection limits, and electrode life-span, in comparison with the
values obtained without its (power-ultrasound) use (Saterley and
Compton 2000).
Abbasi et al. (2010b) proposed a method for the determination of Cu in food samples such as rice, tea, or tomato, based

on adsorptive stripping voltammetry of the complex of Cu with
thiosemicarbazide at an HMDE. The most suitable operating conditions and parameters, such as pH, accumulation potential, deposition time, ligand concentration, and scan rate, were selected.
When compared with methods for Cu determination other than
adsorptive SV, the proposed method offers the improvement of
the detection limit, the linear dynamic range, and the deposition
time. The effects of various interfering species, which accompany
copper in food, were studied, showing the high selectivity of the
proposed method that did not require any separation steps and
can be directly applied to the determination of ultratrace levels of
Cu2+ in food and water samples.
Prior to carrying out voltammetric determinations, a pretreatment has to be applied to samples. This pretreatment is minimal
in the case of drinking water, usually a pH adjustment. This fact
facilitates the development of online stripping procedures for
the control of drinking waters. However, in most types of food
samples, it is necessary to completely destroy the organic matter.
It is possible to determine free copper ions and labile Cu (II)
species (complex formation constant K < 1010) in wine by DPASV
without any prior digestion treatment. The tightly bound complexes of Cu cannot be measured. Their content can be calculated
by subtracting the concentration of labile species from the total
content. Only after a digestion, for example, UV or microwave
digestion, total Cu contents can be obtained with DPASV (Wiese
and Schwedt 1997). Digestion by UV irradiation is suitable for
samples with low organic matter content but not for those with
high-organic matter content (do Nascimento et al. 2006).
The use of potentiometric stripping analysis (PSA) offers
the advantage of not requiring total organic matter destruction.
This technique is an interesting alternative when other electrochemical methods (such as anodic stripping or DPP) fail. PSA
is based on the oxidation of the species, previously deposited on
an electrode, by oxidants carried convectively to the electrode
surface. No control is made of the potential of the working electrode during metal stripping, which is accomplished by using a
chemical oxidant (usually Hg(II) or dissolved oxygen) in solution. The working conditions are set in such a way that the rate
of oxidation of deposited metals remains constant throughout the
stripping process. The analytical signal is recorded by monitoring the potential of the working electrode as a function of time.
In terms of sensitivity, the PSA technique is comparable to ASV.
As in ASV, PSA signals overlap with a background signal due to
charge currents at the electrode/solution interface; however, PSA
background signals are less significant. The dPSA technique
involves the preconcentration of metal analytes in a thin mercury film covering a glassy carbon electrode and subsequently
the measurement of the electrode potential subject to controlled
transport of oxidant to the electrode surface. The distance
between two consecutive maxima corresponds to an analytical
signal equivalent to the plateau length in conventional PSA, but
it is easier to measure with a higher precision (Estela et al. 1995).
In Table 32.7 is summarized some inorganic nutrients determination in foods by these electrochemical techniques.

32.3.6 Atomic Techniques
Atomic spectroscopic methods are based on the measurement of
the electromagnetic radiation absorbed or emitted by the atoms
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Table 32.7
Inorganic Nutrients Determination in Foods by Electrochemical Techniques
Element
Co, Cu, Fe, Ni,
Zn
Co, Ni

Cu

Cu

Cu, Cr, Zn
Cu, Cr (III), Fe
(III), Se, Zn
Cu, Zn

Fe
Ni
Se
Zn

Food

Sample Treatment

Honey

UV photolysis

Wine
Milk, cheese, chocolate
Refined sugar beet
Water
Beer
Rice, vegetables

UV photolysis/H2O2/HNO3
HNO3–HClO4–H2O2
Direct (not treatment)
DMG as complexing agent
HNO3
Microwave digestion
(HNO3:H2O2) (4:1)
HNO3:H2SO4 (4:1)
HNO3/HClO4 (130°C/3 h)
HNO3/H2O2 (150°C)
HNO3/HCl Dry ashing(600°C/1 h)
Dry ashing (650°C/8 h)
H2SO4/HNO3/H2O2
HNO3/HCl and dry ashed 600°C
Sample dilution and filtration
Filtration and UV digestion
Direct (not treatment)
HCl/HNO3/H2SO4

Fish
Rice
Spinach
Tea
Tomato
Rice
Tea
Tomato
Mineral water
Wine
Meals
Certified Reference Materials
Cow liver
Whisky
Mussels, clams, fish
Fish

Amino acids parenteral nutrition
Certified Reference Material
Infant formulas
Fish
Water
Infant formulas
Milk
Rice
Rice
Tea
Water

Rice, flour, soya, sugar

Technique

Reference

DPASV
DPCSV
DPCSV
DPCSV
DPCSV
DPAdSV
Sono-ASV
AdSV

Buldini et al. (1999)
Karadjova et al. (2000)
Sancho et al. (2000)
Ghoneim et al. (2000)
Saterley and Compton (2000)
Lu et al. (2004)

dPSA
AdSV

Saei-Dehkordi and Fallah (2011)
Abbasi et al. (2010b)

ASV

Abbasi et al. (2010b)

DPASV
ASV

Wiese and Schwedt (1997)
Locatelli (2007)

HNO3/HClO4/H2SO4

DDP

Yilmaz and Somer (2010)

Direct (not treatment)
H2SO4/HNO3
Closed low temperature microwave
-activated oxygen plasma
processor (144–168 h)
H2SO4/H2O2, UV irradiation
HNO3/H2O2, Microwave digestion
HNO3, Dry ashing
HNO3/H2SO4, 200°C
5-Br-PADAP as complexing agent
Dry ashing and HNO3
HNO3/HClO4
Wet acid/dry ashing
H2SO4/HNO3/H2O2
N-Nitrozo-N-phenylhydroxylamine
(Cupferron) as complexing agent
HNO3/HCl Dry ashing (600°C)
Filtration and UV digestion
HNO3/H2O2, microwave digestion
Carbidopa as complexing agent

ASV
DPASV
DPSAV

Barbeira and Stradiotto (1998)
Locatelli (2000)
Celik and Oehlenschläger (2004)

ASV
dPASV
DPASV
dPSV
DPAdSV
DPCSV
DPCSV
CSV
CAdSV

do Nascimento et al. (2006)
Sucman et al. (2008)
Jannat et al. (2009)
Saei-Dehkordi and Fallah (2011)
Ghoneim et al. (2000)
Barberá et al. (1994)
Inam and Somer (2000)
Panigati et al. (2007)
Abbasi et al. (2010a)

AdCSV

Gholivand et al. (2007)

of the element to be measured in a sample. These methods are
more rapid, precise, and accurate than traditional ones.
To determine elemental contents in foods, atomic spectroscopic techniques include flame (F) atomic absorption spectrometry (AAS), electrothermal-AAS (ET-AAS), flame atomic
emission spectrometry (FAES), and inductively coupled plasma
(ICP)-AES. Although nowadays the ICP-MS is available, the
determination of elements of widespread nutritional interest do
not usually require the detection capability ICP-MS offers. Most
of the elements of nutritional interest do not require the use of
highly sensitive methods such as GF-AAS. In general, the sensitivities of flame AAS and ICP-AES are sufficient to determine
the contents of elements of nutritional interest in foods.

Buldini et al. (2001)

The extensive annual literature reviews in the section titled
“Atomic Spectrometry Update—Clinical and Biological
Materials, Food and Beverages” of the Journal of Analytical
Atomic Spectroscopy reflects the major role that atomic spectroscopy has played in the development of currents databases for
minerals in foods. Comprehensive reviews of literature reports on
methods focus on the progress for individual elements, sampling
and sample preparation, references materials, and developments in
analytical methodology and instrumentation (Taylor et al. 2013).
AAS is the most used technique for the majority of element
analysis, interferences are well established and relatively easily overcome, and AAS spectrometers are widely available. The
comparison between FAAS and ET-AAS sampling systems
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shows individual features that complement each other. Some
samples are best run by flame and others on the furnace. FAAS
is faster than the ET-AAS (5–10 s per determination on the
flame versus 2–10 min for the furnace). In addition, interference problems are less severe and often easier to overcome on
the flame. The higher sensitivity and smaller sample requirement
of ET-AAS when compared to FAAS makes it the technique of
choice in the analysis of ultratrace elements and in cases where
the sample volume is limited. Besides this, in ET-AAS, some
samples may be analyzed directly as a solid. The choice between
flame and graphite furnace will usually be determined by the
concentration range of the analyte (Miller and Rutzke 2003).
There has been a significant increase in the widespread use
of ICP-AES for elemental food composition analyses. ICP-AES
instruments are capable of determining concentrations of multiple
elements in a single sample with a single aspiration. This offers
a significant speed advantage over AAS when the objective is to
quantify several elements in a given sample. Detection limits of
most elements are in the range of 1–100 ng mL−1. Calibration
curves have wide linearity ranges, usually 4–6 magnitude orders,
higher than the detection limit, thus allowing the instrument calibration with a reduced number of standards (usually two), making
the requirement for sample dilution less likely (Miller-Ihli 1996).
Owing to the high temperature of the plasma and the completeness
of atomization, chemical matrix interferences due to molecular formation are less probable in ICP-AES than in FAAS, but there can
be problems with spectral lines overlap (Miller and Rutzke 2003).
Depending on the elements to be analyzed, ICP-AES or AAS
are the techniques of choice. For refractory elements and nonmetals, ICP-AES is preferable, though for chloride and fluoride,
it is not suitable because these elements require higher excitation
energy than that provided by the ICP discharge, while AAS is
better for volatile elements and group I metals (Broekaert 2005).
Since the 1980s, ICP-MS is considered a powerful tool for the
determination of total element concentrations and also for the
measurement of individual isotopes of elements. The technique
is rapid and the limits of detection are low. In addition, it can be
coupled with chromatographic systems. All these characteristics
make ICP-MS useful for multielement determinations in foods
and the measurement of isotope ratios. The coupling of ICP-MS
with LC will permit its use on trace metal speciation and the
estimation of bioavailability (Taylor 2001).
In Table 32.8, determinations in foods of inorganic nutrients
by atomic spectrometric methods are summarized.

32.3.7 Chromatography
High-pressure liquid chromatography (HPLC) and ion chromatography (IC) have been widely recognized as versatile techniques for
multielement and sensitive analyses of metal ions, by using either
pre- or postcolumn derivatization. These techniques have been
more applied to inorganic anions than to inorganic cation analysis. To be useful, postcolumn reactions must be rapid and generate
low background signals. Dead volume associated with connecting
tubing, detector, and mixing devices must be minimized to avoid
unnecessary peak dispersion. The precolumn derivatization procedure ensures that the excess of reagent is completely separated
from the chelates and does not actually contribute to the increase
in baseline signals at the chelates peak positions. Therefore, the

achievable sensitivity is only determined by the inherent signal/
noise of the detector. Precolumn derivatization is usually performed off-line (batch) because of instrumentation simplicity.
But off-line manipulation has proved to be laborious and timeconsuming, especially if a number of samples are to be processed,
and may result in low precision. On the contrary, online derivatization offers automation, easiness, and a high sampling rate, thus
providing an attractive alternative. Some developments in online
precolumn derivatization have involved the coupling of FIA or
sequential injection (SI) with HPLC. FIA involves inexpensive
hardware and a simple operational basis, while SI offers a high
potential for higher degree performance in laboratory automation,
with less sample/reagent consumption (Burakham et al. 2007). IC
has drawn the attention of analysts due to its high sensitivity, rapidity, easiness of operation and the relatively cheap and widely used
instrumentation, coupled to the advantage of simultaneous anion
and cation determinations (Buldini et al. 2002).
The main mode of detection is electrical conductivity (EC),
although UV absorbance has also been used in some applications. The most utilized techniques are suppressed ion chromatography (SIC), where the analytical column is followed by a
second column used to suppress the background EC of the eluent, or single-column ion chromatography (SCIC) where the eluents are low EC. The amperometric detector is also used in food
analysis. Other detectors used in IC determination of inorganic
species, with or without postcolumn derivatization, are UV-VIS
for transition metals determination, ICP, and so on.
The simultaneous determination of anions (Cl−, F−, NO2−, NO3− ,
2−
4+
+
+
2+
2+
PO3−
4 , and SO 4 ) and/or cations (NH , Na , K , Mg , Ca ) by
IC constitutes the single biggest application of liquid chromatography (LC).
IC is now a routine technique in food analysis and the number
of IC standard methods is growing very rapidly. The following
are some of the IC methods proposed by the AOAC (2002):
• Iodine, as I−, is measured in liquid and powdered milk
in clear filtrate (by passing through a membrane) by
reverse-phase ion-pair LC and is selectively detected
electrochemically with silver electrode (Method 992.22).
• Cr (VI), as CrO2−
4 , in drinking water, pH 9–9.5 is separated by IC using anion exchange separator column. Cr
(VI) is derivatized with diphenylcarbazide in postcolumn reaction and detected at 530 nm (Method 993.23).
• In drinking water, anions (Cl−, F−, etc.) are separated
by ion chromatography and detected by conductimetry
(Method 993.30).
A review of the applications of IC to the determination of inorganic ions in food has been carried out. It includes applications
to the determination in milk of inorganic anions (NO3− , SO2−
4 ,
−, Cl−, I−) or nitrogen, sulfur and phosphorus, halides,
PO3−
,
Br
4
and oxyhalide species, basically by using a conductivity detector,
while iodine and IO3− are usually determined by UV–Vis and/or
amperometric detection. In addition, the review includes applications of the determination of inorganic cations in milk such as
total Se, Ca (UV-Vis detection), and K (conductivity detection)
(Buldini et al. 1997). The general applicability of IC to milk and
dairy products, whey, and its derivates offers a simple tool for the
systematic study of these products (Alegría et al. 2009).
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Table 32.8
Inorganic Nutrients Determination in Foods by Atomic Spectrometric Methods
Element/Food

Technique

Ca/Cow’s milk
Ca/Milk-based fruit beverages
Ca, Cu, F, Fe, Mg, Mn, Na, P, Zn/Infant
formula
Ca, Cu, Fe, K, Mg, Mn, Na, P, Zn/Wines
Ca,Cu, Fe, K, Mg, Mn, Na, P, Zn/
Peanuts/Reference materials
Ca, Cu, Fe, K, Mg, Mn, Na, Zn/
Skimmed-milk yogurts
Ca, Cu, Fe, K, Mg, Mn, Na, P, S, and
Zn/7 Food SRMs

FAAS
FAAS
ICP-AES

Ca, Cu, Fe, Zn/School meals

Co, Cr, Mo, Ni, Se/Edible seaweeds

FAAS
ETAAS
FAAS
ETAAS
ETAAS
FAAS
ETAAS
FAAS
ETAAS
ICP-MS

Cr/Baby foods
Cu, Zn/Foods

ETAAS
FAAS

Fe/Grape juice, wine, and other
alcoholic beverages
Fe/Legumes, citrus leaves (SRM)
Fe, Cu, Se, Zn/Chicken meat, bovine
muscle

ETAAS

Ca, Cr, Mg, Mn, Se, Zn/Olive oil
Co, Cu, Fe, Co, Ni, Zn/Wine
Co/Natural waters
Co/Flour fractions

ICP-AES
ICP-AES/
ICP-MS
FAAS
ICP-MS

I/Infant formula

FAAS
ICP-AES
ICP-MS
HG-ICP-MS
ETAAS

I/Dairy products

ICP-MS

I/Foods
P/Foods

ICP-MS
FAAS

Se/Chicken

ICP-MS

Se/Coconut milk, coconut water

ETAAS

Se/Food supplements

Se/Human milk, infant formulas
Se/Human milk

FIA-HG-AAS

Se/Potatoes

HG-AFS

a

Bioavailability studies.

Sample Treatment/Comments

Reference

HNO3–HClO4 (4 + 1)
Dry ashing at 450°C
Aqueous solution, 10% of mixed tertiary amines containing
EDTA
Wines diluted 1:100 with HNO3 2%w/v
Microwave digestion: HNO3–H2O2

Moreno-Torres et al. (2000)
Cilla et al. (2011)a
Hua et al. (2000)

Dry ashing at 460°C

Rojas et al. (2000)

Comparison dry ashing at 500°C, HNO3–HClO4, three
different microwave digestion: HNO3, HNO3–H2O2,
HNO3–H2O–THF
Dry ashing 45°C

Sun et al. (2000)

Wet digestion: HNO3–V2O5. Ca, Mg determined by FAAS
and Cr, Mn by ETAAS
UV photolysis
Online FI-ETAAS method utilizing ion-pair sorption on the
inner walls of a PTFE knotted reactor. DL was 5 ng L−1
Wet digestion (HNO3 0.1 mol/L/FI–chelation system–
preconcentration column fluxed with ethanol
Microwave digestion: HNO3–H2O2 (4.5:0.5)

Roca et al. (2000)

Slurry (10% C2H5OH/5% H2O2/0.5% HNO3)
Microwave digestion: HNO3–H2O2 (2:1)
Preconcentration: 1-(2-pyridylazo)-2-naphthol.
Triton X-114. Centrifugation
Wet ashing: HNO3–H2SO4

Kallithraka et al. (2001)
Phan-Thien et al. (2012)

Cámara et al. (2005b)a

Buldini et al. (1999)
Benkhedda et al. (2000)
González et al. (2000)
Ródenas de la Rocha et al.
(2009)
Viñas et al. (2001)
Ferreira et al. (2008)

Olalla et al. (2000)

Dry ashing (450°C)
Comparison wet digestion method

Quinteros et al. (2001)
Bou et al. (2004)

Indirect determination: alkaline digestion + precipitation
with Ag, dissolution with cyanide solution/Ag measured
Slurry sonication: aqua regia
Microwave digestion: HNO3–H2O2
Direct analysis previous dilution with water
Comparison of digestion methods
Wet digestion: HNO3/N2. High-pressure ashing—autoclave
Indirect determination as bismuth phosphomolybdate at the
Bi 223.06 nm line. DL 0.008 µg g−1
Microwave digestion: HNO3–H2O2
Enzymatic probe sonication (protease Streptomyces griseus,
sonication 120 s 200 w and centrifugation 40,000 rpm
Suspension in a mixture of tertiary amines. Modifier: Pd
Zeeman BG
Ultrasonic-assisted enzymatic digestion (protease XIV),
ultrasonication 120 s, centrifugation 4000 rpm 3 min
Microwave digestion HNO3–H2O2
Microwave digestion HNO3 and H2O2 in medium-pressure
Teflon bombs + digestion to 140°C 2–3 h to clear digest
Se (VI) reduction to Se (IV)
FI: carrier HCl (flow 9 mL min−1), reduction 0.05% NaBH4
in 0.1% NaOH (flow 4 mL min−1), 500 µL sample
injection
Wet digestion HNO3–H2SO4–H2O2

Bermejo-Barrera et al.
(2001)
Cava-Montesinos et al.
(2005)

Haldimann et al. (2005)
Mihajlovic et al. (2000)
Cabañero et al. (2005)

Aleixo et al. (2000)
Vale et al. (2010)

Torres et al. (1999)
Alegría et al. (1998)

Cuderman et al. (2008)
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32.3.8 Speciation
Food safety and nutritional quality are dependent on the chemical form in which an element occurs in food. The concentration
of particular element species determines the toxicity, essentiality, and bioavailability of a trace element. Consequently, information on the speciation of elements in foods is of paramount
importance for studies of human nutrition and health and permits the food industry to gain a competitive advantage and to
improve product quality, especially for food supplementation.
This information is required to ensure the presence of elements
in the desired form and increase the bioavailability of essential
minerals as Se, Zn, and Fe (Khouzam et al. 2012).
In speciation analysis, the most important and problematic
step is sample preparation. The primary mistake made during
sample preparation and analysis is related to the stability problem of complexed species. A review on element speciation analysis in foodstuffs with especial attention to sample preparation has
been recently published (Ruzik 2012).
The identification of elements and their species requires the
use of separation steps. LC and capillary electrophoresis (CE)
are the most usual separation techniques. Among them, size

exclusion chromatography (SEC) is one of the most commonly
used separation technique for complexes of elements with bioligands, ICP-MS being the most frequently recommended detection unit. SEC-ICP-MS is a simple technique allowing to obtain
low detection limits. An emerging trend in speciation analysis is
the use of LC-MS-MS. Recent improvements in the electrospray
source design and sensitivity of triple quadrupole analyzers allow
much lower detection limits to be obtained in comparison with
ICP-MS. The MS-MS systems are still much more expensive
than ICP-MS but they are versatile. These techniques are known
as hyphenated (coupled, hybrid) techniques. Hyphenated techniques are powerful to carry out speciation. Coupling of capillary electrophoresis (CE) with ICP-MS or liquid chromatography
(LC) with CE-ICP-MS will be useful to carry out multielemental
analysis, especially the isotopic ones. Nowadays, more efforts
are made in the preconcentration and separation steps than in the
development of more sensitive detection systems (Spuznar 2000).
In a recent review, the state of the art of analytical approaches
to speciation of trace elements in food products have been discussed (Khouzam et al. 2012).
Recent studies on speciation of elements of nutritional interest
in foods, by using hyphenated techniques, are shown in Table 32.9.

Table 32.9
Inorganic Nutrient Determination in Foods: Elemental Speciation
Element/Food
Al, Cu, Cd, Zn, V, Cr, Sn, U,
Ag, Hg, Pb, Sb, Co, Mn,
Mo, Ni, Rh and In/Mussels
Ca, Cu, Fe, Mg, Mn, Zn/
Human milk
Cd, Cu, Zn/Fish

Cu, Fe, Mn, Zn/Nuts and
seeds
Fe/Beef meat

I/Milk

Se/Yeast

Se/Onions

Se/Vegetables

Zn/Pumpkin seeds

Sample Preparation

Defatted samples by centrifugation 4000 rpm for
15 min at 5°C and lipids removed after solidification
by light cooling
Liver homogenization with buffer (Tris/HCldithiothreitol-phenylmethylsulfonyl fluoride),
centrifugation 1000g 10 min at 4°C. Supernatant
heated 65°C 15 min, centrifugation again
Defatted samples with methanol: chloroform (1:2) v/v
Vacuum filtration. Shaking 350 rpm 30 min with
deionized water. Centrifugation 4000 rpm 20 min
Sample homogenization with sodium dihydrogen
orthophosphate, potassium cyanide and sodium
sulfate at pH 7.2 for 5 min. Centrifugation
Milk + sodium dodecyl sulfonate in an ultrasonic bath
and incubated 2 h at 37°C. Enzymolysis with lipase
and pronase 16 h at 37°C
Enzymatic probe sonication: addition of H2
O2 + nonspecific protease S. griseus (protease XIV).
Sonication 30 s
a. Frozen-dried onion with addition of NaOH and
shaking 15 min
b. Enzymatic extraction: Pronase E, shaken a room Tª
24 h. Centrifugation 5000 brpm 10 min
Water-soluble Se compounds: Water extraction,
shaken 5 min room Tª
Se compounds bound to proteins: Enzymatic
hydrolysis: protease XIV, shaken 24 h at 37°C.
Centrifugation 14,000 rpm/min 30 min
Ultrasound-assisted water extraction. Sonicated
2 min, centrifugation 1900g 15 min

Separation Technique

Detection Technique

SE-FPLC

ICP-TOF-MS

Ferrarello et al.
(2000)

SEC

ICP-MS

Bocca et al.
(2000)

SE-FPLC + AE-FPLC

ICP-MS

Rodríguez-Cea
et al. (2006)

SEC (collection
fraction by UV
detection)
SEC

GF-AAS/
MALDI-TOF-MS

Naozuka et al.
(2010)

ICP- MS

Harrington
et al. (2001)

SEC

ICP-MS

HPLC

ICP-MS

Sánchez and
Szpunar
(1999)
Capelo et al.
(2004)

IC

ICP-MS

Kapolna and
Fodor (2006)

IC

HG-AFS

Mazej et al.
(2006, 2008)

SEC

ICP-MS

Ovca et al.
(2011)
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32.4 Conclusions
Food are usually complex matrices, where mineral elements are
minor components, that being the reason of the importance of
the preparation/pretreatment of the sample. The risks of losses
and contamination in this step of the analysis are high; therefore,
it is necessary to adopt caution in measuring these risks.
The most utilized techniques in the determination of mineral contents in foods are the various spectroscopic techniques.
However, there are several other techniques available, which can
offer advantages in comparison to the spectroscopic techniques.
Electroanalysis techniques, for instance, permit the simultaneous determination of different elements with a high sensitivity,
although the requirements for complete organic matter destruction are high and the application of these types of techniques
require a more skilled staff than the spectroscopic ones.
Other available techniques, such as NAA and XRF, are highly
sensitive and only a very simple sample treatment is necessary, being nondestructive methods, but the equipment is more
expensive.
In the analysis of ions, specific electrodes are widely used, the
same as IC for cation and anion analysis.
Nowadays, there is a growing interest in speciation, because
the physiological role of a given element depends on the form
that it occurs. Therefore, several studies are devoted to the development of speciation methods that usually include several steps
and apply hyphenated techniques. In fact, more efforts are done
in speciation than in improving detection limits.

Abbreviations used in tables
AE-FPLC	Anion Exchange Fast Protein Liquid
Chromatography
ASV
Anodic Stripping Voltammetry
AdSV
Adsorption Stripping Voltammetry
BG
Background correction
5-Br-PADAP	2-(5-Bromo-2-Pyridylazo)-5(Diethylamino)Phenol
CINAA	Cyclic Instrumental Neutron Activation
Analysis
CSV
Cathodic Stripping Voltammetry
DAN
2,3-Diaminonaphthalene
DL
Detection Limit
DMG
Dimethylglyoxime
DPASV	Differential Pulse Anodic Stripping
Voltammetry
DPCSV	Differential Pulse Cathodic Stripping
Voltammetry
DPP
Differential Pulse Polarography
ED-XRF
Energy Dispersive X-Ray Fluorescence
EDTA
Ethylene Diamine Tetraacetic Acid
EINAA	Epithermal Instrumental Neutron Activation
Analysis
ETAAS	Electrothermal Atomic Absorption
Spectroscopy
FAAS
Flame Atomic Absorption Spectroscopy
FI
Flow Injection
FIA
Flow Injection Analysis
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HG-AFS	
Hydride Generation Atomic Fluorescence
Spectrometry
HPGe
High-Purity Ge
HPLC
High-Performance Liquid Chromatography
IC
Ionic Chromatography
ICP-AES	Inductively Coupled Plasma Atomic
Emission Spectroscopy
ICP-MS	Inductively Coupled Plasma Mass
Spectrometry
ICP-OES	Inductively Coupled Plasma Optical
Emission Spectrometry
ICP-TOF-MS	Inductively Coupled Plasma Time-of-Flight
Mass Spectrometry
INAA
Instrumental Neutron Activation Analysis
LA
Laser Ablation
MALDI-TOF-MS	Matrix-Assisted Laser Desorption Ionization
Time-of-Flight Mass Spectrometry
MS
Mass Spectroscopy
Ammonium acetate
NH4OAc
NaOAc
Sodium acetate
PIXE	Proton-Induced X-Ray Emission or ParticleInduced X-Ray Emission
PN
Pneumatic Nebulization
RNAA
Radiochemical Neutron Activation Analysis
SE-FPLC	Size Exclusion Fast Protein Liquid
Chromatography
SEC
Size Exclusion Chromatography
TR-XRF
Total Reflection X-Ray Fluorescence
UV
Ultraviolet
WD-XRF
Wavelength Dispersive X-Ray Fluorescence
XRF
X-Ray Fluorescence
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33.1 Introduction
This chapter has been compiled with the intention of focusing on
recent developments in food analysis with an emphasis on post2005 developments. The focus on recent developments is particularly appropriate in the case of dietary fiber (Codex Alimentarius
Commission, 2010), because there has been a concerted international effort in the last decade to arrive at a consensus definition of
dietary fiber, and to develop an analytical method that accounts for
all the components embraced by the definition (McLeary, 2010).

This chapter in the two previous editions of the handbook had
to address the problem of multiple definitions of dietary fiber,
and many corresponding methods of analysis that differed principally in the food components that they would measure. The
task is a lot simpler now that there is more general consensus
on the meaning of dietary fiber, and on its measurement. As the
definition of dietary fiber adopted by the Codex Alimentarius
Commission (CODEX) was based on agreement by a large international consortium of recognized experts in the field, and as the
recent CODEX-compliant methods for analyzing dietary fiber
(McLeary et al., 2010, 2012) were developed specifically with
755
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A consensus on the definition of dietary fiber was achieved at the
30th Session of the Codex Alimentarius Commission Committee
on Nutrition and Foods for Special Dietary Uses, Committee, Cape
Town, South Africa, November 3–7, 2008, with slight modifications at the 2009 and 2010 meetings, and a method for measuring
the totality of components included in the definition has become
an AACC International approved method (McLeary et al., 2012).
Consensus definition of dietary fiber achieved by CODEX and
footnotes to it are as follows:
Dietary fiber means carbohydrate polymers* with 10 or more
monomeric units,† which are not hydrolyzed by the endogenous
enzymes in the small intestine of humans and belong to the following categories:
• Edible carbohydrate polymers naturally occurring in
the food as consumed.
• Carbohydrate polymers which have been obtained from
food raw material by physical, enzymatic, or chemical
means and which have been shown to have a physiological effect of benefit to health as demonstrated by
generally accepted scientific evidence to competent
authorities.
• Synthetic carbohydrate polymers which have been
shown to have a physiological effect of benefit to health
as demonstrated by generally accepted scientific evidence to competent authorities.
Despite the years of argument over the definition of dietary
fiber, the consensus definition of CODEX is close to the original definition of dietary fiber as plant cell wall-based roughage,
expanded to include nondigestible polysaccharides and nondigestible oligosaccharides (Trowell et al., 1976).
* When derived from a plant origin, dietary fiber may include fractions of
lignin and/or other compounds when associated with polysaccharides in
the plant cell walls. These compounds may also be measured by certain
analytical method(s) for dietary fiber.
† Decision on whether to include carbohydrates from 3 to 9 monomeric units
should be left to national authorities.

The overall challenges to analysis that are raised by the CODEX
definition are first, to account for all the food components
included in the definition; second, to avoid double counting of
any components; and third, to bear some relationship to the physiologically distinctive fractions of nondigestible carbohydrates.
Until the development of the integrated dietary fiber method for
measuring all that the CODEX defined as dietary fiber, the main
methods in use (AOAC 985.29 and 991.43) (Prosky et al., 1985;
Lee et al., 1992) failed to some degree to account for all the components within the CODEX definition (Table 33.1).
Failure to account for all components of dietary fiber was
a particular problem with low-molecular-weight nondigestible carbohydrate polymers, the oligosaccharides, because of
their solubility in 78% ethanol, which had been traditionally
used as a method of separating dietary fiber polymers from
Table 33.1
Examples of Components of the Dietary Fiber Fractions and Their
Recovery by AOAC Integrated Methods 2011.25 and 2009.0,
Compared with Forerunner Methods 985.29 (“Prosky”) and 991.43
(“Prosky-Lee”) Which Failed to Include 78% Ethanol-Soluble and
Some Resistant Starch Fractions
Fiber Fraction
LMWDF
(low molecular
weight)
80% ethanol
soluble

HMWDF
SHMWDF (soluble
high molecular
weight)
80% ethanol
precipitated,
water soluble
IHMWDF
(insoluble high
molecular weight)
water insoluble

Possible Components (Examples)
Inulin
Fructooligosaccharides
Galactooligosaccharides
Polydextrose
Resistant maltodextrin
Oligosaccharides made by partial
degradation of polysaccharides,
(e.g., Konjac)

Hydrocolloids
Gums
Soluble hemicelluloses
Soluble pectin
Soluble pentosans
Soluble β-glucans (cereal)
Resistant starch
Physically inaccessible (RS1)
Resistant starch granules (RS2)
Retrograded starch (RS3)
Chemically modified starch (RS4)
Insoluble pectin
Insoluble hemicelluloses
Cellulose
Lignin
Insoluble β-glucans (yeasts, molds)
Compounds “intimately associated”
with plant polysaccharides (e.g.,
phenolic compounds, waxes, and
phytates) if quantified
gravimetrically

Recovery
by Method

985.29/991.43

33.2 Definition of Dietary Fiber

33.3 Analytical Challenges Raised by the
CODEX Definition of Dietary Fiber

2011.25
2009.01

the CODEX definition in mind, this chapter will focus principally on these methods. Most of the previous methods can now
be considered obsolete for the purposes of regulation and food
labeling, and the focus of this chapter will be on the only methods so far designed specifically to account for all the components
of dietary fiber as defined by CODEX and to provide a value for
the sum of them.
Most analytical procedures attempt to separate and individually quantify members of a class of food components, such as lipids or amino acids. However, in the case of dietary fiber analysis,
the objective has been opposite, as analysis has aimed at drawing
together a diverse range of molecules that contribute to the conglomerate that, it has been agreed, is dietary fiber—undigested
polysaccharides and oligosaccharide from many sources, plant
cell wall remnants, and molecules “associated” with them, such
as lignin and waxes.
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Notes: Method 2011.25 separates three fiber fractions and 2009.01 separates
two fractions.
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soluble sugars in foods by precipitation. With the growing
importance of prebiotic oligosaccharides in the marketplace
and their widespread promotion as agents of improved bowel
health, it was considered important that they be fully recovered in dietary fiber analysis. Inulin-type oligosaccharides,
β-galactooligosaccharides, polydextrose, and a growing number of prebiotic oligomers from incomplete hydrolysis of polysaccharides, such as konjac, fall into this group. A portion of
some polysaccharides and some resistant starch may also fail
to precipitate in ethanol.
The need to account for 78% ethanol-soluble oligo- and polysaccharides led to a growing number of supplementary methods
for analysis of specific oligosaccharides (Table 33.2). Although
the supplementary methods are considered valuable for measuring individual food constituents, using them as a part of dietary
fiber analysis potentially gives rise to the problem of double
counting of dietary fiber components, because a number of the
components, such as polydisperse inulin, that could be measured
specifically did not distribute exclusively into one or other of
the 78% ethanol-soluble and insoluble fractions. In such cases,
the portion remaining in the insoluble fraction would be double
counted when the high-molecular-weight fiber residue was added
to the total of the separately measured component to get a total
fiber value. The problem was likely to grow as the number of
short-chain dietary fiber components increased along with the
number of methods required to measure them.
In the integrated method, the aim has been to measure all polysaccharides >DP3 using liquid chromatography in a single run so
as to eliminate the need for a specific oligosaccharide analyses.
By analyzing the 78% ethanol-soluble components on the basis
solely of being carbohydrate, and of low DP, the need to know in
advance what species of carbohydrate are present is overcome,
and a full dietary fiber analysis of unknown samples is possible.
The problem of double counting also potentially applied to
starch, when measured in a separate subsample to the subsample
used for dietary fiber analysis. There was not a clear demarcation
between the starch that would contribute to the available carbohydrate under the conditions of available carbohydrate analysis,
and the portion that was resistant to digestion under the conditions of dietary fiber analysis, in which it could also contribute to
dietary fiber (McLeary and Rossiter, 2004).
A further aim of revising dietary fiber methodology was to
better align the conditions of analysis with the conditions a food
would encounter in the gut, addressing the need for increased
Table 33.2
Methods for Measuring Oligosaccharides Not Fully Recovered in
AOAC Dietary Fiber Methods 985.29 and 991.43 due to Their
Solubility in 78%–80% Ethanol
Analyte
Polydextrose
Fructans (IEC)
Fructans (enz/spect)
trans-Galactooligosaccharides
Resistant starch
Resistant maltodextrin

AOAC Official
Method
2000.11
997.08
999.03
2001.02
2002.02
2001.03

Reference
Craig et al. (2000)
Hoebregs (1997)
McLeary et al. (2002)
De Slegte (2002)
McLeary et al. (2002)
Gordon and Okuma
(2002)

physiological relevance in fiber analysis, which has been a longstanding problem (Monro, 1993). In the CODEX-compliant
method, starch is digested before any analytical heat treatment,
and amylases are inactivated by a heat treatment after digestion.
In contrast, in the AOAC 985.29 (Prosky et al., 1985) and 991.43
(Lee et al., 1992) methods that preceded the CODEX method,
the sample is heated to gelatinize starch before analytical digestion. The starch digestion is therefore more physiological than
in earlier methods, and the digestibility of the starch in a food is
determined more by its processing history than by the treatment
it has been exposed to in fiber analysis.
However, the problem of heat causes changes in the solubility of dietary fiber polysaccharides; so, altering their distribution
between soluble high-molecular-weight and insoluble highmolecular-weight fractions (Gooneratne et al., 1994), has not
been addressed.
Development of the new integrated method for dietary fiber
analysis that is compliant with the CODEX definition, although
simplified, remains a multistep analysis, most likely applied by
a dedicated food analysis laboratory with the capability to correctly apply the range of procedures required.

33.4 CODEX-Compliant Dietary Fiber Analysis
The CODEX-compliant method for total dietary fiber determination, developed as an “integrated total dietary fiber method” in
the sense that it captured all components covered by the CODEX
definition, has now been accepted as the AOAC method 2009.01
(McLeary et al., 2010) and its more recent extension for the separate measurement of soluble and insoluble fiber (AOAC method
2011.25) (McLeary et al., 2012). The intention was to provide
methods to meet the needs of the dietary fiber research, regulation, and labeling. The method is described below as the core of
this chapter, before its strengths, weaknesses and relevance, and
some further options for fiber analysis are discussed. The main
processes involved in the integrated method are summarized
in Figure 33.1, and stages in the soluble/insoluble fiber method
(AOAC 2011.25) are outlined below, based on publication of the
method in detail (McLeary et al., 2012). The method is available
in kit form (Megazyme K-INTDF).
The differences in the sequence of steps and in the treatment
of the ethanolic filtrate in the AOAC methods that preceded the
integrated method are summarized in Figure 33.2.

33.5 AOAC Method 2011.25 for Total Soluble
and Insoluble Dietary Fiber
33.5.1 Step 1: Sample Preparation (Step a Figure 33.1)
For the analysis to have nutritional relevance, the samples should
represent foods as consumed. Collection procedures should
therefore ensure representative sampling.
After sampling, the foods need to be comminuted to <0.5 mm.
In preparation for milling, they should be defatted if >10% fat,
and if >25% moisture, they should be freeze dried.
To achieve a particle size of <0.5 mm, the use of a centrifugal 12-tooth grinding mill with a 0.5-mm sieve has been
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<0.5 mm for digestive enzyme
access to the substrate.

Digest starch
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dietary fiber.

Heat/
Digest protein

To inactivate the starch
digestion enzymes after the
required length of digestion,
and to digest protein.

Filter

Filtrate 1
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precipitate

e.
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f.
Residue 2
g.
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i.

Weigh

Weigh

Correct
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To prepare residues for
gravimetric fiber
determination.
Concentrate
Deionize
Separate
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Corrected
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(IHMWDF)

Corrected
weight
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To prepare and measure lowmolecular-weight fiber
components.
To determine the mass of fiber
obtained.
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and minerals in the residue based
on N and ash determinations in
duplicate samples.

j.

k.

To separate high-molecularweight soluble from lowmolecular-weight-soluble
polysaccharides.

Filtrate 2

Dry

h.

To separate water-insoluble fibers
from soluble fibers.

Weight
( SLMWDF )

TDF = IHMWDF +
SHMWDF + SLMWDF

Figure 33.1 Processes involved in AOAC method 2011.25 for integrated analysis of soluble low-molecular-weight dietary fiber (SLMWDF), soluble
high-molecular-weight dietary fiber (SHMWDF), insoluble high-molecular-weight dietary fiber (IHMWDF), and total dietary fiber (TDF).

recommended, but any mill that provides a similar product without overheating the samples may be used.

33.5.2 Step 2: Digestion (Step b Figure 33.1)
Digestion runs should include blanks as well as samples so
that any reagent material in the residues can be allowed for.
Digestions are conducted in 250-mL-wide mouth-capped bottles
of soda glass or polypropylene. Duplicate 1.0 ± 0.005 g samples
are weighed into the pots. Before digesting, the samples are each
moistened with 1 mL of ethanol to facilitate wetting when the
digestion fluid is added.
Digestion is commenced with the addition of 40 mL of a mixture of pancreatic amylase (50 U/mL) and amyloglucosidase
(3.4 U/mL) in sodium maleate buffer. The digestion medium
is prepared by dispersing 0.1 g of purified porcine pancreatic
amylase (about 130,000 U/g) and 0.3 mL of amyloglucosidase
stock solution (3300 U/mL) in 290 mL of sodium maleate buffer
(50 mM, pH 6.0, 2 mM CaCl2, and 0.02% sodium azide). The

sodium maleate buffer consists of 11.6 g maleic acid in 1600 mL
of distilled water adjusted to pH 6.0 with 4 M NaOH (160 g/mL),
with the addition of 0.6 g CaCl2 dihydrate. Sodium azide (0.4 g)
as a bacteriostat is added after the pH has been adjusted to 6.0.
The samples are stirred (150 rpm) at 37°C for 16 h.

33.5.3 Step 3: Inactivation of Α-Amylase and
Amyloglucosidase (Step c Figure 33.1)
Starch digestion is terminated after 16 h by adding 3.0 mL of
0.75 M Trizma base to the samples to adjust them to pH 8.2 and
increasing the temperature to 95–100°C for 20 min. The tubes
are then cooled to 60°C in preparation for protein digestion.

33.5.4 Step 4: Protease Digestion (Step c Figure 33.1)
Protease digestion involves adding 0.1 mL of protease (50 mg/
mL, 350 tyrosine U/mL) such as Subtilisin A, from Bacillus
licheniformis (E-BSPRT, Megazyme International Ireland Ltd.,
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Figure 33.2 Differences in analytical sequences in integrated dietary fiber analyses (AOAC methods 2011.25 and 2009.01) and in their forerunner
methods (AOAC methods 985.29 and 991.43). HMWIDF, high-molecular-weight insoluble dietary fiber; HMWSDF, high-molecular-weight soluble dietary
fiber; LMWSDF, low-molecular-weight soluble dietary fiber; HMWDF, high-molecular-weight dietary fiber; LMWDF, low-molecular-weight dietary fiber.
(A) Milling of the samples to 0.5 mm removes some of the structural constraints on digestion so that it may lead to an underestimation of type 1-resistant
starch and therefore of dietary fiber values. (B) Heating before digestion means that any ungelatinized starch (type 2-resistant starch) that might contribute to
undigested polysaccharide load would be lost in methods 985.29 and 991.43. (C) Whether the heat is applied to the sample before or after starch digestion (at
B or C), the heat treatment cooks the sample, and therefore leads to large alterations in the solubility of pectic polysaccharides. Therefore, beyond this point,
all the above methods are of questionable validity for nutritionally relevant analysis of insoluble and soluble dietary fiber in foods eaten raw or with minimal
processing. (G) In methods 985.29 and 991.43, short-chain nondigestible carbohydrates, including typical prebiotics, are lost in discarding the ethanolic
fraction. (H) Because of the heat treatments at B or C, and their effects on pectin solubility and chain length, the hydration properties of cell wall particles
are unlikely to be the same as when the food is consumed. Therefore, the nutritional relevance of the IHMWDF and SHMWDF separation is questionable.

Wicklow, Ireland) to the digestions and incubating at 60°C for
30 min. Acetic acid (4.0 mL of 2.0 M [115 glacial acetic acid/L])
is added to reduce the pH to approximately 4.3. At this stage,
a sorbitol internal standard (1 mL of 10% sorbitol) may be
added to monitor losses of low-molecular-weight fiber fractions,
including oligosaccharides, through the two filtration and precipitations steps.

33.5.5 Step 5: Filtration 1 (Step d Figure 33.1)
Filtration 1 (Figure 33.1) separates water-insoluble dietary fiber
from the water-soluble fiber. The water-soluble fiber consists
of both low-molecular-weight (LMWDF) and high-molecularweight species (HMWDF). The filtration employs a sintered
glass 50 mL Gooch crucible of coarse pore size. The crucible is
thoroughly cleaned beforehand by ashing and washing with the
cleaning solution, and rinsing with deionized water and acetone.

About 1.0 g of celite is added and the crucible plus celite dried to
a constant weight at 130°C. Just before filtering the Celite bed is
wetted with 15 mL of 78% ethanol and suction applied to obtain
an even flat bed.
The enzyme digest is quantitatively and carefully transferred
to the Celite bed with the assistance of 21.9 mL or less of deionized water at 60°C while the crucible is kept under suction.
The combined filtrate and water wash, which contains the total
water-soluble fiber, is retained for separation of low-molecularweight soluble dietary fiber (LMWSDF) from high-molecularweight soluble dietary fiber (HMWSDF) in the second filtration
(Figure 33.1, Step 6).

33.5.6 Step 6: Residue (Step g Figure 33.1)
The duplicate residues from the first filtration (Figures 33.1
and 33.2) are washed in the Gooch crucible twice with 15 mL
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volumes of 78% ethanol, 95% ethanol and acetone, and dried
overnight at 105°C. After cooling in a dessicator, the crucible is
weighed and the mass of the filtration residue is obtained from
the difference between the weights of crucible plus celite before
and after filtering and drying the residue.
The residue weight is corrected for the presence of protein and
minerals by determining N (×6.25) on one of the duplicate residues and ash (5 h, 525°C) on the other.

33.5.7 Step 7: Filtrate: Soluble Dietary Fiber
Soluble dietary fiber in the aqueous filtrate from filtration 1 contains HMWSDF and LMWSDF which are now separated by 78%
ethanol precipitation of the HMWSDF and filtration.

33.5.7.1 Precipitation of HMWSDF
(Step e Figure 33.1)
Make the combined filtrate and washings from Filtration
1–70 mL with water, add 279 mL of 95% ethanol preheated to
60°C, mix, and allow the HMWSDF to precipitate for 60 min.
Filter the precipitated HMWSDF on a preweighed bed of Celite
as before (Step 5). Rinse the container with 78% ethanol to
achieve quantitative transfer. Retain the filtrate and washings,
which contain LMWSDF.
As before (Step 5), wash the filtered ethanol precipitate in the
Gooch crucible with 78% ethanol, 95% ethanol and acetone. Dry
at 105°C overnight and subject one of the duplicate samples to N
analysis and the other to ashing to allow correction for residual
protein (N × 6.25) and minerals.

33.5.7.2 Low-Molecular-Weight Soluble Dietary
Fiber (Step h Figure 33.1)
The ethanolic filtrate obtained from filtration of the ethanol precipitated HMWSDF is the fraction formerly discarded in the
AOAC 985.29 and 991.43 methods. It may contain a variety of
low-molecular-weight nondigestible oligosaccharides, including
several that are important to measure because of their prebiotic
effects. They may be quantified by liquid chromatography after
thorough deionization. The major steps and principles of the typical analysis are described in the AOAC method 2011.25 (McLeary
et al., 2012). However, as long as appropriate steps and internal
standard(s) are included there is no reason why any method that
accurately quantifies the oligosaccharides should not be followed.
The number of low-molecular-weight components that could
appear in the LMWSDF is potentially vast, if one considers that
any number of degradation products of polysaccharides, as well
as natural oligosaccharides, can appear in this fraction. As it is
impractical to have to rely on a battery of tests for analysis of
unknown samples, and as supplementary analyses create the
potential for double counting, as already discussed, the collective
measurement of all oligosaccharides in a single chromatographic
run in AOAC methods 2009.01 and 2011.25 is a neat solution to
the problem.
Steps in the procedure for analysis of the LMWSDF as the sum
of the separated components may be summarized (full details in
McLeary et al., 2012) as follows:
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• Concentrate the ethanolic filtrate almost to dryness
using a rotary evaporator at 60°C.
• Dissolve the sample in about 20 mL water and deionize by passing through a mixed bed resin, pretested
to ensure that it has sufficient deionizing capacity,
followed by elution with a further 200 mL of deionized water. The currently recommended deionization
involves mixing 4.0 g Ambersep 200 (H+) resin or
equivalent with 4.0 g Amberlite FPA53 (OH¯) resin,
both 1.6 meq/mL ion exchange capacity, in a minimum of distilled water. The slurry is poured into a
disposable chromatography column (e.g., Bio-Rad
Econo-Pac) fitted with a one-way stopcock, a small
wad of cotton wool placed on the top, and the resin
washed with 20 mL of distilled water. It is recommended that if any alternative resins are used they be
tested with standard solutions of internal standard and
fructooligosaccharide to ensure that no carbohydrate
bonding has occurred.
• Evaporate the eluate almost to dryness at 60°C.
• Make it to 10 mL with deionized water.
• Filter through a 45 µm syringe filter.
• Apply to liquid chromatograph.
The chromatography is carried out with appropriate retention
time standards. Total LMWSDF is obtained by summation of the
areas under the curve for carbohydrates of DP >2, after having
made sure that the cut off between DP 2 and DP 3 oligosaccharides has been identified.
The mass of LMWSDF is determined by comparison with the
peak area for glucose, which gives the same RI response as oligosaccharides or by including an internal standard.

33.6 AOAC Method 2009.01 for Total Soluble
and Insoluble Dietary Fiber
AOAC method 2009.01 is the forerunner of, and essentially an
abbreviated version of, 2011.25, in which the water-insoluble
and water-soluble fractions are not separated in the first filtration step (Step 5 above, Step d in Figure 33.1) of method
2011.25. Instead method 2009.01 measures total dietary fiber
recovered by ethanol precipitation of the digested sample (Step e
in Figure 33.1), and adds back the nondigestible oligosaccharides and polysaccharides that escape precipitation by ethanol, to fully account for the undigested polysaccharides and
oligosaccharides.
The sample preparation and digestion steps (steps 1–4 of
method 2011.5 given above) are exactly the same as for method
2011.25. However, instead of Filtration 1 (Step 5) proceed to Step
7 which becomes:

33.6.1 Precipitation of HMWDF (= WaterSoluble + Water-Insoluble HMWDF)
Make the digest to 70 mL with water, add 279 mL of 95% ethanol
preheated to 60°C, mix, and allow the HMWDF to precipitate
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for 60 min. Filter the precipitated HMWDF on a preweighed bed
of Celite as before (Step 5 above). Rinse the container with 78%
ethanol to achieve quantitative transfer. Retain the filtrate and
washings, which contain LMWSDF.
As before, wash the filtered ethanol precipitate with 78% ethanol, 95% ethanol, and acetone. Dry at 105°C overnight and subject the duplicate samples one each to N and ash determinations
respectively to correct for residual protein (N × 6.25) and ash.

33.6.2 Determination of Ethanol-Soluble Fiber
(LMWSDF)
As in method 2011.25, the 78% ethanol-soluble (low molecular
weight) fiber is determined by liquid chromatographic analysis of
the oligosaccharides present in the filtrate obtained from filtering
the digest after it had been made to 78% ethanol.

33.7 Implications of CODEX-Compliant
“Integrated” Dietary Fiber Analysis
The aim of the CODEX-compliant integrated method for dietary
fiber analysis was to account for all of the materials that are part
of dietary fiber as defined by CODEX. Generally, these materials are dominated by polysaccharides of plant cell wall origin. In
that respect, the CODEX definition is consistent with the original
conception of dietary fiber as “roughage” obtained by consuming
plant cell walls in foods of plant origin, extended to include nondigestible polysaccharides that are not of plant cell wall origin,
and nondigestible oligosaccharides that are either intrinsic to a
plant food, or added, usually for their prebiotic effects (Trowell
et al., 1976). Furthermore, the definition vaguely allows materials “associated” with cell wall materials to be included, in so far
as they contribute to the final residue weight. Dietary fiber as
defined by CODEX and measured by the integrated methods is
therefore highly inclusive. It is a conglomerate of polysaccharides
that are polymolecular, polydisperse, and multifunctional, with
various other left-overs from digestion. Exactly what is meant
by a dietary fiber value, in terms of its physiological effects, cannot therefore be deduced with certainty from the value itself. A
dietary fiber value on a food label gives the consumer very little
help in choosing a food on the basis of what interests them—
namely, the effect of the food. It does not necessarily indicate the
presence of associated plant phytochemicals and nutrients, and it
may have been included in a product solely to raise fiber levels to
the threshold for a nutrient claim.
Dietary fiber analysis for the purposes of food labeling is
intended to inform the public about a functional component of
food. However, the only stipulation in dietary fiber definitions,
with respect to physiological effects, is that there be some benefit. Some dietary fibers may lower blood cholesterol with little
effect on fecal bulk, others are good laxatives that make no different to blood cholesterol, yet others can do both, and yet others will do neither to a useful extent. In general, therefore, the
relationship between dietary fiber content of a food or diet and
health endpoints will be difficult to interpret if one relies solely
on dietary fiber values. It is important that not too much is asked

of dietary fiber values, and that occasions when it is more appropriate to measure dietary fiber properties are recognized.
Some aspects of the analytical procedure may cast doubt on
the validity of dietary fiber values when applied to some foods.
For instance, the primary step of drying the sample and milling
to pass through a 0.5 mm sieve may not replicate the disintegration that the food undergoes when subjected to chewing and
gastric trituration. Dietary fiber solubility, and type 1 resistant
starch (RS1; encapsulated) values in particular, may be affected
differently by chewing versus milling, especially in foods such
as intact grains that contain a large amount of resilient structure. Chewing is a complex process to mimic and standardize,
but because food structure can substantially inhibit digestion
and release of food components (Mishra and Monro, 2012a), it
is important to try to take into account the effects of structure
that would remain in a food if one is to assume that dietary
fiber values represent a functional component in the intestine.
Accurate, standardized measurement of resistant starch is a formidable challenge because it requires that sample preparation
and analysis replicate the physical factors that determine food
particle breakdown in vivo, including both chewing and peristaltic actions in the gut, and the transit time through areas of
the gut where amylolysis by host enzymes occurs. The 16 h of
amylase digestion specified in the CODEX method is far beyond
the time required for food transit through the small intestine,
which is about 4 h (Evans et al., 1988; Yu and Amidon 1998)
although the extent of starch digestion is reported to match that
in ileostomy subjects.
In an attempt to avoid converting resistant starch present in
food into a digestible form by gelatinizing type 2 resistant starch
(RS2; resistant granules), the CODEX-compliant methods delay
the heating of samples until after digestion, as opposed to before
digestion in the forerunner 985.29/991.43 AOAC methods (Figure
33.2). The heating step helps to inactivate the amylases used in
starch digestion, and promotes the digestion of protein. However,
as in the AOAC methods 985.29 and 991.43, and in nearly all
formerly used methods for dietary fiber analysis (Monro, 1996),
the heat treatment is applied before separating the soluble and
insoluble fiber by a simple modification of total-fiber methodology, in which a filtration step is inserted after starch digestion.
The separation into soluble and insoluble fiber is a problem
in fiber analysis that has needed to be addressed for many years
(Monro, 1993). The rationale for measuring soluble fiber separately is that health benefits are derived from the physicochemical properties of soluble polysaccharides in the small intestine,
such as viscosity (Dikeman and Fahey, 2006). However, with soluble fiber measured as the polysaccharide extracted either during starch gelatinization and digestion at 95°C (AOAC methods
985.29 and 991.43), or during amylase inactivation after starch
digestion (AOAC method 2011.25), all polysaccharides released
from plant cell walls by heating, such as hot water-soluble pectin, were included in the soluble fraction, and all samples were
cooked during the analysis. Therefore, there were no data produced by the method to accurately reflect the dietary fiber that
would be soluble under intestinal conditions (37°C), particularly
from foods consumed raw.
The heat treatments that samples are almost invariably subjected to, whether before or after starch digestion, mean that
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there are a large number of questionable soluble fiber results in
food composition databases. But worse, it means that there are
no physiologically relevant soluble fiber data for fruit and vegetables eaten raw, and there are no data that can show the effects of
food processing on soluble fiber, because such effects are obliterated during analysis. Thus, the soluble–insoluble fiber extension (AOAC 2011.25) to the total fiber method (AOAC 2009.01)
is unlikely to provide valid soluble fiber results for foods such as
fruits and salads, eaten raw.
If soluble fiber were to be extracted under simulated standard gastrointestinal conditions, and recovered before subjecting the residue to heat, the influence of nonphysiological
conditions on the distribution of polysaccharides between the
soluble and insoluble fractions would be avoided. A physiological digestion can be put at the front end of any total fiber
method to give a “nutritionally valid” measure of soluble fiber,
and remaining fiber (i.e., physiologically insoluble) measured
with a TDF analysis of the digested residue. The gastrointestinal conditions can be changed to align the method with gut
physiology in any group of interest. The only way to be sure
that soluble fiber measured during analysis in vitro represents
that soluble in vivo is to extract under conditions dictated by
the gut rather than by analysts. Then the idiosyncratic response
of a food to analytical conditions will not give rise to problems
of nutritional validity.

33.7.1 Dietary Fiber as an Independent Variable
in Research
Because dietary fiber in foods is such a conglomerate of carbohydrate species, differing in solubility, molecular size and origin, and because the effect of dietary fiber in the diet depends
on factors not measured in fiber analysis, ranging from molecular structure to their organization into plant structures (Mishra
and Monro, 2012b), the use of dietary fiber values as independent variables in research should be approached cautiously. If
the research is aimed at establishing a mechanistic relationship between fiber and effects, it is often important to consider
using a well-characterized fiber component as a clearly specified independent variable, rather than the molecular conglomerate with diverse properties that is dietary fiber as defined by
CODEX.

33.8 Alternative Approaches to Dietary Fiber
Analysis
In the previous editions of this handbook, before an international consensus had been reached on dietary fiber definition and
methodology, a wide range of dietary fiber methods was given
(Monro, 1996). But now that a consensus on the definition of
fiber has been arrived at, methodology has been developed to the
point where all components are accounted for, and some of the
failings of earlier methods have been addressed, so that most of
the earlier approaches to fiber analysis have become redundant.
However, despite the general consensus on definition and analysis of dietary fiber achieved under the auspices of CODEX, there
are groups who prefer alternative conceptions of dietary fiber and
corresponding alternative approaches to analysis.
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Historically, the CODEX-compliant analyses have arisen from
the gravimetric tradition and the belief that dietary fiber should,
by definition, contain all nondigestible carbohydrates of DP
>3–9, because all such carbohydrates can make a contribution
to physiological effects and health benefits in the same way as
dietary fiber, and nonstarch polysaccharides must, in any case,
be depolymerized in the process of being utilized by gut bacteria. It is felt that the health benefits of adding nondigestible
polysaccharides that are not necessarily of cell wall origin to
manufactured foods are too important for the definition of fiber
to be restricted to polysaccharides from particular sources, such
as plant cell walls. Health benefits that arise from reduced energy
density, from improved control of appetite, reduced glycemic
response, and improved large bowel function may be obtained
from polysaccharides from a wide range of sources beyond cell
walls, such as inulin and resistant starch, as long as they have the
required properties.
In contrast to the all-embracing CODEX definition, the WHO/
FAO Expert Consultation on Carbohydrates in Human Nutrition
(2006) concluded that dietary fiber should be a term that essentially means the component of foods derived from plant cell
walls from fruits, vegetables, and wholegrain cereals, which is
faithful to Trowell’s original conception of dietary fiber (Trowell,
1972). According to this view, by defining dietary fiber as cell
wall material, it can be used by consumers as a guide to the presence of material of plant origin in a food or diet. The assumption
is that as the fiber component represents plant material it represents healthiness, not only because plant cell walls are beneficial,
but because the plant materials in which cell walls are delivered
have a healthy composition in terms of their lipid, micronutrient,
and phytochemical profiles.
The WHO/FAO definition of dietary fiber requires the specific measurement of plant cell walls, after separating them from
all forms of starch. The most intensively developed method that
attempt to achieve accurate determination of cell wall polysaccharide (nonstarch polysaccharide [NSP]) as dietary fiber is that
of Englyst (Englyst and Hudson, 1987; Englyst et al., 1994). The
principal of the method is to gelatinize starch, including resistant starch, with hot DMSO, digest it with heat-stable amylases,
precipitate the polysaccharides with 80% ethanol, and then measure them specifically as monosaccharides after acid hydrolysis,
either chromatographically or by colorimetry.
The method for NSP determination has been criticized by
supporters of the CODEX procedure for a number of reasons
(McLeary, 2007):
1. Removal of starch with hot DMSO may lead to depolymerization of some pectin leading to loss of it in the
80% ethanol filtrate.
2. During acid hydrolysis, some of the monosaccharides
may be destroyed.
3. Colorimetric responses of different monosaccharides
differ.
With respect to point (1), heat depolymerization of pectin
will also occur in the CODEX procedure and result in transfer
of some to the low-molecular-weight polysaccharides from the
HMWDF to the LMWDF fraction. Destruction of monosaccharides (point 2) can be partially allowed for by including standard
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reference materials to provide correction factors. Point 3 has
been addressed by including standards containing a mixture of
polysaccharides that would be typical of the cell walls of the food
type involved, but is to some extent an educated guess because
one has to know in advance the likely monosaccharide composition of the fiber involved.
Although the Englyst procedure measures NSP, and excludes
starch, there is no reason why resistant starch cannot be measured separately and added to the NSP values, so that double
counting is avoided. The exclusion of “associated substances”
in the determination of NSP may be another reason why the
values for NSP tend to be lower than the CODEX gravimetric
values for dietary fiber. This discrepancy may be large when
lignin, in such lignin-rich food components as wheat bran, is
not measured in the Englyst procedure. On the other hand,
however, the “lignin” in gravimetric methods may contain a
range of materials that are not true lignin, but indeterminate
residues such as Maillard products which collectively contribute to Klason lignin.
Direct comparisons of the Englyst procedure with the AOAC
gravimetric methods have generally shown a good correspondence between the results. In some foods, the Englyst values were
lower, but adding the weight of Klason lignin to the NSP values
generally corrected the discrepancy (Mongeau and Brassard,
1989; Marlett and Vollendorf, 1994).
Which of the Englyst procedure or the CODEX-compliant
integrated method is most accurate in measuring what it purports
to measure has not been directly tested as yet.

33.9 Measuring Dietary Fiber as Cell Wall
Polysaccharide: Summary of the Englyst
Procedure
Two versions of the Englyst procedure are summarized below.
They are as originally specified but the details, especially in
terms of the enzymes used, could be updated with more recently
marketed equivalents. Both methods can be used for determination of soluble and insoluble NSP, but the soluble NSP is
measured indirectly, as the difference between the total and
insoluble forms.

33.9.1 Colorimetric Procedure for Determining
Dietary Fiber as Nonstarch Polysaccharide
a. Origin. (Englyst and Hudson, 1987) Developed from
an earlier Englyst procedure for measuring nonstarch
polysaccharide by GLC after acid hydrolysis.
b. Objective. To measure NSP by a simple, rapid colorimetric procedure suitable routine analysis and automation, where details of monosaccharide composition are
not required.
c. Sample preparation. As is or freeze dry. Mill if <10%
water, homogenize or freeze dry and mill if >10%
water. Defat with acetone 40 mL/300 mg dry matter
if >5% fat and/or >10%–15% water. Reduce sample
particle size to 0.5 mm or less by milling if dry, or by
homogenizing then freeze drying if wet.

d. Enzymes. α-Amylase: Pancreatin; 2 α-amylase capsules (9000 BP units, 350 mg pancreatin powder/capsule) + 9 mL water, mix 10 min, centrifuge 10 min,
1500 g, use supernatant.
Pullulanase: Boehringer 108944 diluted 1:100 in water
just before use.
e. Digestion procedure. To two 100–200 mg dry samples,
add 2 mL DMSO, heat 100°C, 1 h. Add 8 mL 0.1 M
acetate buffer pH 5.2, 50°C. Add 0.5 mL α-amylase
solution and 0.1 mL pullulanase. Digest 42°C, 16 h.
TNSP: To first sample, add 40 mL EtOH, stand 1 h,
room temperature, centrifuge, wash residues 2 × 85%
EtOH, 40 mL acetone, and dry at 65–70°C (R1).
INSP: To the second sample, add 40 mL 0.2 M
phosphate buffer pH 7.0, heat 100°C, 1 h with stirring.
Centrifuge, wash residue with 50 mL phosphate buffer, 50 mL 85% EtOH, and 40 mL acetone. Dry the
residue at 65–70°C (R2).
R1 and R2 hydrolysis: Add 2 mL 12 M H2SO4, 35°C,
1 h, then add 22 mL water, 100°C, 2 h.
f. Fiber measurement. Based on measurement of reducing sugars released from NSP by acid hydrolysis. Total
NSP and insoluble NSP calculated from colorimetric
measurement of sugars in hydrolysates, neutral sugars by the dinitrosalicylate PAHBAH reaction, and
uronic acids measured by dimethylphenol reaction.
Soluble NSP = Total NSP − Insoluble NSP.
g. Fiber components measured. Nonstarch polysaccharides. Total and insoluble NSPs are measured in separate samples.
Soluble NSP = Total NSP − Insoluble NSP.
h. Comments. Suitable for rapid routine analysis. Gives
results close to those obtained by GLC. However, to
account for the destruction of monosaccharides during hydrolysis controls containing known amounts of
reference polysaccharides should be run in parallel.
The method can be used to measure total nondigestible polysaccharide (NSP + resistant starch) by omitting DMSO treatment from the dispersion of starch.
However, because the sample is milled and the duration of starch digestion is 16 h, the resistant starch
component may be only a portion of that which resists
digestion in the gut in foods as normally consumed.

33.9.2 Determination of Dietary Fiber as Nonstarch
Polysaccharide by GLC, HPLC, or Colorimetry
of Constituent Sugars
a. Origin. (Englyst et al., 1994) Developed from the
original Southgate method through a series of modifications to improve the specificity and accuracy of
determination.
b. Objective. To measure nonstarch polysaccharides as
a specific food component, and as an index of dietary
fiber.
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c. Sample preparation. Reduce sample particle size to
0.5 mm or less by milling if dry or homogenizing then
freeze drying if wet.
d. Enzymes. “Enzyme solution 1”: α-Amylase: Termamyl
(Novo). Use 2.5 mL in 200 mL 0.1 M Na acetate buffer
pH 5.2. α-Amylase/protease (Pancreatin; Paynes and
Byrne).
Pullulanase (Boehringer 108944). “Enzyme solution
2”: 1.2 g pancreatin + 12 mL water, mix 10 min, centrifuge 10 min, 1500 g and take 10 mL supernatant and
add 2.5 mL pullulanase.
e. Digestion procedure. To two samples of maximum
300 mg dry matter, add 2 mL DMSO, 100°C, 30 min.
Add 8 mL “enzyme solution 1”. Digest 100°C, 10 min,
cool to 50°C, add 0.5 mL “enzyme solution 2”. Digest
50°C, 30 min then 100°C, 10 min.
TNSP: To first sample, add 40 mL EtOH, 0°C,
30 min. Centrifuge, wash residue with 50 mL 85%
EtOH, 50 mL EtOH, 20 mL acetone. Dry at 80°C
(R1).
INSP: Add 40 mL phosphate buffer pH 7.0, heat
100°C 30 min, room temp 10 min. Centrifuge, wash
residue with 50 mL water, 50 mL EtOH, and 30 mL
acetone. Dry completely at 80°C (R2).
R1 and R2 hydrolysis: Add 5 mL 12M H2SO4, leave
at 35°C 1 h, then add 25 mL water and heat 100°C, 1 h.
f. Fiber measurement. Total NSP and insoluble NSP are
calculated from sugars measured in hydrolyzates of R1
and R2; neutral sugars by GLC of their alditol acetate
derivatives, or by HPLC, and uronic acids colorimetrically by the dimethylphenol reaction. Neutral sugars
may also be measured colorimetrically as reducing
sugars by the dinitrosalicylate reaction.
g. Fiber components measured. NSPs. Total and insoluble NSPs are measured in separate samples.
Soluble NSP = Total NSP − Insoluble NSP.
h. Comments. Extraction of soluble NSP involves hot
phosphate buffer, pH 7, and extracts more soluble
NSPs, particularly pectic substances, than would be
extracted under gut conditions from pectin-rich foods.
Corrections are made for monosaccharide losses during hydrolysis but are estimates.
Resistant starch is removed by the DMSO treatment
and subsequent digestion, and oligosaccharides by the
80% ETOH. Adding resistant starch, oligosaccharides,
and lignin determined separately to TNSP measured on
the same sample will fully account for dietary fiber as
most recently defined.

33.10 Forerunners of the CODEX Integrated
Method That Are Still Widely Used
The CODEX method is a modification of AOAC methods that
are still widely used, especially where foods being analyzed
are expected to contain little resistant starch or LMWDF. The

methods have been in use for some years now so that enzyme
suppliers and enzyme specifications may have changed. It is
currently available in kit form (Megazyme K-TDFR).

33.10.1 Total Dietary Fiber (AOAC Method 985.29)
a. Origin. (Prosky et al., 1985) Developed from several
similar lines of development of fiber analysis) brought
together, incorporating thermostable amylases, ethanol
precipitation of soluble fiber, and celite filtration of the
fiber residues.
b. Objective. Rapid and practical enzymatic–gravimetric
determination of total dietary fiber for the purposes of
food regulation.
c. Sample preparation. Vacuum oven, 70°C, overnight.
Dry mill to pass 0.3–0.5 mm. Extract with petroleum
ether 3 × 25 mL/g sample if > 5% fat.
d. Enzymes. Heat-stable α-Amylase: Termamyl 120 L
(Novo); use undiluted.
Amyloglucosidase: Sigma A 9268; use undiluted.
Protease: Subtilopeptidase A, (Sigma type VIII), use
as is.
The foregoing enzymes were used in the original
method but their equivalents are available in various
TDF kits and enzymes specifically for TDF measurement, such as from Megazyme International Ireland
Ltd (Bray, Ireland) and Sigma (St Louis, USA).
e. Digestion procedure. To duplicate 1 g samples, add
50 mL 0.05 M phosphate buffer pH 6 + 0.1 mL heatstable α-amylase. Digest 95–100°C, 15 min. Cool, add
0.275 N NaOH to pH 7.5 (about 10 mL) + 5 mg protease. Digest 60°C, 30 min. Cool, add 0.325M HCl (about
10 mL) to pH 4.0–4.6, add 0.3 mL amyloglucosidase.
Digest 60°C, 30 min. Add 280 mL 95% EtOH at 60°C,
stand 1 h. Filter on a tared crucible plus Celite. Wash
with 3 × 20 mL 78% EtOH, 2 × 10 mL each of 95%
EtOH, and acetone. Dry in 70°C vacuum or 105°C air
oven. Cool in a dessicator and weigh.
f. Fiber measurement. TDF (in duplicate samples and
reagent blanks): Weigh crucibles after cooling in dessicator. Determine protein (Kjeldahl N × 6.25) on one
set of duplicates. Incinerate second set at 525°C, 5 h.
Apparent fiber = wt res − wt protein − wt ash. Actual
TDF = apparent fiber − fiber in blank.
g. Fiber components measured. Materials insoluble in
78% ethanol after milling, lipid extraction, and amylase digestion, with allowance made for ash and total
protein. Predominantly NSP, lignin and a portion of
resistant starch, but a range of associated materials may
add to the fiber weight.
h. Comments. Widely accepted for food labeling.
Requires ash and protein correction (with associated
error) on residue. Unidentified matter and coprecipitated phosphate in the residue may inflate fiber values. Filtration may be difficult with viscous digests.
Procedure modified slightly to give AOAC Method
991.42 (insoluble DF) and 993.19 (soluble DF method),
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and later, the AOAC method of Lee et al. (AOAC
Method 991.43) for total, soluble, and insoluble dietary
fiber using MES-TRIS buffer to overcome contamination by phosphate. Milling of samples for analysis
means that the resistant starch in the TDF is unlikely
to reflect levels in the foods as consumed.

33.10.2 Soluble, Insoluble, and Total Dietary Fiber
(AOAC Method 993.19 Plus AOAC Method
991.42)
a. Origin. (Prosky et al., 1992) Developed as a modification of the Prosky TDF method (AOAC 985.29) to give
separate measurement of insoluble and soluble dietary
fiber.
b. Objective. Rapid and practical enzymatic–gravimetric
determination of soluble and insoluble dietary fiber for
the purposes of food labeling.
c. Sample preparation. As for the previous method (Prosky
TDF).
d. Enzymes. As for the previous method (Prosky TDF).
e. Digestion procedure. Duplicate 1 g samples in 50 mL
0.8 M phosphate buffer, final pH 6.0, + 0.1 mL heat-
stable α -amylase, 95–100°C, 15 min. Cool to room
temp., add 10 mL 0.275 M NaOH to pH 7.5. Add
5 mg protease. Digest 60°C, 30 min. Cool, add 10 mL
0.325 M HCl to pH 4.0–4.6, and add 0.3 mL amyloglucosidase. Digest 60°C, 30 min.
IDF: Filter on tared crucible plus Celite, wash residue
with 2 × 10 mL each of water, 95% EtOH, acetone. Dry
as for SDF.
SDF: Adjust supernatant and water washings to
100 g, add 400 mL 95% EtOH at 60°C, stand at room
temperature 1 h. Collect precipitate in tared crucible plus Celite, wash with 2 × 20 mL 78% EtOH,
2 × 10 mL 95% EtOH, and 2 × 10 mL acetone. Dry
in a 70°C vacuum oven, or 105°C air oven overnight.
TDF: Adjust the volume of digest to 100 mL, continue as for soluble fiber, that is, leave out filtration to
separate IDF and SDF.
f. Fiber measurement. TDF, IDF, and SDF (in duplicate
samples and reagent blanks): Weigh crucibles after
cooling in the dessicator. Determine protein (Kjeldahl
N × 6.25) on one set of duplicates. Incinerate the second set at 525°C, 5 h. Apparent fiber = wt res − wt protein − wt ash.
Actual TDF, IDF, or SDF = apparent fiber − fiber in
blank.
g. Fiber components measured. As for the previous
method (Prosky TDF).
h. Comments. The soluble fiber is extracted under nonphysiological conditions so that its relevance to nutrition is questionable. As extraction conditions for IDF
and SDF are the same, the errors or lack of relevance
of SDF are transferred through to the IDF fraction.
The TDF or IDF contains a portion of resistant starch
(mainly retrograded) that is unlikely to reflect the resistant starch load in foods as consumed.

33.10.3 Soluble, Insoluble, and Total Dietary Fiber
Using MES-TRIS Buffer (AOAC Method
991.43)
a. Origin. (Lee et al., 1992) A direct modification of the
Prosky method in which phosphate buffer is replaced
by MES-TRIS buffer to eliminate coprecipitation of
phosphate and fiber by ethanol, which inflates fiber values, and to remove one pH adjustment.
b. Objective. Rapid and practical enzymatic–gravimetric
determination of total fiber or soluble and insoluble
dietary fiber, for the purposes of food labeling.
c. Sample preparation. As for Prosky TDF method
(method 9).
d. Enzymes. α-Amylase: Heat stable, (a) Sigma A-3306 or
Termamyl 300 L (Novo); use undiluted.
		  Amyloglucosidase: (b) Sigma A 9913; use undiluted
		  Protease: (c) Sigma P3910, use 50 mg/mL 0.05 M
MES/TRIS buffer, pH 8.2.
		(a), (b), and (c) are sold in a pretested kits (e.g.,
Megazyme, KTDFR; Sigma TDF-C10).
e. Digestion procedure. (The original procedure given, but
adjustments according to instructions may be required
if using a kit). Disperse duplicate 1 g samples in 40 mL
0.05 M MES/0.05 M TRIS buffer pH 8.2. Add 50 μL
heat-stable α-amylase solution, heat to 95–100°C, hold
for 15 min. Cool to 60°C, add 100 μL protease solution,
and digest at 60°C for 30 min. Add 5 mL 0.561N HCl,
adjust to pH 4.0–4.7 with 1 N NaOH or 1 N HCl at 60°C.
Add 300 μL amyloglucosidase, digest at 60°C for 30 min.
		  TDF: Add 225 mL 95% EtOH at 60°C, stand 1 h
room temperature. Filter through a tared crucible plus
celite, wash with 2 × 15 mL each, 78% EtOH, 95%
EtOH, and acetone. Dry in 70°C vacuum oven, or
105°C air oven overnight.
		  SDF, IDF: Filter digestate in tared crucible plus
celite. Wash with 2 × 10 mL water at 70°C.
		  SDF: To the precipitate + water washings, add 4
vol 95% EtOH at 60°C, stand 1 h room temperature.
Collect ppt on Celite and wash with 78% and 95%
EtOH, acetone and dry, as for TDF.
		  IDF: Wash residue with 78% and 95% EtOH, acetone
and dry, as for TDF.
f. Fiber measurement. As for Prosky IDF plus SDF
method (method 10 above).
g. Fiber components measured. Materials insoluble in
80% ethanol after milling, lipid extraction, amylase
digestion, and allowance for ash and total protein.
Predominantly NSP, lignin, and a portion of resistant
starch, but some unspecified dietary fiber-associated
matter occurs in the residue.
h. Comments. Changing buffer from phosphate to MES/
TRIS in this modification of the Prosky method eliminates a pH adjustment reducing the number of steps,
averts phosphate precipitation into fiber, and decreases
volumes. Faster than the Prosky method, giving similar results but improved precision. The soluble fiber
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and resistant starch components do not represent those
acting in vivo because extraction conditions are not
physiological.

33.11 Customizing Dietary Fiber Analysis
The CODEX-compliant, integrated method for dietary fiber analysis is said to have been designed as an all-embracing but simplified routine method for the purposes of food labeling, regulation,
and research, and to have addressed the physiological nature of
the concept of dietary fiber. However, to meet such broad aims,
compromises are necessary, and for the purposes of research
methods that give more valid measures of the fraction of food that
behaves as dietary fiber in the gut may be required. Such methods
might address issues including:
• The degree of comminution of a food by chewing and
gastric action
• The conditions to which the food is exposed in the gut
• The time for which the food is exposed to gut conditions
• The effect of “cooking” of the samples during analysis,
on fiber solubility
• The presence of nondigestible food residues that are not
carbohydrate

• The possibility of eliminating protein and ash determinations, and deionization steps that add to the time for
analysis.
As dietary fiber is, by definition, material that is resistant to
human digestive enzymes, it makes sense to measure it under the
same conditions, and even in the same analysis as the estimation of the glycemic impact of food by in vitro digestion of the
available carbohydrate. It also makes sense to measure all the
nonstarch polysaccharides, whether of plant cell wall or other
origin. After all, the gut responds to dietary fiber based on the
properties of the fiber, not on its origin. And furthermore, many
products contain both cell wall dietary fibers and fibers added as
extracted nonstarch polysaccharides, to increase the fiber content
of foods. Fiber analysis, like the gut, cannot distinguish between
the dietary fibers based on their origin.
A simple dietary fiber analysis that is complementary to analysis of glycemic impact could be based on recovering what is
left after gastric/ileal digestion, filtering it, precipitating soluble
high-molecular-weight NSP from the filtrate or from an aliquot
of it, and measuring the carbohydrate content of the residue,
ethanol precipitate, and ethanol-soluble fractions (Figure 33.3).
The carbohydrates could be measured after acid hydrolysis with
appropriate reference materials to account for any losses during
hydrolysis. The approach would allow the free sugar measurements to be made in microwell plates, enabling high throughput.

Process

Purpose

Mince using 5
mm sieve
plate

To replicate the particle size reduction
that would be achieved by chewing.

Gastric
digestion

To expose the food to gastric, ionic,
and digestive conditions (pepsin/HCl,
pH 2.5).

Ileal digestion

Residue 1
Ethanol wash

Filter

Residue 2

Digest available starch and protein
(pancreatin/amyloglucosidase,
pH 6.2).
Filtrate 1

To separate digestion-insoluble from
digestion-soluble fibers.

Ethanol
precipitate
Filter

Dry residue

Dry

Filtrate 2

Weigh

Weigh

Measure
sugars
(CHO avail)

Subsample

Subsample

Subsample

Hydrolyze

Hydrolyze

Hydrolyze

Measure
sugars
(IHMWDF)

Measure
sugars
(SHMWDF)

Measure
sugars
(SLMWDF
+ CHO avail)

Available sugars (CHO avail)
determined.
Optional step depending on mass of
residues obtained.

TDF = IHMWDF + SHMWDF +
SLMWDF

Figure 33.3 Summary of steps that would give a rapid, simple, and more physiologically relevant integrated analysis of dietary fiber than the current
CODEX-compliant methods. The use of acid hydrolysis means that controls need to be included to correct for monosaccharide destruction.
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33.12 Conclusion
With international consensus that dietary fiber is nondigestible carbohydrate that is of DP > 3, and with a single CODEXcompliant method published so far that will completely measure
nondigestible carbohydrates > DP 3, the list of methods for
dietary fiber analysis has contracted considerably from that
published in the first edition of this handbook. Despite the great
amount of work that has gone into the development and validation of the integrated method and of the AOAC methods that preceded it, there is still room for modification to achieve a more
accurate representation of the fraction of undigested food residues in the gut that contributes to the effects and benefits that are
attributed to dietary fiber.
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34.1 Introduction
Color is one of the most important attributes of foods, being considered a quality parameter that frequently determines the acceptance of a food product. Many naturally colored foods, such as
fruits and vegetables, undergo color losses during processing,
requiring the use of colorants to restore their color. Therefore,
the color of foods is the result of natural pigments or of added
colorants.
Pigments provide colors in all living matter. They can be
defined as chemical compounds that absorb light in the wavelength range of the visible region. The absorption of light by
pigment molecules results from the presence of conjugated carbon–carbon double bonds, which form the chromophore.
Food pigments can be divided into four categories (Aberoumand,
2011): (1) natural pigments, (2) nature-identical pigments, (3)

synthetic pigments, and (4) inorganic pigments. Natural pigments
are organic compounds produced by living organisms such as
plants, animals, fungi, and microorganisms. Usually, pigments
made by modification of materials from living organisms, such
as caramel, vegetable carbon, and copper chlorophyllin, are also
considered natural although they are in fact not found in nature
(except carbon). Nature-identical pigments are man-made pigments that are also found in nature, such as β-carotene, canthaxanthin, and riboflavin. Synthetic pigments are organic compounds
obtained from laboratories such as azo-dyes. Inorganic pigments
can be found in nature or reproduced by synthesis such as titanium
dioxide, gold, and silver.
Natural pigments have many disadvantages when compared
to synthetic ones, such as higher cost in-use and lower stability.
However, people have increasingly avoided synthetic pigments,
which are considered to be harmful or unhealthy (Bridle and
Timberlake, 1997).
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Figure 34.1 Chemical structures of a member of each natural pigment family: (a) chlorophyll (tetrapyrrole derivative); (b) β-carotene (isoprenoid
derivative); (c) betanin (N-heterocyclic compound different from tetrapyrrole); (d) anthocyanin (benzopyran derivative); (e) naphthoquinone (quinone); (f)
eumelanins (melanin).

This chapter is focused on natural pigments, which embrace
those already present in food as well as those that are formed
on heating, storage, or processing. According to their chemical structures, these pigments can be classified into different
families, that is, tetrapyrrole derivatives (chlorophylls, hemes,
and bilins), isoprenoid derivatives (carotenoids and iridoids),
N-heterocyclic compounds different from tetrapyrroles (purines,
pterins, flavins, phenazines, phenoxazines, and betalains), benzopyran derivatives (anthocyanins and other flavonoids), quinones
(benzoquinone, naphthoquinone, anthraquinone), and melanins.
An example of the chemical structure of a member of each family is presented in Figure 34.1.

34.1.1 Tetrapyrrole Derivatives
Tetrapyrrole derivatives represent a relatively small group of pigments that contribute to the greatest range of colors and, at the
same time, are the most abundant globally. All have four pyrroletype rings linked together, usually through single-atom bridges
at the α-positions of the pyrrole rings. These pigments can be
either linear or cyclic structures, but the pyrrole ring is common

in both kinds of molecules. Bilin is the basic structure in linear tetrapyrroles, whereas the porphyrin ring is common in the
cyclic ones.
Linear bilins comprise two groups of pigments, that is, phycobilins, which comprise the pigments of some algae, and bile pigments, which are the typical pigments of animal urine and feces.
Porphyrin-based pigments constitute the chromophore of the
two most important metalloproteins, that is, red heme pigments
(hemes) and green chlorophyll pigments (chlorophylls). In heme
pigments, the porphyrin ring is bonded to an iron atom, whereas
in chlorophyll pigments, it is bonded to a magnesium atom.
The heme group is responsible for the red color of the two
important animal pigments: hemoglobin, the red pigment of
blood, and myoglobin, the red pigment of muscles. Practically
all the red color of red meat is due to myoglobin, since the hemoglobin is removed with the bleeding of the slaughtered animal
(Livingston and Brown, 1981). Other colored muscle compounds
(cytochromes, vitamin B12, and flavoproteins) do not contribute
significantly to the color of red meat.
However, chlorophylls constitute the most important subgroup of pigments within the tetrapyrrole derivatives. They
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are insoluble in water but soluble in organic solvents, including
ether, benzene, and white oil. Several chlorophylls have been
described. Two of them, chlorophyll a and chlorophyll b, are of
particular interest in food coloration because they are common in
green plant tissues, in which they are present in the approximate
ratio 3:1, respectively. They differ in a single group bonded to
the C3 carbon of the porphyrin ring: chlorophyll a has a methyl
group, while chlorophyll b has a formyl group.
Chlorophyll is mainly present in the chloroplasts of higher
plants and most algae. The long history of the consumption of
chlorophyll as a component of vegetables and fruits has assured
its safety as a food component. However, the chlorophyll structure
has an inherent instability, which is the major drawback for its
application as an additive in foodstuffs. Chlorophylls are susceptible to many degradation reactions caused by weak acids, oxygen, light, temperature changes, and/or enzymes. Replacement
of the central magnesium ion in chloropigments with hydrogen
leads to pheophytins, which are related to the color change from
bright green to olive brown. Under certain conditions, pheophytin molecules can rebind divalent metals, principally copper and
zinc ions, regenerating the green color, which is usually brighter.
This phenomenon is called regreening. The replacement capacity
of chlorophyll b derivatives is much less than that of chlorophyll
a. The chlorophyll derivatives were found to be more stable than
the original chlorophyll, especially to acids. Formation of metallochlorophylls has potential use as a green colorant for beverages
and as a means to avoid accumulation of chlorophyll degradation
products during processing (Humphrey, 1980).
The raw foods that contain chlorophylls are green leafy vegetables of all kinds: green olives, romaine lettuce, sea vegetables,
broccoli, green peas, leeks, and bell peppers.
Chlorophylls have also been shown to have wound healing,
antigenotoxic, and antimutagenic properties (Downham and
Collins, 2000).

34.1.2 Isoprenoid Derivatives
Isoprenoids, also known as terpenoids, are widely distributed in
nature. They are found in all the kingdoms where they carry out
multiple functions (hormones, pigments, phytoalexins). More
than 23,000 isoprenoids have been identified to date. The isoprenoid group has three main subgroups: quinones, iridoids, and
carotenoids. On the one hand, quinones are considered another
group because not all of them are produced by this biosynthetic
pathway (Chappell, 1995). On the other hand, iridoids are found
in about 70 families (Capriofilaceae, Rubiaceae, and Cornaceae,
among others) grouped in around 13 orders. Some of them have
acquired importance, in particular those contained in saffron
(Crocus sativus L.) and Cape jasmine fruit (Gardenia jasminoides Ellis). However, the color of these plants is more importantly
influenced by carotenoids (Sacchettini and Poulter, 1997), which
are the most important pigments in this group.
Carotenoids are a group of more than 700 very common yellow, orange, and red lipid-soluble pigments that occur in all
organisms capable of photosynthesis, including green algae,
higher plants, and some bacteria. The coloration of many flowers, fruits, and vegetables is due to carotenoids.
The basic structure of carotenoids is a chain of eight isoprenoid units. Certain isoprenoid derivatives with shorter chains

(e.g., vitamin A) are also considered carotenoids. Most of the
structural differences among carotenoids exist at the end of the
chain. Some carotenoids are hydrocarbons and are known as
carotenes, while others contain oxygen and are called xanthophylls. α- and β-Carotene and lycopene are examples of carotenes, whereas lutein, violaxanthin, neoxanthin, and zeaxanthin
are examples of xanthophylls. Because of the numerous double
bonds in the carotenoid molecule, a large number of cis–transisomers are theoretically possible. However, carotenoids of foods
are usually in the all-trans form. Trans- to cis- transformation is
possible and is accelerated by heat, light, and acidity.
Most of the carotenoids are bound with chlorophylls. This
binding can give rise to a variety of colors in plants, fruits, and
vegetables. However, as the fruit matures, the chlorophyll content decreases and results in colored-carotenoid pigments (Marín
et al., 2004).
Carotenoids have been used as food colors for centuries: saffron, pepper, leaves, and red palm oil have carotenoids as their
main color components. Carotenoids also play an important role
in human nutrition and health, providing provitamin A and having anticancer activities (Mayne, 1996). Therefore, because of
their color and their beneficial properties, carotenoids have been
widely applied in the food industry.
Among carotenes, lycopene and β-carotene are the most common. Lycopene is the main pigment of many red-fleshed fruits
and fruit vegetables, such as tomato, watermelon, red-fleshed
papaya and guava, and red or pink grapefruit. β-Carotene, which
is orange in color, is the most widespread of all carotenoids in
foods, either as a minor or as a major constituent (e.g., apricot,
carrot, mango, loquat, West Indian cherry, and palm fruit). On
the other hand, substantial amounts of α-carotene are found in
carrot and some varieties of squash and pumpkin (Arima and
Rodriguez-Amaya, 1990).
Most of the xanthophylls are yellow–orange-colored pigments
and can be found in most fruits and vegetables. Lutein is the predominant carotenoid in leaves, green vegetables, yellow flowers, and
cereal grains. It is found in amaranth, red paprika, green mustard,
and marigold flower plants. Zeaxanthin is a minor food carotenoid,
except for yellow corn and the Brazilian fruit Cariocarvillosium,
in which it is the major pigment (Rodriguez-Amaya et al., 2007).
The existence of uncommon or species-specific carotenoids
has also been demonstrated. Some classical examples are capsanthin and capsorubin, the predominant pigments of red pepper,
bixin, the major pigment of the food colorant annatto, and crocin
and crocetin, the main coloring components of saffron.

34.1.3 
N-Heterocyclic Compounds Different
from Tetrapyrroles
N-Heterocyclic compounds include purines, pterins, flavins,
phenazines, phenoxazines, and betalains, which are the most
important pigments of this group.
Purines and pterins are important in fish and insects, respectively, whereas flavins are found in several leafy vegetables, milk,
meat, and fish. On the other hand, phenazines and phenoxazines,
which are structurally related, are found in bacteria (phenazines)
and in fungi and insects (phenoxazines).
Betalains are water-soluble nitrogen-containing pigments,
which are synthesized from the amino acid tyrosine into two
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structural groups: the red–violet betacyanins and the yellow–
orange betaxanthins. All the betalains share the same basic
structure, with a substituted dihydropyridine serving as the chromophore with a system of conjugated double bonds. Betalains
arise as immonium conjugates of betalamic acid with cyclo3-(3,4-dihydroxyphenyl)-l-alanine, amino acids, or amines
(Strack et al., 2003). The most abundant of all betalains is betanin.
Betalains can be found in roots, fruits, and flowers. The few
edible known sources of betalains are red and yellow beetroot,
colored Swiss chard, grain or leafy amaranth, cactus fruits, and
Amaranthus tricolor seeds.
The recent increase in the interest in betalains stems from
their desirable chemical, medical, and pharmacological properties: they are more chemically stable over a broader pH range
than anthocyanins, are powerful antioxidants, and have antiinflammatory and anticarcinogenic activity (Stintzing et al.,
2004). However, they are subject to degradation by thermal processing as in canning.

34.1.4 Benzopyran Derivatives
The main benzopyran derivative pigments are flavonoids, which
are widely distributed in land plants (more than 5000 different
structures have been characterized). Flavonoids are phenolic compounds with two phenyl rings (called the A- and B-rings) bonded
by a three-carbon bridge that usually forms a third ring (called
the C-ring). Thirteen classes have been described according to
the oxidation state of the C-ring: anthocyanins, aurons, chalcones,
yellow flavonols, flavones, uncolored flavonols, flavanones, dihydroflavonols, dihydrochalcones, leucoanthocyanidins, catechins,
flavans, and isoflavonoids. Flavonoids are water-soluble pigments
and show a wide distribution in vascular plants. In general, flavonoids are visible only under ultraviolet (UV) light but some
show a pale yellow appearance. Consequently, flavonoids are not
proper pigments; only anthocyanins are truly pigments and are
the basis for most orange, pink, red, magenta, purple, blue, and
blue–black floral colors. The key to providing such color diversity is the degree of oxygenation of anthocyanidins (the central
chromophores of the anthocyanins) and the nature and number of
substituents (e.g., sugar moieties) added to these chromophores.
To date, there are 19 naturally occurring anthocyanidins.
The six most common anthocyanidins are pelargonidin, peonidin, cyanidin, malvidin, petunidin, and delphinidin. Their color
greatly depends on the number of hydroxyl groups on the B-ring:
the larger the number of hydroxyl groups, the bluer the color.
Anthocyanins are highly unstable and easily susceptible to
degradation. Therefore, their color is strongly affected by pH,
temperature, anthocyanin concentration, oxygen, light, enzymes,
and other substances, such as ascorbic acid, sugars, sulfites,
copigments, and metallic ions (Francis and Markakis, 1989).
Anthocyanins can be found in several fruits and vegetables,
such as in figs, strawberries, mangoes, passion fruit, plums, common cranberries, grape, red onions, purple sweet potatoes, seed
coats of soybean, or in purple corn. Anthocyanins can also be
extracted from different plants, such as Ranunculus asiaticus
(Amr and Al-Tamimi, 2007), Tropaeolum majus (Garzón and
Wrolstad, 2009), or Hibiscus sabdariffa (Idham et al., 2012).
The interest in anthocyanin pigments has accelerated dramatically in recent years because of their possible role in reducing
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the risk of coronary heart disease, cancer, and stroke (Wallace,
2011). Thus, in addition to their functional roles as colorants,
anthocyanin extracts may improve the nutritional quality of
foods and beverages. However, there are several factors that limit
the effective application of anthocyanin colorants. These include
their instability to light and heat and their susceptibility to degradation. Actually, the effective pH range for most anthocyanin
colorants is limited to acidic foods.

34.1.5 Quinones
Quinones comprise a group of about 400 yellow, red, brown, and
black pigments. Their basic structure consists of a desaturated
cyclic ketone that is derived from an aromatic monocyclic or
polycyclic compound.
Quinones are ubiquitous in living matter and they produce
color in fungi, insects, some plants, sea urchins, and other organisms. They can be divided according to their structure as benzoquinones, naphthoquinones, and anthraquinones.
Benzoquinones are colorless but at high concentration show a
pink tone. Both naphthoquinones and anthraquinones show colors in the range from black or deep purple to deep wine-reds and
to orange, including yellow. Vitamin K is one of the most wellknown naphthoquinone pigments. Naphthoquinone pigments
have been found in sea urchin spines and shells (Kuwahara et al.,
2009, 2010; Zhou et al., 2012). The most important quinones
for the food industry are the anthraquinones carminic acid and
carmesic acid (Thomson, 1962).

34.1.6 Melanins
Melanins are nitrogenous polymeric compounds whose monomer is the indole ring. They represent a group of high-molecularweight, black and brown pigments produced from oxidation and
polymerization of polyphenols. There are three different types of
melanins: eumelanins, widely distributed in vertebrate and invertebrate animals; phaemelanins, present in mammals and birds;
and allomelanins, existing in seeds, spores, and fungi (Brown
and Salvo, 1994). Structurally, melanins lack consistency and are
insoluble in water or organic solvents. Actually, harsh conditions
are required to solubilize them.
Melanins are responsible for the black, gray, and brown of
plants, animals, and microorganisms. They have been associated
with light protection, due to their scavenging properties against
free radicals and as protectors against toxicity by metals because
of their chelating properties (Takano et al., 1997).

34.2 Legislation
In most countries, the use of food colorants is governed by regulatory policies. The legislation specifies which colorants might
be used, their sources and purity, to which foods and at which
level the colorant might be added (Mortensen, 2006).
Currently, 43 colorants are authorized as food additives by
the Council of the European Union and have been assigned an
E number (European Parliament and Council Directive 94/36/
EC 1994). Among them, 14 are natural pigments. In the United
States, two categories of colorants are allowed: “certified color
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Table 34.1
Allowed Natural Pigments in the EU and in the United States
EU Name

E-Number

Cochineal, carminic acid,
carminesa
Chlorophyll(in)sb
Copper complexes of
chlorophyll(in)sb
Mixed carotenesc
β-Carotenec
Annatto, bixin, norbixinc
Paprika extractc
Lycopenec
β-Apo-8′-carotenalc
Ethyl ester of β-apo-8′carotenoic acidc
Luteinc
Canthaxanthinc
Beetroot red, betanind
Anthocyaninse

E 120
E 140
E 141
E 160a (i)
E 160a (ii)
E 160b
E 160c
E 160d
E 160e
E 160f
E 161
E 161g
E 162
E 163

U.S. Name
Cochineal extract,
carmine
Not allowed
Sodium copper
chlorophyllin
Carrot oil
β-Carotene
Annatto extract
Paprika
Not allowed
β-Apo-8′-carotenal
Not allowed
Not allowed
Canthaxanthin
Dehydrated beets
Grape color extract
Grape skin extract
Fruit juice
Vegetable juice

CFR
73.100

73.125
73.300
73.95
73.30
73.340
73.90

73.75
73.40
73.169
73.170
73.250
73.260

Note: Superscripts show the pigment family.
a Quinone.
b Tetrapyrrole derivative.
c Isoprenoid derivative.
d N-Heterocyclic compound different from tetrapyrroles.
e Benzopyran derivative.
CFR: Code of Federal Regulations

additives” and “colorants exempt from certification” (Code of
Federal Regulations 2012). Table 34.1 shows the natural pigments
allowed by both the European Union (EU) and the United States.
Although there are many similarities between both legislations, there are some pigments allowed in the EU, which are not
allowed in the United States, such as chlorophyll, lycopene, or
lutein. Other differences are found in the allowed sources and to
which foods they can be added. For example, in the United States,
sodium copper chlorophyllin can only be extracted from alfalfa
and only be used in citrus-based dry beverage mixes (Code of
Federal Regulations 2012), whereas in the EU, this pigment can
be extracted from natural strains of edible plant material, grass,
lucerne, and nettle and a long list of foods can be colored, such as
sage Derby cheese, vegetables in vinegar, brine, or oil (excluding
olives) or jam, jellies, marmalades, and other similar fruit preparations (Commission Directive 95/45/EC 1995; European Parliament
and Council Directive 94/36/EC 1994). Canthaxanthin is another
example. In the United States, this pigment can be safely used
for coloring foods generally (Code of Federal Regulations 2012),
while in the EU, it can only be added to Saucisses de Strasbourg
(European Parliament and Council Directive 94/36/EC 1994).

the many parameters related to it. The complete extraction of pigments often requires several steps and the use of a mixture of several
solvents, especially when the sample contains pigments of different
polarities and/or the pigments are present in a complex matrix. In
some cases, pigments can be extracted in a one-step process.
Extraction techniques greatly depend on the nature of the
pigment to be extracted. Lipid-soluble pigments are usually
extracted with organic solvents whereas water-soluble pigments
are in general extracted with water or lower alcohols.
Table 34.2 summarizes the methods used to extract natural
pigments from different food samples.

34.3.1 Extraction of Tetrapyrrole Derivatives
Myoglobin, the heme pigment localized in red muscle fibers, can
be extracted from fish with water, inorganic salts, or organic solvents. However, its extractability was shown to be more effective with a NaCl solution, when compared with distilled water
(Chaijan et al., 2005) and with ethanol, when compared with
ammonium sulfate (Park and Park, 2007). In the case of meat, it
can easily be extracted with water.
Chlorophyll pigments, which are hydrophobic compounds, can
be extracted with a single organic solvent or a mixture of organic
solvents by using a homogenizer. Several organic solvents (N,Ndimethylformamide [DMF], acetone, ethanol, ethyl ether, ethyl
acetate, DMF/hexane, hexane/acetone, hexane/diethyl ether,
acetone/methanol) have been used by researchers to extract chlorophyll pigments. Aliphatic and aromatic hydrocarbons are not
typically used because they do not extract chlorophylls.
Many publications (Beltrán et al., 2005; Criado et al., 2007;
Giuffrida et al., 2007, 2011; Roca et al., 2009) use a liquid-phase
distribution between DMF and hexane for the extraction of chlorophylls from olive oils since chlorophylls, their derivatives, and
xanthophylls are retained in the DMF phase whereas the hexane
phase contains lipids and carotenes. In some cases, Na2SO4 or
MgCO3 were used during the extraction to prevent the formation
of pheophytins.
In some other two-step extractions, a nonpolar solvent, such
as hexane, is used in the first extraction step to remove lipophilic
substances (vegetable and essential oils, oleoresins and carotenoids). Then, the pretreated residual material is reextracted
(second extraction step) with a polar solvent, such as acetone,
which is used to extract chlorophylls (Del Giovine and Fabietti,
2005; Masino et al., 2008).
As an alternative to conventional extraction methods, a highpressure extraction technique was applied by using supercritical
carbon dioxide (SC-CO2). This technique is highly interesting in
the food industry due to its nontoxic and nonflammable properties, availability in high purity with low cost and its good solvent
properties for extracting nonpolar compounds. SC-CO2 was successfully used in combination with a classical extraction method
to concentrate chlorophylls in stinging nettle leaves (Hojnik
et al., 2007). First, samples were pretreated with SC-CO2 and
then the pretreated residual was reextracted with a polar solvent.

34.3 Sample Preparation

34.3.2 Extraction of Isoprenoid Derivatives

Sample preparation is often tedious and time consuming but it is
very important because the accuracy of analysis often depends on

Carotenoids are found in a variety of foods. Therefore, the
extraction procedure should be adapted to suit the food being
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Table 34.2
Summary of the Methods Used to Extract, Analyze, and Detect Pigments from Various Food Samples
Product

Analyzed Pigment

Sample Preparation

Analytical and
Detection Method

Reference

Sardine and mackerel
muscle
Sardine
Olive oil
Olive oil
Virgin olive oil
Virgin olive oil
Virgin olive oil
Virgin olive oil
Virgin olive oil
Virgin olive oil
Extra virgin olive oil
Green pears
“Fuji” apples
Colombian guava
fruits
Gala apples
Fruits of Grewia
coriacea Mast.
Kiwifruits

Myoglobin

NaCl

Spectrophotometry

Chaijan et al. (2005)

Myoglobin
Cu-chlorophyll
Cu-chlorophyll derivatives
Chlorophylls
Chlorophyll
Chlorophylls
Chlorophylls
Chlorophylls
Chlorophylls
Chlorophylls
Zn-chlorophyll derivatives
Chlorophylls
Chlorophylls

Ethanol
Hexane/acetone
DMF/hexane
–
DMF/hexane
Ethyl acetate
DMF/hexane
DMF/hexane
DMF/hexane
–
Ethyl ether
Methanol with 1% HCl and 1% BHT
Acetone + petroleum ether/water (5:3)

Spectrophotometry
CZE-LIF
HPLC-PDA
Spectrophotometry
Spectrophotometry
HPLC-PDA
HPLC-PDA
HPLC-PDA
HPLC-PDA
FS
HPLC-PDA
HPLC-PDA
HPLC-PDA

Park and Park (2007)
Del Giovine and Fabietti (2005)
Roca et al. (2009)
Escolar et al. (2007)
Beltrán et al. (2005)
Luaces et al. (2005)
Giuffrida et al. (2007)
Criado et al. (2007)
Giuffrida et al. (2011)
Sikorska et al. (2008)
Ngo and Zhao (2007)
Jakopic et al. (2009)
González et al. (2011)

Chlorophylls
Chlorophylls

Acetone 80%
Ethanol

Spectrophotometry
Spectrophotometry

González-Talice et al. (2013)
Attibayéba et al. (2007)

Chlorophylls

HPLC-PDA

Montefiori et al. (2005)

Grape berries

Chlorophylls

HPLC-PDA-MS

Kamffer et al. (2010)

Grapes and Port
wines
Broccoli and cabbage
plants
Lettuces
Green beans
Nettle leaves
Spinach-filled pasta

Chlorophylls and its
derivatives
Chlorophylls

Acetone with 0.1% BHT, low
temperature, darkness
Diethyl ether/hexane (1:1), darkness, low
temperature
Diethyl ether

HPLC-PDA-MS

Mendes-Pinto et al. (2005)

Acetone

HPLC-PDA

Fernández-León et al. (2010)

Chlorophylls
Chlorophylls
Chlorophylls
Chlorophylls and its
derivatives
Chlorophylls and
pheophytins
Chlorophylls
Chlorophylls and its
derivatives
Chlorophylls

Ethanol 96%
DMF
SC-CO2
DMF

Baslam et al. (2013)
Cubas et al. (2008)
Hojnik et al. (2007)
Suman et al. (2008)

Hexane/acetone + SPE

Spectrophotometry
Spectrophotometry
HPLC-PDA
HPLC-PDA and
HPLC-ESI-MS
HPLC-PDA

Acetone/methanol
Acetone

HPLC-PDA
HPLC-UV–vis

Bellomo et al. (2009)
Lu et al. (2009)

Hexane/diethyl ether (1:1)

HPLC-PDA

Loranty et al. (2010)

Chlorophylls
Carotenoids
Carotenoids
Carotenoids
Carotenoids
Carotenoids
Carotenoids
Carotenoids

–
DMF/hexane + saponification
–
Ethyl acetate
DMF/hexane
DMF/hexane
Water-saturated n-butanol
Methanol/THF (1:1) with 0.1% BHT,
dim light
Hot saponification + n-hexane/
isopropylalcohol (10%)
Hexane/acetone (80:20) with 0.1% BHT
Alkaline saponification + petroleum ether/
acetone (3:1) with 0.1% BHT + methanol/
ethyl acetate (50:50), amber light

HPLC-PDA
HPLC-PDA
Spectrophotometry
HPLC-PDA
HPLC-PDA
HPLC-PDA
UPLC-PDA
HPLC-PDA

Mendiola et al. (2008)
Criado et al. (2007)
Escolar (2007)
Luaces et al. (2005)
Giuffrida et al. (2007)
Giuffrida et al. (2011)
Hung and Hatcher (2011)
Burkhardt and Böhm (2007)

HPLC-PDA

Fratianni et al. (2005)

HPLC-PDA
HPLC-PDA

Digesù et al. (2009)
Kean et al. (2007)

Pesto sauces
Pistachio kernels
Green tea infusions
Fruit, herb, and
medicinal teas
Different beverages
Olive oil
Virgin olive oil
Virgin olive oil
Virgin olive oil
Virgin olive oil
Durum wheat
Durum wheat
Durum wheat

Carotenoids

Durum wheat
Sorghum cultivars

Carotenoids
Carotenoids

Masino et al. (2008)
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Table 34.2 (Continued)
Summary of the Methods Used to Extract, Analyze, and Detect Pigments from Various Food Samples
Product

Analytical and
Detection Method

Analyzed Pigment

Sample Preparation

Reference

Maize products

Carotenoids

HPLC-PDA

Kean et al. (2008)

Wholegrain bakery
products
Orange juices

Carotenoids

Alkaline saponification + petroleum ether/
acetone (3:1) with 0.1%
BHT + methanol/ethyl acetate (50:50)
Water-saturated 1-butanol

HPLC-PDA-MS

Abdel-Aal (2010)

Carotenoids

Methanol/acetone/hexane (25:25:50) with
0.1% BHT + alkaline saponification

HPLC-PDA

Red orange juices

Carotenoids

Petroleum ether/THF (8:10) + alkaline
saponification

Brazilian Valencia
orange juices

Carotenoids

Orange juices

Carotenoids

Petroleum ether/acetone + alkaline
saponification
Dichloromethane/methanol/acetone
(50:25:25) with 0.1% BHT + alkaline
saponification

LC × LC-PDA/
UV–vis
HPLC-PDA

Meléndez-Martínez et al.
(2008, 2011)
Dugo et al. (2006)

Spanish Valencia
orange juices

Carotenoids

Mandarin juices

Carotenoids

“Fuji” apples
Gala apples
Cashew apple fruits

Carotenoids
Carotenoids
Carotenoids

Grape berries

Carotenoids

Wine white grapes
Wine grapes
Grapes and Port
wines
Chestnut fruits
Fruits of Grewia
coriacea Mast.
Algerian date fruits

Gama and de Sylos (2007)

HPLC-PDA

Stinco et al. (2012)

HPLC-PDA

Meléndez-Martínez et al.
(2005)

HPLC-PDA

Navarro et al. (2012)

HPLC-PDA
Spectrophotometry
HPLC-PDA-MS

Jakopic et al. (2009)
González-Talice et al. (2013)
de Abreu et al. (2013)

HPLC-PDA-MS

Kamffer et al. (2010)

Carotenoids
Carotenoids
Carotenoids

Alkaline saponification + petroleum ether/
ethanol with 0.1% BHT
Methanol/acetone/dichloromethane
(25:25:50) + alkaline saponification
Methanol with 1% HCl and 1% BHT
Acetone 80%
Ethanol/hexane (4:3) with 0.1%
BHT + alkaline saponification
Diethyl ether/hexane (1:1), darkness, low
temperature
Hexane/acetone/ethanol/toluene (10:7:6:7)
Hexane/diethyl ether (1:1)
Hexane/diethyl ether (1:1)

HPLC-PDA
HPLC-PDA-MS
HPLC-PDA-MS

De Sanctis et al. (2012)
Crupi et al. (2012)
Mendes-Pinto et al. (2005)

Carotenoids
Carotenoids

Hexane/diethyl ether (1:1)
Ethanol

HPLC-PDA
Spectrophotometry

De Vasconcelos et al. (2010)
Attibayéba et al. (2007)

Carotenoids

Acetone + water/diethyl ether + alkaline
saponification

HPLC-PDA

Boudries et al. (2007)

Figs

Carotenoids

HPLC-PDA

Yemiş et al. (2012)

Amazonian fruits

Carotenoids

THF/methanol/diethyl ether + alkaline
saponification
Acetone/petroleum ether/diethyl
ether + alkaline saponification

HPLC-PDA-MS/MS

Tropical fruits

Carotenoids

Spectrophotometry
and HPLC-PDA

Kiwifruits

Carotenoids

Acetone + ether/hexane/water
(1:1:2) + alkaline saponification
Acetone with 0.1% BHT, low
temperature, darkness

de Rosso and Mercadante
(2007)
Murillo et al. (2010)

HPLC-PDA

Montefiori et al. (2005)

Acerola fruits and
derived products

Carotenoids

HPLC-PDA

Mezadri et al. (2005)

Sarsaparilla berries

Carotenoids

HPLC-PDA-MS

Jackfruit

Carotenoids

Acetone + alkaline
saponification + diethyl ether
Acetone/diethyl ether with 6 ppm
BHT + alkaline saponification
Acetone/petroleum ether/diethyl
ether + alkaline saponification

HPLC-PDA-MS/MS

Delgado-Pelayo and HorneroMéndez (2012)
Faria et al. (2009)

Arazá fruits

Carotenoids

Hexane/acetone (1:1) + alkaline
saponification

HPLC-PDA-MS/MS

Garzón et al. (2012)

Colombian guava
fruits
Red fruit juices
Pistachio kernels
Lettuces

Carotenoids

Acetone + petroleum ether/water (5:3)

González et al. (2011)

Carotenoids
Carotenoids
Carotenoids

–
Acetone/methanol (75:25)
Ethanol 96%

HPLC-PDA and
LC-MS
HPLC-PDA-FS
HPLC-PDA
HPLC-PDA
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Table 34.2 (Continued)
Summary of the Methods Used to Extract, Analyze, and Detect Pigments from Various Food Samples
Product

Analyzed Pigment

Potatoes

Carotenoids

Crocus sativus tepals

Carotenoids

Tomatoes

Carotenoids

Tomatoes
Tomatoes and tomato
juices
Tomato products

Carotenoids
Carotenoids

Tomato waste
products
Gazpacho

Lutein

Spinach

Carotenoids

Pesto sauces
Chickpeas

Carotenoids
Carotenoids

Red peppers and hot
chili peppers
Chile peppers

Carotenoids

Paprika fruits

Carotenoids

Different vegetables
Swiss vegetables
Different microgreens

Carotenoids
Carotenoids
Carotenoids

Juice–milk beverages

Carotenoids

Fruit juice–soymilk
beverages

Carotenoids

Green tea infusions
Fruit, herb, and
medicinal teas
Soft drinks, sausages,
and sauces
Atlantic salmon

Carotenoids
Carotenoids

Atlantic salmon
Cactus pears
Petit Suisse cheese
Opuntia stricta fruits
Ulluco
Several betalainic
foods
Basella alba fruits
Opuntia fruits

Sample Preparation
Acetone/methanol (80:20) + alkaline
saponification
n-Hexane + alkaline saponification, dim
light

Analytical and
Detection Method

Reference

HPLC-PDA and
LC-MS
HPLC-PDAESI-MS and
HPLC-PDAAPCI-MS
UPLC-PDA

Burmeister et al. (2011)

HPLC-PDA
HPLC-PDA

Rubio-Diaz et al. (2010a)
Rubio-Diaz et al. (2010b)

Methanol/chloroform/water
(1:2:1) + chloroform
Acetone/methanol (2:1) + n-hexane/ethyl
acetate (96:4) + SPE
Ethanol/hexane (4:3), darkness, low
temperature
Methanol + hexane/acetone
(1:1) + MTBE/methanol (1:1), dim light,
low temperature
Hexane/acetone + SPE
Hexane

HPLC-PDA

Stincoet al. (2013)

HPLC-PDA

Montesano et al. (2012)

HPLC-ESI-MS/MS

Vallverdú-Queralt et al. (2012)

HPLC-PDA

Biehler et al. (2011)

HPLC-PDA
HPLC-PDA

Acetone/hexane (1:1) with BHT and
BHA + ethyl acetate
Ethyl ether/NaCl (1:1) + alkaline
saponification
Acetone + KOH/methanol +diethyl ether,
darkness, low temperature
Acetone + alkaline saponification, dim light
Methanol/acetone (1:1) with DBMP
Ethanol with 1% BHT + water/hexane/
toluene (18:10:8), yellow light
Ethanol/hexane (4:3) + alkaline
saponification
Ethanol/hexane (4:3) with BHT and
magnesium carbonate
hydroxide + alkaline saponification
Acetone
Hexane/diethyl ether (1:1)

HPLC-PDA-MS

Masino et al. (2008)
Thavarajah and Thavarajah
(2012)
Schweiggert et al. (2007)

HPLC-PDA

Collera-Zúñiga et al. (2005)

HPLC-UV–vis

Park et al. (2011)

HPLC-PDA
HPLC-PDA
HPLC-PDA

Kao et al. (2012)
Reif et al. (2013)
Xiao et al. (2012)

HPLC-UV–vis

Zulueta et al. (2007)

HPLC-UV–vis

Morales-de la Peña et al. (2011)

HPLC-UV–vis
HPLC-PDA

Lu et al. (2009)
Loranty et al. (2010)

HPLC-PDA-MS

Yang et al. (2011)

HPLC-PDA

Leclercq et al. (2010)

Purine
Betalains
Betalains
Betalains
Betalains
Betalains

Acetic acid (pH 4) + methanol/water
(1:1) + SPE
Ethanol/ethyl acetate (1:1) + ethyl
acetate + isohexane, darkness
NaOH
–
Ethanol/1.5 N HCl (85:15)
–
Methanol/water (60:40)
Methanol/water

Betalains
Betalains

Methanol/water (80:20)
Sodium phosphate buffer pH 6.0

Lycopene

Carotenoids

Carotenoids

Crocin
Carotenoids

Ethanol/hexane (4:3) + methanol/MTBE/
water (90:5:5), dim light
Acetone/ethanol/hexane (1:1:2), dim light
Acetone/ethanol/hexane (1:1:2), dim light

HPLC-PDA
HPLC-PDA
Spectrophotometry
Spectrophotometry
LC-PDA-ESI/MS-MS
HPLC-PDA
HPLC- ESI/MS
Spectrophotometry
and HPLC-ESI/MS

Goupy et al. (2013)

Li et al. (2012)

Leclercq et al. (2010)
Moßhammer et al. (2007)
Prudencio et al. (2008)
Castellar et al. (2008)
Svenson et al. (2008)
Tesoriere et al. (2008)
Lin et al. (2010)
Gandía-Herrero et al. (2010)
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Table 34.2 (Continued)
Summary of the Methods Used to Extract, Analyze, and Detect Pigments from Various Food Samples
Product

Analyzed Pigment

Sample Preparation

Analytical and
Detection Method

Reference

Red fruits and
vegetable juices and
red–purple
soft-drinks
Beetroot samples

Betalains

–

HPLC-UV–vis

Obón et al. (2011)

Betalains

PEG 5000/(NH4)2SO4/chloroform

Gonçalves et al. (2012)

Infant cereals

Anthocyanins

1 M HCl/methanol (15:85), pH 1, low
temperature

Colored cereal grains

Anthocyanins

Black rice

Anthocyanins
Anthocyanins

HPLC-PDA and
LC-(ESI)MS/MS
HPLC-PDA

Hiemori et al. (2009)

Blue maize
Purple corn
Purple corn
Purple corn
Purple waxy hull-less
barley
Sorghum leaf sheath

Anthocyanins
Anthocyanins
Anthocyanins
Anthocyanins

1 M HCl/methanol (15:85), pH 1, low
temperature
1 M HCl/methanol (15:85), pH 1, low
temperature
Methanol/acetic acid/water (10:1:9), pH
3, low temperature
Methanol with 1% TFA, low temperature
0.01 M HCl
Water
3% TFA–50% acetonitrile

Spectrophotometry
and HPLC-MS
Spectrophotometry
and HPLCPDA-MS/MS
LC-PDA-MS

González-Manzano et al. (2008)
González-Paramás et al. (2006)
Jing and Giusti (2007)
Kohyama et al. (2008)

Oregon strawberries

Anthocyanins
Anthocyanins

pH-differential
spectrophotometry
HPLC-PDA

Ngo et al. (2007)

Organic and
conventional
strawberries
Strawberries

Water/methanol (50:50) + 20% aqueous
methanol/ethyl acetate (1:1)
Acetone + water/acetone
(30:70) + chloroform
0.1% HCl in methanol + SPE

HPLC-PDA-MS
HPLC-PDA-MS
HPLC-PDA
HPLC-PDA-MS and
NMR
HPLC-PDA-MS

Anthocyanins

Methanol + water/methanol (5:95) + SPE

Comandini et al. (2008)

Strawberries
Strawberries
Bayberries and
Rhamnus alaternus
L. berries
Bayberries

Anthocyanins
Anthocyanins
Anthocyanins

0.1% HCl in methanol/water (7:3)
0.1% HCl in methanol + SPE
0.1% HCl in methanol + SPE

CZE-PDA and
HPLC-PDA-MS
HPLC-PDA
HPLC-PDA-MS
HPLC-PDA-MS

Anthocyanins

0.15% HCl in methanol

Fang et al. (2005)

Chinese bayberries
Blueberries
Blackberries

Anthocyanins
Anthocyanins
Anthocyanins

0.1% HCl in methanol
Water/methanol (50:50), pH 1.5 + SPE
Acetone + acetone/water
(70:30) + acetone/chloroform (1:2)

American cranberries
Mulberries

Anthocyanins
Anthocyanins

95% ethanol with 0.1 M HCl, pH 1.2
95% methanol/0.1% HCl (1:1) + SPE

Mulberries
Raspberries

Anthocyanins
Anthocyanins

60% methanol with 1% TFA, 60°C
0.1% HCl in methanol

Andes berries

Anthocyanins

Wild berries

Anthocyanins

HPLC-PDA-MS

Kubota et al. (2012)

Santalum album L.
berries

Anthocyanins

Acetone + water/acetone (30:70) + acetone/
chloroform (1:2) + SPE
80% methanol with 0.5% acetic
acid + SPE
Precooled 0.5% TFA in methanol

pH-differential
spectrophotometry
and HPLC-PDAESI/MS
HPLC-PDA
HPLC-PDA-MS
pH-differential
spectrophotometry
and HPLC-PDAESI/MS
HPLC-PDA-MS
HPLC-PDA-MS,
LC-MS and NMR
HPLC-ESI-MS
pH-differential
spectrophotometry
HPLC-MS/MS

pH-differential
spectrophotometry

Sri Harsha et al. (2013)

Anthocyanins

Hirawan et al. (2011)

Abdel-Aal (2006)

Cortés et al. (2006)

Geera et al. (2012)

Crecente-Campo et al. (2012)

Hernanz et al. (2008)
González-Paramás et al. (2006)
Longo and Vasapollo (2005),
Longo et al. (2005)

Bao et al. (2005)
Fariaet al. (2005)
Fan-Chiang and Wrolstad
(2005)

Viskelis et al. (2009)
Qin et al. (2010)
Zou et al. (2012)
Syamaladevi et al. (2011)
Garzón et al. (2009)

(Continued)
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Table 34.2 (Continued)
Summary of the Methods Used to Extract, Analyze, and Detect Pigments from Various Food Samples
Product

Analyzed Pigment

Sample Preparation

Açai fruits
Açai fruits
Jabuticaba skins

Anthocyanins
Anthocyanins
Anthocyanins

Ethanol with 1% 12 M HCl
SPE
PLE

Australian native
fruits
Camu-camu fruits

Anthocyanins

80% methanol/0.1% HCl

Anthocyanins

Kokum fruits

Anthocyanins

0.5% HCl in methanol, low temperature,
darkness
Water with 0.1% HCl + SPE

Lycium ruthenicum
fruits
Hellenic native
grapes
Oregon “pinot noir”
grapes
Davidson’s plums
Sour cherries
Sweet cherries
Sweet cherries
Cornelian cherries
“Fuji” apples

Anthocyanins

Methanol with 2% formic acid + SPE

Anthocyanins

Gala apples

Anthocyanins

Apples

Anthocyanins

Kiwifruits

Anthocyanins

Figs

Anthocyanins

Wild tropical fruits
Red onions,
strawberries, and
sour cherries
Common foods

Anthocyanins
Anthocyanins

Ethanol/water/acetic acid (80:20:1), low
temperature, darkness
Acetone + 70%
acetone + chloroform + SPE
Methanol/acetic acid (95:5) + SPE
Water/ethanol/formic acid (94:5:1)

Anthocyanins

Methanol/water/acetic acid (85:15:0.5)

Beans and grape
skins
Red grape skins
Grapes
Bokbunja fruits

Anthocyanins

5% 1 N HCl in methanol

Anthocyanins
Anthocyanins
Anthocyanins

Ethanol/water (40:60)
Acetone/water/THF (60:40:0.05)
Water + SPE

Purple-fleshed sweet
potatoes
Purple-fleshed sweet
potatoes
Purple sweet potatoes

Anthocyanins
Anthocyanins

Acidified methanol at 3.3%, high
temperature
7% acetic acid in 80% methanol

Anthocyanins

Acidified electrolyzed water, pH 3

Colored potatoes

Anthocyanins

95% ethanol/1.5 N HCl (85:15)

Pigmented potatoes

Anthocyanins

Water/HCl (19:1), low temperature + SPE

Potatoes

Anthocyanins

Water/acetonitrile/formic acid
(87:3:10) + SPE

Analytical and
Detection Method

Reference

HPLC-PDA
HPLC-ESI-MS
pH-differential
spectrophotometry
HPLC-ESI-MS/MS

Rogez et al. (2011)
Pacheco-Palencia et al. (2010)
Santos et al. (2013)

HPLC-PDA-MS/MS

Zanatta et al. (2005)
Nayak et al. (2010)

0.1% HCl in methanol

HPLC-PDAESI-MS
HPLC-PDAESI-MS
HPLC-PDA

Anthocyanins

Acetone + water/acetone (30:70)

HPLC-PDA-MS

Lee and Skinkis (2013)

Anthocyanins
Anthocyanins
Anthocyanins
Anthocyanins
Anthocyanins
Anthocyanins

80% methanol with 1% acetic acid + SPE
0.01% HCl in methanol, low temperature
Water/methanol (40:60)
0.2% HCl in methanol, darkness
2% HCl in methanol
Methanol/HCl/water (50:1:49), low
temperature, darkness
Ethanol/HCl (85:15), low temperature,
darkness
80% acetone

HPLC-PDA
HPLC-PDA
HPLC-PDA
HPLC-PDA-MS
HPLC-PDA-MS
Spectrophotometry

Jensen et al. (2011)
Blando et al. (2005)
Gonçalves et al. (2007)
González-Gómez et al. (2010)
Pawlowska et al. (2010)
Jakopic (2009)

Spectrophotometry

González-Talice et al. (2013)

pH-differential
spectrophotometry
HPLC-PDA

Vieira et al. (2009)

HPLC-PDA-MS

Yemiş et al. (2012)

HPLC-PDA-ESI-MS
HPLC-PDA-MS

Santacruz et al. (2012)
Steimer and Sjöberg (2011)

HPLC-PDAESI-MS/MS
HPLC-PDA-MS

Wu et al. (2006)

HPLC-PDA-MS
HPLC-PDA
Spectrophotometry,
HPLC-PDA-MS,
and GC-MS
pH-differential
spectrophotometry
HPLC-PDA-MS/MS

Mateus et al. (2005)
Morel-Salmi et al. (2006)
Ku and Mun (2008)

pH-differential
spectrophotometry
pH-differential
spectrophotometry
HPLC-PDAESI-MS
HPLC-PDAESI-MS

Lu et al. (2010)

Netzel et al. (2006)

Zheng et al. (2011)
Kallithraka et al. (2005)

Montefiori et al. (2005)

González-Paramás et al. (2006)

Bridgers et al. (2010)
Truong et al. (2009)

Nayak et al. (2011b)
Eichhorn and Winterhalter
(2005)
Burmeister et al. (2011)
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Table 34.2 (Continued)
Summary of the Methods Used to Extract, Analyze, and Detect Pigments from Various Food Samples
Product

Analyzed Pigment

Sample Preparation

Purple potatoes and
yellow peas
Mashua tubers

Anthocyanins

Water/acidified ethanol (50:50)

Anthocyanins

Adzuki beans

Anthocyanins

Guatemalan beans

Anthocyanins

Methanol/water (90:10) with 0.1%
HCl + SPE
1% HCl in
methanol + ethylacetate + petroleum
ether
0.5% HCl in methanol + SPE

Lettuces

Anthocyanins

Wines
Red wines

Anthocyanins
Anthocyanins

Acidified methanol + water/chloroform,
low temperature, darkness
–
–

Red wines
Red wines
Red wines
Red wines
Red wines
Red wines
Red wines
Red wines
Carbonic macerated
red wines
Must and Port wines
Red fruit and
vegetable juices and
red–purple soft
drinks
Drinking yoghurts
Yoghurts

Anthocyanins
Anthocyanins
Anthocyanins
Anthocyanins
Anthocyanins
Anthocyanins
Anthocyanins
Anthocyanins
Anthocyanins

–
–
–
–
–
SPE
SPE
SPE
SPE

Anthocyanins
Anthocyanins

1% HCl in methanol
–

Anthocyanins
Anthocyanins

n-Hexane, acetone, methanol
0.1% HCl in methanol

Petit Suisse cheese
Crocus sativus tepals

Anthocyanins
Anthocyanins

Ethanol/1.5 N HCl (85:15)
Methanol/water (50:50) with 1% HCl,
dim light

Osmanthus fragrans’
seeds
Silky fowl
Atlantic salmon
Chestnut shells

Melanin
Melanin
Melanin
Melanin

Analytical and
Detection Method

Reference

pH-differential
spectrophotometry
HPLC-PDA-MS/MS

Nayak et al. (2011a)

HPLC-PDA-MS and
NMR

Takahama et al. (2013)

HPLC-PDAESI-MS
Spectrophotometry

Macz-Pop et al. (2005)

HPLC-PDA-MS
HPLC-PDAESI-MS
HPLC-PDA
HPLC-PDA
HPLC-MS
HPLC-PDA
HPLC-PDA
HPLC-PDA
HPLC-PDA
HPLC-PDA
HPLC-PDAESI-MS
HPLC-PDA
HPLC-UV–vis

Kontoudakis et al. (2011)
García-Marino et al. (2010)

Sun-Waterhouse et al. (2013)
Wallace (2008)

NaOH

HPLC-PDA
pH-differential
spectrophotometry
and HPLC-MS
Spectrophotometry
HPLC-PDAESI-MS and
HPLC-PDAAPCI-MS
Spectrophotometry

Proteinase K/DTT
NaOH
NaOH

EPR
HPLC-UV-vis
Spectrophotometry

Chen et al. (2008)
Leclercq et al. (2010)
Yao et al. (2012)

Chirinos et al. (2006)

Baslam et al. (2013)

González-Neves et al. (2010)
Heredia et al. (2010)
Liu et al. (2013)
Monagas et al. (2005)
Chinnici et al. (2011)
Manns et al. (2013)
Sun et al. (2006)
García-Falcón et al. (2007)
Chinnici et al. (2009)
Pinho et al. (2012)
Obón et al. (2011)

Prudencio et al. (2008)
Goupy et al. (2013)

Wang et al. (2006)

Note: APCI: Atmospheric pressure chemical ionization; BHA: Butylated hydroxyanisole; BHT: Butylated hydroxytoluene; CE or CZE: Capillary zone electrophoresis; DBMP: 2,6-di-tert-butyl-4-methylphenol: DMF: N,N-dimethylformamide; DTT: Dithiothreitol; EPR: Electron paramagnetic resonance;
ESI: Electrospray ionization; FS: Fluorescence spectrometry; HPLC: High-performance liquid chromatography; LC: Liquid chromatography;
LC × LC: Two-dimensional liquid chromatography; LIF: Laser-induced fluorescence; MS: Mass spectrometry; MS/MS: Tandem mass spectrometry;
MTBE: Methyl t-butyl ether; NMR: Nuclear magnetic resonance; PDA: Photodiode array; PLE: Pressurized liquid extraction; SC-CO2: Supercritical
carbon dioxide; SPE: Solid-phase extraction; TFA: Trifluoroacetic acid; THF: Tetrahydrofuran; UPLC: Ultraperformance liquid chromatography.

analyzed. The chosen solvent should efficiently extract the range
of carotenoids present in the sample.
In general, carotenoids are soluble in nonpolar solvents, such
as hexane, petroleum ether, or diethyl ether, which are used
for their extraction, but when samples with high water content
have to be extracted, a polar solvent is used as a modifier, such

as acetone, tetrahydrofuran (THF), or methanol. In this case,
the solvent acts as an extracting and dehydrating agent. On
the other hand, the nature of the compounds to be extracted
must also be considered. For example, polar solvents, such as
acetone or methanol, are good with xanthophylls but not with
carotenes.
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Since carotenoids are alkenes with multiple double bonds,
they are susceptible to oxidation or halogenation. Thus, solvents
must be free of oxygen, acids, or halogens to avoid carotenoid
degradation. Also, elevated temperature and exposure to light
have to be avoided (Britton 1991). In some cases, antioxidants
(e.g., butylated hydroxytoluene [BHT], butylated hydroxyanisole
[BHA] or 2,6-di-tert-butyl-methylphenol [DBMP]) are added to
the solvents to prevent oxidation (Schweiggert et al., 2007; Reif
et al., 2013).
Carotenoids appear in nature as mixtures of carotenes and
xanthophylls with fatty acids; some of these xanthophylls have
hydroxyl groups and are found as a mixture of fatty acid esters.
Therefore, saponification is important to obtain a less complex
mixture for analysis and also to eliminate chlorophylls. When
necessary, pigments can be saponified with alkaline methanolic
solutions and left for some time with periodic shaking (Gama
and de Sylos, 2007; Meléndez-Martínez et al., 2011; Yemiş
et al., 2012).
Because of the strong binding of carotenoids to other components of foods, the extraction has to be repeated several times to
obtain a total recovery of pigments. The combined extracts can
be further preconcentrated by evaporation whenever necessary.

34.3.3 Extraction of N-Heterocyclic Compounds
Different from Tetrapyrroles
Aqueous basic solutions successfully recover purine pigments
from fish (Leclercq et al., 2010).
Betalains, which also are water-soluble pigments, can be
water-extracted (Gandía-Herrero et al., 2010), although in
most cases, the use of methanol solutions, at a ratio of 60:40
or 80:20 (v/v) is required to complete extraction (Stintzing
et al., 2004; Svenson et al., 2008; Lin et al., 2010). While water
readily leaches pigments from the matrix, methanol causes the
denaturation of the enzymes present, thus inhibiting degradation reactions. Therefore, it is ensured that the extract exhibits the pattern actually present in the studied sample. In some
cases, sodium ascorbate is added to prevent oxidation, that is,
browning (Kugler et al., 2004). In other cases, fermentation of
extracts may reduce free sugars, increasing the betalain content
(Castellar et al., 2008).
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acids, such as acetic acid or formic acid, is recommended for
the extraction of complex anthocyanins (Jensen et al., 2011;
Steimer and Sjöberg, 2011). For use in food, it is preferable to
employ ethanol, as it is less toxic than methanol, even though it
is less efficient in extraction and more difficult to eliminate later
(Viskelis et al. 2009; Rogez et al., 2011). In some cases, water is
used (Jing and Giusti, 2007).
As natural products contain many other matrix components, such as sugars, phenolic acids, proteins, salts, and other
flavonoids that will be extracted along with the anthocyanins,
solid-phase extraction (SPE) is advisable to purify the extract.
Different column chemistry packings can be used, although most
of the studies use C18-microcolumns. Anthocyanins and other
phenolics are adsorbed onto the column, while sugars, organic
acids, and other water-soluble components are eluted with aqueous hydrochloric acid. Later, ethyl acetate is added to remove
organic acids, phenolic acids, and other interfering substances.
Finally, the anthocyanins are recovered with acidified methanol
(Longo and Vasapollo, 2004; Manns et al., 2013; Qin et al., 2010).

34.3.5 Extraction of Quinones
Quinones are soluble in nonpolar solvents, such as diethyl ether,
which is the one used for the extraction of naphthoquinone pigments from sea urchin spines and shells (Kuwahara et al., 2010,
2009; Zhou et al., 2012).

34.3.6 Extraction of Melanins
Melanins are known as versatile biopolymers, but their use is
restricted by their poor solubility. Their extraction and purification usually involve hot solvents, bases, or acids, which can
modify their physical and chemical properties. The method of
alkaline extraction followed by purification by acid hydrolysis
and washing with organic solvents (chloroform, ethyl acetate,
and ethanol) has been reported (Wang et al., 2006). However,
acid hydrolysis can change the chemical structure of melanins
(Ito, 1986). Therefore, some mild methods have been developed,
such as enzymatic extraction (Chen et al., 2008), hot alkaline
extraction without acid hydrolysis (Leclercq et al., 2010), or alkaline extraction with further fractionation according to their solubilities (Yao et al., 2012).

34.3.4 Extraction of Benzopyran Derivatives
As anthocyanins are water-soluble pigments, they are more soluble in polar than in nonpolar solvents. Therefore, extraction
with water, acetone, or chloroform is recommended. However,
conventional methods of anthocyanins extraction usually
employ dilute hydrochloric acid in methanol (Bao et al., 2005;
Kallithraka et al., 2005; Syamaladevi et al., 2011). Hydrochloric
acid is used to maintain a low pH, favoring the formation of
the anthocyanin-colored forms. However, hydrochloric acid is
a strong acid, which can cause partial hydrolysis of the acyl
moieties in acylated anthocyanins, especially in anthocyanins
acylated with dicarboxylic acids such as malonic acid. Although
very low amounts of hydrochloric acid (~0.1%) in the extraction
solvent may be justifiable in stabilizing the anthocyanin compound in solution without degradation, the use of weak organic

34.4 Analytical and Detection Methods
In the last few years, food colorants have been studied by
diverse analytical and detection methods. This section explains
the different techniques used since 2005, according to their
importance. In the first place, electrophoresis, fluorescence
spectrometry (FS), and nuclear magnetic resonance (NMR) are
described, which constitute specific methods, although they are
not widely used. Second, the most used methods are defined,
which consist of spectrophotometry and liquid chromatography
coupled with photodiode array (PDA) detection or mass spectrometry (MS). Analytical and detection methods used in the
study of natural pigments from different food samples are summarized in Table 34.2.
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34.4.1 Electrophoresis, FS, Electron Paramagnetic
Resonance, and NMR
Capillary zone electrophoresis with laser-induced fluorescence
detection (CZE-LIF) has only been used to determine copper
chlorophyllin in olive oil (Del Giovine and Fabietti, 2005). The
LIF detector has a sensibility 1000 times higher than a UV detector, due to the natural fluorescence of chlorophyll and provides
excellent selectivity and specificity, with a limit of detection of
5 µg/kg. The CZE procedure is a rapid and sensitive method,
being more efficient than liquid chromatography (LC) in terms
of separation, analysis, and cost-effectiveness. CZE was also
used for the separation of strawberry anthocyanins. The results
of the CZE analysis were compared with those obtained in
high-performance liquid chromatography (HPLC). High separation efficiency and reduced time analysis were obtained in
CZE, although lower limits of detection and quantification were
obtained by HPLC (Comandini et al., 2008).
FS has been used to determine chlorophylls in extra virgin
olive oil (Sikorska et al., 2008) and provided high specificity and
sensitivity.
EPR is used as analytical method to analyze melanin in silky
fowl (Chen et al., 2008). This technique is based on the absorption of microwave radiation by unpaired electrons when they are
in a magnetic field.
NMR is a powerful tool to characterize the chemical structure of
pigments although the main drawback is that analyzed compounds
have to be present at the milligram level, and thus exhaustive
extraction techniques are needed. Generally, it is used in combination with LC and PDA or MS detection. While carotenoids
and betalains are not commonly analyzed by this method, NMR
allows a complete structural characterization of anthocyanins
(Kohyama et al., 2008; Qin et al., 2010; Takahama et al., 2013).
The main problem is that this technique requires large amounts of
purified material, a big disadvantage with respect to MS.

34.4.2 Spectrophotometry
Spectrophotometry is a classical method widely used for the
analysis of food pigments, such as chlorophylls, betalains, and
melanins in green beans, olive oil, cactus pears, petit Suisse
cheese, Opuntia fruits, beetroot samples, Osmanthus fragrans’
seeds, and chestnut shells. In some cases, pigments are studied
by pH-differential spectrophotometry (Bridgers et al., 2010; Lu
et al., 2010; Nayak et al., 2011a). This method takes advantage of
the pH dependency of anthocyanins (Baslam et al., 2013). Many
samples contain degraded pigments and additives that artificially
enhance their color. At pH 1.0, some of these substances absorb
at 520 nm, like anthocyanins do. However, unlike anthocyanins
that become colorless at pH 4.5, they do not undergo structural
changes and continue to absorb at 520 nm. Thus, by taking into
account the unique pH dependency of anthocyanins, anthocyanin
concentration can be determined and interfering substances can
be eliminated. Therefore, this method consists in measuring the
absorption at 520 nm by anthocyanin standards and samples at
two different pH values, 1.0 and 4.5. Absorbance values obtained
at pH 1.0 are due to all substances in the sample, which absorb
at 520 nm, including anthocyanins, whereas absorbance values

obtained at pH 4.5 are only due to the other substances, and not
due to anthocyanins.

34.4.3 Chromatography
Gas chromatography (GC) coupled with MS has been used in
very few studies (Ku and Mun, 2008), mainly for the analysis
of anthocyanins. Although the method provides good sensitivity,
sample preparation is long and tedious. Carotenoids are not studied by this technique because sample derivatization is needed
and poor sensitivity is obtained.
HPLC is, by far, the most used method (Hung and Hatcher,
2011) for the analysis and characterization of all kind of pigments in a myriad of samples: beverages, vegetables, kernels,
cereals, teas, fish, oil, fruits, and so on. The most used columns
are of reversed-phase C8 and C18 (Lin et al., 2010), and with particles size between 3 and 10 µm. Solvents for separation include
water–methanol and water–acetonitrile, often acidified with formic, acetic, or phosphoric acid to improve the separation. This
separation technique is coupled to PDA, MS, or both.
Separation relies largely on the analytical column used.
The C18 columns are the most common (Luaces et al., 2005;
Qin et al., 2010; Crecente-Campo et al., 2012; Kubota et al.,
2012), although C30 reversed-phase columns provide sufficient
phase thickness to enhance interaction with long-chain molecules and have high resolving power for compounds with a clear
hydrophobic character, such as carotenoids and chlorophylls. C30
columns have been used to fully characterize the carotenoid content in olive oil (Giuffrida et al., 2007) and permit the discrimination of several cis–trans-isomers of carotenoids. The majority
of the carotenoid and anthocyanin separations involve the use
of reversed-phase HPLC (Comandini et al., 2008), although the
normal phase is more efficient in separating lutein, zeaxanthin,
and their geometric isomers.
The most common detection technique to determine carotenoids, anthocyanins, and betalains by HPLC is PDA, which
provides a full absorbance spectra used to confirm the presence
of a specific compound. However, some studies rely on the use
of UV detection, where compounds are identified at 1 or 2 wavelengths, generally at the maximum absorbance of the chemical
species. Because pigments absorb at high wavelengths, high
selectivity is obtained with PDA and UV, although the identification capabilities are much higher when PDA is used. Carotenoids
and chlorophylls have double bounds in their chemical structures
that absorb in the electromagnetic spectrum region (Criado et al.,
2007; Kean et al., 2007). The study of their UV spectra allows
the obtaining of information on the number and type of double
bounds and other functional groups present in the structure
(like carbonyl groups). These double bounds are in conjugation,
allowing an excited level of low energy. The consequence is an
electronic transition in the visible region producing the color of
these compounds (yellow, orange, red). HPLC-UV or PDA also
provides information about the chemical structure of anthocyanins, like acylation, glycosylation, and the presence of methoxyl
groups (Blando et al., 2005; Gonçalves et al., 2007; Rogez et al.,
2011). Betalains have many similarities with anthocyanins, but
their maximum absorption is in the visible region. It is possible for acylate betalains to have another maximum absorption
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between 260 and 230 nm of the UV region. In order to define the
number of acyl groups in the chemical structure, it is necessary
to calculate the ratio of maximum visible region to maximum
UV region (Tesoriere et al., 2008). Mathematical methods have
been used to quantify betalains by nonlinear curve fitting of the
spectrum. This procedure is rapid and accurate and does not
require the separation of different pigments.
Over the past few years, the use of HPLC coupled with MS
detectors in pigment analysis has increased tremendously due
to the development of atmospheric pressure ionization sources
such as electrospray. MS detection can provide information
about both the molecular mass and molecular structure, which
facilitates the identification of analytes. The latter is especially
true for MS/MS, where fragmentation gives additional structural
information. Improved detections, sensitivity, and selectivity can
furthermore be obtained if data are recorded in multiple reaction
monitoring (MRM) mode.
HPLC-PDA-MS is becoming a widely used technique for the
analysis and structural confirmation of food pigments. Although
PDA is still widely used, mainly for routine analysis of target
compounds, MS has much higher identification capabilities,
even with the absence of standards, and it has been used for the
analysis of carotenoids and chlorophylls. MS gives information
about the exact molecular weight of the different compounds,
and depending on the ionization conditions, the molecular ion or
fragment ions can be monitored. In most cases, working conditions include the acquisition of molecular ions and two or three
fragment ions, which permit the unequivocal confirmation of a
compound in a complex matrix. For target compound analysis,
MS/MS with MRM acquisition provides excellent sensitivity
and selectivity. MS is a very sensitive technique, with limits of
detection in the range of 0.1–1 ng. The most common ionization technique is electrospray ionization (ESI) in positive mode,
but atmospheric pressure chemical ionization (APCI) has also
been used, being more sensitive than ESI for carotenoids (Goupy
et al., 2013).
Anthocyanins have been analyzed by MS/MS with MRM in
red onion, strawberries, and sour cherries (Steimer and Sjöberg,
2011), obtaining high selectivity, good signal-to-noise ratio,
and simplified data evaluation. This is possible due to the basic
structure of anthocyanins, the flavylium ion. The different substituents in this basic structure can form more than 500 different
anthocyanins. The systematic structure of these pigments makes
it possible to predict the theoretical m/z of different anthocyanins
and their fragments. With the precursors and the MRM transitions of common fragments, a large number of anthocyanins can
be selectively characterized. Although PDA is a powerful technique to determine betalains, HPLC-MS has also been used for
their characterization in several food products (Svenson et al.,
2008).

34.5 Application of the Analytical Methodology
in Different Food Types
HPLC-PDA, HPLC-MS, and less frequently NMR have been
widely used to characterize the pigment profiles from fruits
and vegetables with the aim to develop novel functional food
products, to explore the potential of native species as a source
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of natural food colorants and to study the effect of processing
and storage on the composition of pigments. The isolation and
characterization of anthocyanins, chlorophylls, and carotenes
has been carried out in a myriad of products, such as berries,
grapes, cereals, apples, exotic fruits, and so on, and the main
functional components have been unequivocally identified and
quantified. In this section, the presence of the main pigments
is described according to the chemical composition and type of
food, although in some cases, more than one pigment family are
discussed together as they have been simultaneously characterized in the same food product.

34.5.1 Carotenoids in Cereals, Oil, and Potatoes
Cereals are rich in carotenoids. Yellow maize (Zea mays) bran
contains 1.77–6.50 mg/kg and yellow corn meal contains 12.04–
17.94 mg/kg; lutein and zeaxanthin are the main carotenoid
components and have little variation during processing, indicating that maize-based foods are good dietary sources of bioaccessible carotenoids (Kean et al., 2008). Sorghum is also rich in
carotenoids, with levels from 0.112 to 0.315 mg/kg, lower than in
yellow maize (1.152 mg/kg), and variations among cultivars are
observed (Kean et al., 2007). The concentration of carotenoids
in durum wheat depends on the genotype and growing environment and it is important to select wheats with high carotenoid
content to increase nutritional value and the sensory quality of
food products (Hung and Hatcher, 2011). Apart from health benefits, the carotenoid content analyzed by HPLC-PDA together
with color characteristics is proposed to classify durum wheat
and semolina raw material for industrial applications (Fratianni
et al., 2005).
Oil is another important source of carotenoids. Yet, there are few
studies on their pigment composition. Nowadays, HPLC-PDA and
HPLC-MS methods represent a great advance in the characterization of pigments in oil. Using a 30-m column and HPLC-PDA,
19 compounds were identified in mono-varietal virgin olive oil
cultivated in Sicily (Giuffrida et al., 2011, 2007). Pheophytina was
the major component (0.49–19.43 µg/g), followed by β-carotene
(1.27–9.30 µg/g) and lutein (0.44–5.12 µg/g), and auroxanthin
was detected for the first time, and levels varied according to
genetic factors and/or geographical differences (Giuffrida et al.,
2011). The characterization of these pigments in olive oil, apart
from playing an important role in health, can be used to guarantee the genuineness and typicality of the products (Giuffrida
et al., 2007). In addition, the type and amount of pigments in
oil affect their color, which is a parameter strictly controlled
by the European Union regulation on oil quality (Commission
Regulation EC/796/2002 2002) on the characteristics of olive
oil and olive–pomace oil and on the relevant method of analysis.
Escolar et al. (2007) used a photochemical method using an UV
spectrophotometer interfaced to a personal computer which permitted the determination of the color space of virgin olive oil and
was correlated with the oil type and quality. The pigment content
in the oil can be modified during the processing of olives. During
olive oil extraction, crushing and malaxation processes break
cell walls and expose the olive matrix to enzymes, oxygen, and
mild heat. As a consequence, chlorophylls are transformed into
their magnesium-free derivatives and chloroplast pigments are
lost. Criado et al. (2007) studied the transfer of chlorophylls and
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carotenoids during olive oil extraction in relation to ripening and
irrigation. HPLC-PDA with spectrophotometric and chromatographic parameters permitted the identification of 17 pigments,
including chlorophylls, carotenoids, pheophytins, lutein, anthocyanins, and other components. The percentage of chloroplast
pigments transferred from the olive paste to the oil increased with
ripening and an excess of water irrigation produced a reduction in
chloroplast pigments and thus, a low concentration in the virgin
olive oils. Another study demonstrated that lutein and β-carotene
increased with the heat treatment during oil production (Luaces
et al. 2005).

34.5.2 Carotenoids in Fruits
Fruits are an important source of carotenoids and have a high
nourishment value. Using LC-PDA, more than 30 carotenoids
were detected in concentrated orange juice at Σcarotenoids of
1.37–5.89 mg/L, although some compounds detected in fresh
juice were absent in the concentrated one, such as 5,6-epoxycarotenoids, antheraxanthin and violaxanthin (Meléndez-Martínez
et al., 2008). Similar results were reported by Gama and de Sylos
(2007), who indicated that thermal pasteurization and concentration did not affect total carotenoid content in Brazilian Valencia
oranges although their composition was changed. A set of 31
carotenoid compounds were identified in Spanish Valencia late
ultrafrozen orange juices using a C30 analytical column and
LC-PDA (Meléndez-Martínez et al. 2005) and their presence
was correlated to the chromatic characterization. Ultrafrozen
mandarin juice from conventional and organic farming did not
differ with regard to the carotenoid content and was proposed
as an alternative to heat treatments. β-Cryptoxanthin, followed
by lutein and zeaxanthin, were the most abundant compounds,
as identified by LC-PDA, and nutritional and organoleptic properties were stable during the storage period (Navarro et al.,
2012). Carotenoid patterns, including their transformation, were
elucidated in orange essential oil and juice by means of comprehensive normal-phase × reversed-phase LC-PDA, where 79
compounds were identified, although the study emphasized the
need to use MS for a more complete characterization (Dugo
et al., 2006). Structural and geometrical isomers of carotenoids in
wine grape of the variety Negroamaro were studied by simultaneous HPLC-PDA-MS(ESI+), which permitted the identification
of 24 compounds, including regio- and cis-isomers of lutein, a
cis-isomer of β-carotene, 5,6-epoxy xanthophylls and 5,8-epoxy
xanthophylls diasteroisomers; their content varied from 20 ± 4
to 1000 ± 300 µg/kg (Crupi et al., 2012). Carotenoids and chlorophylls were found to be in Grewia coriacea, a plant that grows
spontaneously in the tropical forests of Africa and accounts for
an important food source for indigenous people in a large portion
of the Congo River basin. Using a spectrophotometer at 662, 664,
and 440 nm, it was found that both chlorophyll a and b decreased
in Grewia coriacea fruits during developing and ripening while
the concentration of carotenoids increased up to 8 mg/g ww, thus
demonstrating the nutritional value of the fruit (Attibayéba et al.,
2007). Palm tree dates (Phoenix dactylifera) are the main staple
food in North African countries and the basis of survival for
inhabitants of the Algerian Sahara as they represent an important source of nutrients and energy. Total carotenoid concentration was from 61 to 773 µg/100 g ww in different varieties of

fruit, and HPLC-PDA revealed that lutein and β-carotene were
the main pigments in date and that they disappeared during ripening; therefore, from a nutritional point of view, it would be
better to choose khallal maturation state than tamr (Boudries
et al., 2007). A similar behavior was found in figs (Ficuscarica L).
The anthocyanin content in three fig varieties from Turkey was
characterized by HPLC-PDA and HPLC-MS and the major
compounds detected were cyanidin-3-rutinoside, the major
component in all varieties with levels of 21.2–91.2 mg/100 g
dw, cyanidin-3-glucoside, cyanidin-3,5-diglucoside, and pelargonidin-3-glucoside, while yellow figs also contained lutein,
zeaxanthin, β-cryptoxanthin, and β-carotene. Despite their high
nutritional content, it was found that carotenes were degraded at
the end of the sun-drying period (7th day) (Yemiş et al., 2012).
Carotenoids were identified and quantified by HPLC-PDA-MS
in berries of sarsaparilla (Smilax aspera), an evergreen perennial climbing plant of the Liliaceae family whose rhizomes have
depurative, diaphoretic, diuretic stimulant, and tonic properties,
to evaluate their use as an alternative natural source of carotenoids for the food, animal feed, and pharmaceutical industries.
Lycopene was the main carotenoid detected at 242.44 µg/g fw,
followed by β-carotene, β-cryptoxanthin, and other minor carotenoids such as lycophyll, zeaxanthin, lutein, and antheraxanthin.
This carotenoid profile, together with the high content (375 µg/g
fw), makes sarsaparilla a potential source of carotenoids in
the food and pharmaceutical industries (Delgado-Pelayo and
Hornero-Méndez, 2012). Jackfruit (Artocarpus heterophyllus)
is a common native plant in Asia, Africa, and South America,
belonging to the Moraceae family whose fruits are big with a
diameter of 13–50 cm and weigh 3–60 kg when ripe. The pulp
represents 30% of the jackfruit and has a cream color due to the
presence of carotenoids. HPLC-PDA-MS/MS was used to identify 18 compounds, being the main carotenoids all-trans-lutein,
all-trans-β-carotene, all-trans-neoxanthin, 9-cis-neoxanthin,
and 9-cis-violaxanthin. Levels were of 129–150.3 µg/100 g and
varied among batches analyzed, attributed to genetic and/or agricultural factors (Faria et al., 2009). The fruit of Arazá (Eugenia
stipitata McVaugh), a plant that grows in the Colombian Amazon
and considered an economically valuable fruit for the Andean
economy due to its novel and unique taste, was characterized in
terms of carotenoid composition. Using HPLC-PDA-MS/MS,
multiple carotenoids were identified in the peel and in the pulp,
including four xanthophylls and two carotenoids, the concentration being much higher in the peel (2482 ± 421 µg/100 g fw) than
in the pulp (806 ± 348 µg/100 g fw). The authors conclude that
Colombian Arazá may be a good edible source of carotenoids
and that it can be used as nutraceutical ingredient and in the production of functional foods in the Colombian diet (Garzón et al.,
2012). Kamffer et al. (2010) developed an extraction method to
identify and quantify carotenoids and chlorophylls from unripe
(green) and ripe (red) Merlot grape berries based on HPLC and
it was found that carotenoids and chlorophylls decreased from
veraison to harvest over two growing seasons and were sensitive to climatic conditions. Lutein and β-carotene were the most
abundant in Merlot grapes and 5,8-epoxy-β-carotene was identified for the first time.
Fruit processing may affect the carotenoid content, and thus
the nutritional value of fruits as well as their antioxidant capacity, properties that are used to measure processing quality.
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Carotenoid content changed in chestnut (Castanea sativa Mill)
(De Vasconcelos et al., 2010) and in cashew apple fruit extract
and its concentrate (de Abreu et al., 2013), which presented a
10-fold increase in carotenoids in relation to the initial cashew
apple, with concentration values of Σ11 carotenoids of 54 mg/
kg, as identified by HPLC-PDA-MS. Acerola fruit (Malpighia
ematginata and Malpighia glabra L.), from the Caribbean
islands, Central America, and the Amazonian region, is a
cherry appreciated for its flavor, color, and vitamin C content.
In ripe fruit, the four main carotenoids identified by HPLCPDA were β-carotene, β-cryptoxanthin, lutein, and violaxanthin
together with minor components as neoxanthin, antheraxanthin, neochrome, luteoxanthin, auroxanthin, β-cryptoxanthin5,6-epoxide, β-cryptoxanthin-5,8-epoxide, cis-β-carotene, and
cis-lutein. Their content in ripe fruit was of 197–538.55 µg/100 g
fw, and this content decreased after juice making and pasteurization, affecting the nutritional value of these fruits (Mezadri et al.
2005).

34.5.3 Carotenoids in Vegetables
The tomato (Solanum lycopersicum) is one of the most widely
consumed vegetables worldwide for its essential nutrients and
bioactive phytochemicals, including carotenoids, vitamin C, and
provitamin A, folic acid, and other compounds that contribute
to human health. Lycopene, β-carotene, and lutein are the major
carotenoids in tomatoes which nutritionally are most valuable.
However, genetics, environmental conditions, production techniques, and postharvest storage conditions affect their content.
Using a rapid and sensitive HPLC with a C18 column method,
Li et al. (2012) identified 28 compounds corresponding to alltrans- and cis-isomers of lutein, lycopene, and β-carotene in
20 cultivars of tomato and their contents were reported. It was
found that temperature, oxygen, and light affected the formation
of cis-isomers. Thus, it is important to characterize in detail all
isomeric forms for developing “designer” tomato cultivars that fit
to different needs such as lycopene, lutein, and β-carotene tomatoes. Other techniques such as infrared spectroscopy were used
to identify and characterize dietary carotenoids in tomatoes as
a tool to select tomato varieties with a specific pigment content
(Rubio-Diaz et al., 2010a,b). Infrared spectroscopy and HPLC
were also used to determine carotenoid profiles in fresh, after
hot-break and screening, and canned tomatoes and the effect
of storage was determined. An increase in the carotenoid content was observed in hot-break and screening, accompanied by
some degree of lipid peroxidation and carotenoid isomerization,
although this effect was enhanced by canning (Rubio-Diaz et al.
2010b). Storage of gazpacho, a tomato–vegetable soup, produced
a slight decrease in the carotenoid content and in the hydrophilic
and lipophilic antioxidant capacities, mainly due to quercetin
oxidation and lycopene cis-isomerization (Vallverdú-Queralt
et al., 2012).
Chili (Capsicum annuum) is very much appreciated for its
taste and for its nutritional value. HPLC-PDA permitted the
identification of 25 carotenoids in three varieties of chili from
Mexico, and concentration differences were observed among the
varieties (Collera-Zúñiga et al., 2005). Five carotenoids (capsorubin, capsanthin, β-carotene, lutein, and zeaxanthin) were identified in pickled paprika using HPLC at total carotenoid content
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of 15.18 mg/100 g fw. Storage at 35°C for 42 days produced a
decrease to 2.44 mg/100 g fw, thus indicating the need to improve
storage conditions to extend shelf life without losing nutritional
and functional components (Park et al., 2011). Thermal treatment prior to mincing and storage was also responsible for the
decreased carotenoid levels in paprika and chili powder, due to
degradation of nonesterified carotenoids, mono-, and diesters
(Schweiggert et al., 2007). The effect of boiling, stir frying, and
deep frying on the composition of lutein, zeaxanthin, β-carotene,
and their cis/trans-isomers was studied for the 25 most widely
consumed vegetables in Taiwan (Kao et al. 2012). It was found
that boiling preserved the carotenoid composition (not overcooking) and stir and deep frying decreased total carotenoid content
and all-E-forms of carotenoids. Six carotenoids were characterized by HPLC in a set of vegetables most frequently consumed
in Switzerland and the daily intake was estimated, which was
3.3 mg β-carotene, 2.2 mg lycopene, and 1.8 mg lutein per day
from fresh vegetables (Reif et al., 2013).
Finally, microgreens have emerged as the new ingredient in
salad, soups, and sandwiches, as they enhance their color, texture, flavor, and can also be used as edible garnish. Microgreens
are tender immature greens produced from the seeds of vegetables and herbs, which are harvested 7–14 days after germination.
β-Carotene, lutein, zeaxanthin, and violaxanthin were characterized in 25 microgreens and it was found that they contained considerably higher concentrations of carotenoids than their mature
plant counterparts, although large variations were found among
the 25 species analyzed (Xiao et al., 2012).

34.5.4 Anthocyanins in Cereals
Escribano-Bailón et al. (2004) describe the anthocyanic composition of some pigmented cereals, both in relation to the characterization of the different components and from a qualitative
point of view. Purple corn is a pigmented variety of Zea mays
cultivated in Peru and Bolivia, which has beneficial health effects
and the extracts are used as food colorants. LC-PDA-MS analysis
revealed a total content of 34% of anthocyanins (expressed as
cyanidin-3-monoglucoside) with differences between the original
cob and after industrial extraction. The content of anthocyanins
in wheat is not well characterized. The average content of anthocyanins in the wholemeal of blue wheat was of 16 mg/100 g, in
purple wheat of 9 mg/100 g, and 0.5 mg/100 g in red wheat, and
higher levels were detected in bran. Specially, the bran of blue
wheat contained 46 mg/100 g of anthocyanins. Therefore, this
variety can be a source for the commercial obtaining of anthocyanins for the elaboration of functional foods. In purple wheat,
cyanidin-3-glucoside was the main compound detected and in
blue wheat, the second component, indicating that each variety
of wheat has a different anthocyanin profile. Differences in the
anthocyanin content were observed from one year to another,
indicating that their synthesis is influenced by environmental
factors, such as the UV-B light.
Sorghum produces pigmented phytoalexins after inoculation
with various fungi, both pathogenic and nonpathogenic. The
identified compounds were apigenidin, luteolinidin, caffeic acid
ester of arabinosyl-5-O-apigenidin, 7-methoxy-apigenidin, and
5-methoxy-luteolinidin. These compounds are associated to resistance to some fungal pathogens (Escribano-Bailón et al., 2004).
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Anthocyanins are also present in red rice and black rice grain,
which after extraction are used as food colorants in the elaboration of alcoholic beverages. The main compound detected was
cyanidin-3-glucoside followed in minor proportion by peonidin3-glucoside. Other derivatives such as cyanidin-3-gentiobioside,
cyanidin-3-rhamnoside, cyanidin-3,5-diglucoside, and cyanidin3-rhamnoglucoside were described. In some crops, malvidin3-galactoside, peonidin-3-rhamnoglucoside, and a derivative of
delphinidin were described. The total anthocyanin content varies greatly according to rice species, ranging from 10 to 493 mg
anthocyanin/100 g grain and cyanidin-3-glucoside being the
main detected compound (from 83% to 100%) (Escribano-Bailón
et al., 2004). That study concludes that pigmented rice rich in
anthocyanins represents an extra source of anthocyanins in the
diet and a potential source of pigments in the elaboration of nutraceutical or functional foods. However, when cooking, the composition of anthocyanins can be altered (Hiemori et al., 2009). Six
anthocyanin pigments were detected in black rice (Oryza sativa
L. japonica var. SBR) where cyanidin-3-glucoside was detected
at 572 µg/g (91% of total) and peonidin-3-glucoside at 29.78 µg/g
(4.74%). Minor constituents were cyanidin-dihexoside isomers
and cyanidinhexoside. In that study, the stability of pigments was
studied by cooking the rice using a rice cooker, pressure cooker,
or gas range and it was found that all cooking procedures caused
a significant decrease in anthocyanin pigments although protocatechuic acid increased (Hiemori et al., 2009).
Other studies report that infant cereals produced from purple
wheat and red rice grains contain decreased levels of anthocyanin and C-glycosilapigenin due to processing and suggest incorporating purple grain wheat to improve the antioxidant status
(Hirawan et al., 2011).
Anthocyanin pigments were characterized in a wide variety of
ornamental and edible black, blue, pink, purple, red, and white
wheat, in barley, corn, and rice to evaluate their potential as natural colorants or functional food ingredients (Abdel-Aal et al.,
2006). Among 19 studied grains, black rice had the highest level
of anthocyanin with 327 mg/100 g, followed by sweet scarlet red
corn (60.7 mg/100 g), shaman blue corn (32.2 mg/100 g), and
blue cv. Purendo wheat (21.2 mg/100 g). It was also observed that
abrasive or roller milling concentrated anthocyanin pigments in
the bran fraction by about 8 times in black rice and 4 times in
blue corn. Forty-two anthocyanins were characterized by comparison of the spectroscopic and chromatographic properties
using LC-PDA-ESI+/MS. Cyanidin-3-glucoside accounted for
88% and 67% total anthocyanins in black and red rice, followed
by peonidin-3-glucoside and cyanidindiglucoside (2 isomers
detected). For blue wheat, delphinidin-3-glucoside was identified
as the main anthocyanin, accounting for 33% of the total anthocyanins, followed by delphinidin-3-rutinoside. In purple wheat,
10 anthocyanin compounds were observed at low concentration,
with cyanidin 3-glucoside and peonidinmalonylglucoside being
the main ones. Finally, blue, pink, purple, red, and multicolored
corn exhibited complex anthocyanin composition with 18–27
compounds, cyanidin 3-glucoside being the main component in
most varieties. Most of the anthocyanins detected in colored corn
were in acetylated form having malonyl or succinyl moieties and
several isomers, as identified by MS. The broad characterization of anthocyanins should help in the selection process for the
development of anthocyanin-rich grain products.

Because purple corn (Zea mays) is a rich and economic source
of anthocyanin colorants and functional ingredients, Jing and
Giusti (2007) evaluated the extraction processes to reduce purple
corn waste associated with anthocyanin complexation with tannins and proteins. Extraction yields depended on extraction time,
reextraction, and enzyme hydrolysis, factors that should be considered in industrial processing.
Seed maturation after harvest was another factor affecting
the content of anthocyanins in purple waxy hull-less barley cv.
Daishimochi, which is rich in malonylated cyanidin derivatives.
Using NMR spectroscopy and MS, four anthocyanins were identified 28 days after flowering. Concentrations increased after 35
days after flowering when the dry weight of grains was maximum and decreased at 42 days after flowering and during the
drying preparation after harvest (Kohyama et al., 2008).
Certain sorghum varieties accumulate large amounts of poorly
characterized pigments in their nongrain tissue, which could be
of commercial interest as natural alternatives to synthetic petroleum-based dyes for food application. Using LC-MS/MS, two new
deoxyanthocyanidin compounds, namely, apigeninidin-flavene
dimer and apigenin-7-O-methylflavene dimer, were identified in
the leaf sheath. These compounds present high stability and thus
present new opportunities for the food industry (Geera et al., 2012).

34.5.5 Anthocyanins in Fruits
Berries are small fleshy fruits, eaten fresh or in products such
as juice, jam, wine, or syrup, which are rich in vitamin C and
phenolic compounds, such as phenolic acids, tannins, stilbenes,
flavonoids, and anthocyanins. Berries are anthocyanin-rich
products, whose content depends on the species, variety, cultivation, region, weather conditions, ripeness, and storage time,
and have aroused interest for their nutraceutical, antioxidant,
and other benefits. Strawberries, a very common fruit eaten raw
or processed, are a rich source of polyphenolics, with anthocyanins pigments being responsible for their appealing bright
red color. Using CZE, pelargonidin-3-glucoside, pelargonidin3-rutinoside, and cyanidin-3-glucoside were identified; pelargonidin-3-glucoside, the major component, contained 11.41 mg/L
(Comandini et al., 2008). Similar results were obtained by
Hernanz et al. (2008), who indicated that good correlation was
found between pelargonidin-3-rutinoside and the external color
(r = −0.87) and between pelargonidin-3-glucoside and the internal color (r = −0.72). When comparing organic versus conventionally farmed strawberries, the organic fruits were darker, less
vivid and frequently redder and had significantly higher levels
of anthocyanins (19.3 ± 6.8 vs. 9.8 ± 1.8 µg/g fw for cyanidin3-glucoside and 332.3 ± 66.5 vs. 254.1 ± 33.6 µg/g fw for pelargonidin-3-glucoside) and it was concluded that the color was
related to the antioxidant capacity (anthocyanins) and therefore,
its nutritional value (Crecente-Campo et al., 2012). However,
color can change due to strawberry processing and storage and
whereas anthocyanins in fresh strawberries ranged from 37.1 to
122.3 mg/100 g fw, freezing increased its content and produced
a transfer of 70% from the berries to the juice while canning produced a loss of 70% of anthocyanins, a loss that increased during
9 weeks storage (Ngo et al., 2007).
Anthocyanins were also characterized in four Chinese bayberry (Myrica rubra) varieties and the color stability was
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assessed under different pH, being more stable at pH ≈ 1.5 (Bao
et al., 2005). Processing of these berries into juice with industrialscale treatments produced anthocyanin changes with 12–27%
yield after centrifuging, and pasteurization. Blanched-treated
samples and SO2-treated samples changed their content (Fang
et al., 2005). Anthocyanin pigments were analyzed in 51 blackberries by HPLC-UV-MS and cyanidin-3-glucoside, cyanidin-3rutinoside, cyanidin-3-xyloside, cyanidin-3-glucoside acylated
with malonic acid, and an unidentified acylated derivative of
cyanidin-3-glucoside were detected at 70.3–201 mg/100 g and
the levels decreased in juices (Fan-Chiang and Wrolstad, 2005).
Mulberries (Morus alba L.) have historically been used as medicinal food in China; their pigment is a natural colorant for food
processing and has potential medical and commercial values.
Using UV–vis spectroscopy, HPLC-PDA, LC-MS, and 1HNMR,
the most abundant anthocyanins in mulberries were cyanidin-3O-rutinoside (60%) and cyanidin-3-O-glucoside (38%), pelargonidin-3-O-glucoside, and pelargonidin-3-O-rutinoside (Qin et al.,
2010). With HPLC-ESI-MS, eight anthocyanins were identified
and the total content was 54.72 mg/g mulberry powder (Zou et
al, 2012). Cranberries (Vaccinium oxycoccus L.) are also rich in
anthocyanins, especially in the skin (Viskelis et al., 2009). The
concentration of anthocyanins in raspberries range between 0.2
and 2.2 g/g fw and cyanidin-3-glucoside and cyanidin-3-sophoroside are the main compounds, which give high nutraceutical
benefits to this fruit (Syamaladevi et al., 2011), although processing and storage may affect their stability. Freezing did not affect
the concentration on anthocyanins in raspberries, although an
increase was observed in frozen raspberries at −20°C after 378
days (Syamaladevi et al., 2011). Fifteen anthocyanins, anthocyanin-pyruvic acid adducts and vinylpyrano-anthocyanincatechins (portisins) were identified in extracts of blueberries
(Vaccinium myrtillus) using HPLC and HPLC-MS, with a total
pigment content of 78.8, 39.8, and 100.7 mg/L; the antioxidant
properties of blueberry extracts emphasize the interest of their
putative application (Faria et al., 2005). Berries of Rhamnus
alaternus L., a perennial wild shrub of the Mediterranean area,
are rich in delphinidin-3-O-rutinoside (62.4% of the total pigments) and with HPLC-PDA and MS, 18 components were identified; altogether representing a good source of natural pigments
(Longo et al., 2005). The Andes berry fruit (Rubus glaucus
Benth) contains 45 mg/100 g fw anthocyanins, characterized by
HPLC-PDA-ESI-MS/MS as cyanidin-3-sambubioside, cyanidin3-glucoside, cyanidin-3-xylorutinoside, cyanidin-3-rutinoside,
pelargonidin-3-glucoside, and pelargonidin-3-rutinoside. The
high phenolic content and antioxidant capacity suggest that this
fruit could be a rich source of natural pigments, nutraceuticals,
and natural antioxidants (Garzón et al., 2009). Similar behavior
is found in fruits of Rubus croceacanthus and Rubus sieboldii,
distributed in Japan (Kubota et al., 2012), of Ruscus aculeatus
from Mediterranean Europe and Africa (Longo et al., 2005)
and in berries of Santalum album L. from Australia (Sri Harsha
et al., 2013), which contain a high concentration of anthocyanins and make them important local sources of natural pigments.
Bay leaf (Laurus nobilis L.) berries and essential oils are widely
used in the food industry for the seasoning of soups, meat, fish,
and beverages, and as food preservatives due to their antimicrobial and insecticide activity; their essential oil is used as a folk
medicine. Longo and Vasapollo (2005) studied the anthocyanin
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composition in bay berries and suggested that extracts could be
potentially used as natural colorants and antioxidants in the food,
pharmaceutical, and cosmetic industries.
The analysis of anthocyanins in grapes has a high interest for
wine production as grape constituents define the quality of wine.
The anthocyanin composition and content was analyzed in 13
major red grape varieties (Vitis vinifera sp.) from Greece using
HPLC-UV–vis. Malvidin-3-O-glucoside accounted for 67.5%
of the total content, followed by its coumarate derivative (14%)
and the corresponding glucosides of peonidin (8.5%), petunidin
(4.6%), and delphinidin (4.1%) and the total amount ranged from
85.7 ± 0.2 to 1914 ± 5.9 mg/kg fw, with great variations among
cultivars (Kallithraka et al., 2005). The effect of leaf removal,
a common canopy management method used to alter the microclimate, increases the anthocyanin content, as demonstrated by
“pinot noir” (Lee and Skinkis, 2013). Vinification of grapes with
high anthocyanin potential may be regarded as the principal criterion in producing wines enriched in these biologically active
polyphenols.
Cherries are also an important source of anthocyanins.
Individual anthocyanin pigments were isolated, identified, and
quantified by HPLC-PDA-MS in six sweet-cherry cultivars
(Prunus avium) from Spain. The most abundant compound was
cyanin-3-rutinoside (105 mg/100 g fw) and there was a good
correlation between the seven identified compounds (GonzálezGómez et al., 2010). The main anthocyanins detected in Cornus
mas, a cherry native to south Europe and southwest Asia were
cyanidin-3-O-galactoside, pelargonidin-3-O-glucoside, and
pelargonidin-3-O-rutinoside, which were responsible for the red
color of the cherries (Pawlowska et al., 2010). Gonçalves et al.
(2007) demonstrated that there was a close relationship between
color parameters and anthocyanins in four sweet cherry cultivars during storage, with increases of cyanin-3-rutinoside and
cyanin-3-glucoside. Kiwifruit cultivars (Actinidia chinensis and
Actinidia deliciosa) were analyzed using HPLC and HPLC-MS
and anthocyanins, carotenoids, and chlorophylls were identified. The yellow and green colors of the outer fruit pericarp were
due to different concentrations of carotenoids and chlorophylls,
whereas the red color found mainly in the inner pericarp was due
to anthocyanins (Montefiori et al., 2005).
Many other fruits have been characterized to explore their
source as natural colorants and for their potential nutritional
properties, to be further exploited locally. Açai (Euterpe oleraceae), a plant tree widely distributed in northern South America,
contained two anthocyanins, cyanidin-3-glucoside and cyanidin3-rutinoside, whose content changed during fruit maturation and
Rogez et al. (2011) suggested harvesting when 85% of the maximum anthocyanin concentration was reached. Postharvest, processing and storage of Açai fruits should be performed to avoid
polymerization reactions that might affect absorption of bioactive compounds (Pacheco-Palencia et al., 2010).
The pigment profile in native products, as in selected
Australian fruits (Netzel et al., 2006), in Davidson’s plums
(Davidsonia pruriens) from Australia (Jensen et al., 2011), in
camu-camu (Myrciaria dubia) from the Amazonian rain forest
(Zanatta et al., 2005), in kokum (Garcinia indica Choisy) from
India (Nayak et al., 2010), in Lycium ruthenicum Murr, distributed in the salinized desert of Tibet (Zheng et al., 2011), and in
wild tropical fruits from Colombia (Santacruz et al., 2012), has
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been characterized to explore their natural content and health
benefits to be used locally or for further exploitation.
In the United States, 100 common foods were screened for
anthocyanins and 24 of them contained this pigment, which
varied considerably from 0.7 mg/100 g fw in gooseberry to
1480 mg/100 g fw in chokeberry. The composition of anthocyanins varied largely among foods, and only six common aglycones, delphinidin, cyanidin, petunidin, pelargonidin, peonidin,
and malvidin were found in all foods, although sugar moieties
and acylation patterns varied from food to food. The total daily
intake was estimated to be 12.5 mg/day/person, considering
fruits, vegetables, nuts, and beverages (Wu et al., 2006).
Finally, the characterization of pigments, total phenolic, and
total flavonoids concentration is important because they determine color and internal product quality, and thus, consumer
acceptability. The relation among pigments, color, and phenolic concentration in peel was studied for Gala apple strains
(González-Talice et al., 2013), for “Fuji” apples (Iglesias et al.,
2012) and for other apple varieties (Vieira et al., 2009) and a
strong correlation between anthocyanins and peel color measurements was demonstrated.

34.5.6 Anthocyanins in Vegetables
Sweet potatoes are an important dietary source of anthocyanins
and anthocyanidins, which are used in a variety of processed
commercial products, including food colorants, juices, breads,
noodles, jams, confectionary, and fermented beverages. Colored
potatoes are an excellent source of antioxidant-rich ingredients
for the production of nutritionally enhanced food products.
Truong et al. (2009) identified 17 anthocyanins in purple flesh
sweet potatoes using HPLC-PDA/ESI-MS/MS, where the different compounds were fully identified by their specific ions and
retention time using a C18 250 mm column. Using SPE, countercurrent chromatography and preparative HPLC followed by
HPLC-PDA and LC-ESI-MS/MS, it was possible to separate
coumaric acid derivatives from nonacylated anthocyanins and
chlorogenic acids and characterize their content in pigmented
potato (Solanum tuberosum L.) of several cultivars (“Hermanns
Blaue,” “Highland Burgundy Red,” “Shetland Black,” and
“Vitelotte”) (Eichhorn and Winterhalter, 2005). LC-ESI-MS
was used to compare the carotenoid and anthocyanin profiles
of raw and boiled potatoes (Solanum tuberosum and Solanum
phureja) and 17 compounds were fully characterized and quantified (Burmeister et al., 2011). In addition, it was observed that
during heat processing, high amounts of carotenoids changed
from all-trans to 9-cis- and 13-cis-isomeric form and the overall
total pigment content decreased. Extraction yields are important to recover anthocyanins. Microwave baking and acidified
electrolyzed water were used to extract flavonoids, phenolic, and
monomeric anthocyanins from purple sweet potato, and levels
were of 132.13, 64.52, and 102.31 mg/g, respectively; this methods provided high yields; it was simple and had a low cost (Lu
et al., 2010). Total monomeric anthocyanin content was analyzed
using a spectrophotometric pH-differential model to determine
the effect of extraction solvent and temperature on anthocyanin
concentration, obtaining better efficiencies using 70% acidified
methanol at 80°C, where levels of 180 mg/100 g fw were quantified (Bridgers et al., 2010).

The adzuki bean (Vigna angularis) is used for various dishes
in East Asia and is an important ingredient for Japanese and
Chinese sweets. Takahama et al. (2013) isolated cyanidin-catechin, a purple pigment, and its structure was determined by
HPLC-MS and NMR and the effects of solvent and pH on the
absorption spectra of the isolated pigment and its presence in
boiled adzuki bean and boiling water were studied, as a potential
application to make colored food.
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Preface
As was written in the preface of the second edition of this book, in 2004, the science of food analysis has developed rapidly. The
number of articles and papers on the subject is increasing daily. New analysis systems are being developed and the existing techniques optimized. Analysis systems have been fully automated and miniaturized. An updated compilation of these recent developed
or adapted methods is needed by food chemists.
Analytical and quantitative testing of product composition is one part of the analysis of food compounds. Another aspect is the
guarantee of product quality and safety as productivity increases. In the food industry, there is a need for analysis of components and
contaminants in both raw and processed products. All sorts of analysis techniques are necessary in the development of food products
and in controlling food safety.
Knowledge of the chemical and biochemical composition of foods is required to determine the following: what structural changes
may occur during the processing and storage of foods; how nutrients may be affected; what may be the effects of the use of agrochemicals; and to detect additives and toxins. Food product labeling must include significant ingredient and nutrient information.
Food has to be analyzed or tested because the knowledge of chemical composition is important to the health, well-being, and safety
of consumers.
This third edition has been totally reinvented. This third edition is now two volumes with two editors and the 70 chapters are organized into five sections. Section I of Volume I, Physical and Sensory Properties, has seven chapters. Methods for measuring, e.g., optical characteristics, sensory qualities, and water activity are fully detailed. The authors of the six chapters of Section II of Volume I
discuss different additives, as well as food adulteration and traceability. Section III of Volume I, Nutritional and Quality Analysis, has
21 chapters. The reader can find information on moisture and ash, amino acids, peptides, proteins, enzymes, lipids, phospholipids,
carbohydrates, starch, alcohols, vitamins, organic acids, organic bases, phenolic compounds, inorganic nutrients, pigments, aroma
compounds, and dietary fiber. A new topic, proteomics, is included. Section IV of Volume II, Residues and Other Food Components,
discusses information on analysis and detection of residues in food and on miscellaneous food components across 20 chapters. In
addition, one new chapter on allergens is included.
As in the previous editions, chapters of Sections II and III of Volume I, and Section IV of Volume II have been compiled using the
same structure. The physical and chemical properties are enumerated first. What are the properties in food? Why must one detect
the different components? What are the regulations in the food industry? Next, sample preparation and/or derivatization techniques
are described. What extraction and clean-up methods are used? Detection methods are then fully detailed, and brief accounts of
historical methods are presented. More attention is given to classical methods and even more to recently developed and automated
methods. What are the future trends in the analysis of the different food components? What are the advantages and/or disadvantages
of the different methods? What are the detection limits, the accuracy, the duration of analyses, the costs, or the reliability? Data are
summarized in charts and tables. An abundance of such material, along with graphs and examples, makes this manual a substantial
reference guide.
Finally, in Section V, Methods, Techniques, and Instruments, readers can find in-depth information on the most frequently used
analysis techniques: classical and more recently developed ones. In this section, methods to analyze, quantify, and detect are discussed. This section also includes information on sample preparation, clean-up, and the statistical process of data.
This is a handbook of methods of analysis, and it offers readers detailed descriptions of step-by-step procedures as well as a large
number of references summarized in tables. These volumes may be used as primary textbooks for undergraduate students in the
techniques of food analysis. Furthermore, they are also intended for use by graduate students and scientists involved in the analysis
of food components.
The contributors from across the globe are strong leaders in fields of food analysis in both industry and academic institutions. We
congratulate them for their excellent efforts.
Leo M.L. Nollet
Fidel Toldrá

xiii

www.ebook777.com

Free ebooks ==> www.ebook777.com

This page intentionally left blank

Free ebooks ==> www.ebook777.com

Acknowledgments
Every struggle you had in your life shaped you into the person you are today. Be thankful for the hard times; they can only
make you stronger.

I thank my colleague and friend of many years, Fidel, for all the time and energy he spent in the conception and preparation of this
work. I hope we are able to work together in the future on many more projects.
I thank my wife for her continuing support in a very difficult period of my life.
Leo M.L. Nollet

xv

www.ebook777.com

Free ebooks ==> www.ebook777.com

This page intentionally left blank

Free ebooks ==> www.ebook777.com

Editors
Leo M.L. Nollet, PhD, earned an MS degree (1973) and a PhD (1978) in biology from the Katholieke Universiteit Leuven, Belgium.
Dr. Nollet is the editor and associate editor of numerous books. He edited books for M. Dekker, New York—now CRC Press of
Taylor & Francis Group—the first, second, and third edition of Food Analysis by HPLC and Handbook of Food Analysis. The last
edition is a three-volume book. He also edited Handbook of Water Analysis (first, second, and third edition) and Chromatographic
Analysis of the Environment 3rd edition (CRC Press).
With F. Toldrá he coedited two books published in 2006 and 2007: Advanced Technologies for Meat Processing (CRC Press) and
Advances in Food Diagnostics (Blackwell Publishing—now Wiley). With M. Poschl he coedited Radionuclide Concentrations in
Foods and the Environment also published in 2006 (CRC Press).
He coedited several books with Y.H. Hui and other colleagues: Handbook of Food Product Manufacturing (Wiley, 2007),
Handbook of Food Science, Technology and Engineering (CRC Press, 2005), Food Biochemistry and Food Processing, first and
second edition (Blackwell Publishing—Wiley, 2006 and 2012), and Handbook of Fruits and Vegetable Flavors (Wiley, 2010).
He also edited the Handbook of Meat, Poultry and Seafood Quality, first and second edition (Blackwell Publishing—Wiley, 2007
and 2012).
From 2008 to 2011 he published five volumes with F. Toldrá in animal products related books: Handbook of Muscle Foods
Analysis, Handbook of Processed Meats and Poultry Analysis, Handbook of Seafood and Seafood Products Analysis, Handbook
of Dairy Foods Analysis, and Handbook of Analysis of Edible Animal By-Products. Also in 2011 with F. Toldrá he coedited two
volumes for CRC Press: Safety Analysis of Foods of Animal Origin and Sensory Analysis of Foods of Animal Origin. In 2012 both
Nollet and Toldrá published the Handbook of Analysis of Active Compounds in Functional Foods.
Coediting with Hamir Rathore, Dr. Nollet brought out the Handbook of Pesticides: Methods of Pesticides Residues Analysis,
which was published in 2009 and Pesticides: Evaluation of Environmental Pollution in 2012.
His other completed book projects are Food Allergens: Analysis, Instrumentation, and Methods (with A. van Hengel) (CRC Press,
2011) and Analysis of Endocrine Compounds in Food (Wiley-Blackwell, 2011).
Recent projects are Proteomics in Foods with F. Toldrá (Springer, 2013) and Transformation Products of Emerging Contaminants
in the Environment: Analysis, Processes, Occurrence, Effects and Risks with D. Lambropoulou (Wiley, 2014).
Fidel Toldrá, PhD is a research professor in the Department of Food Science, Instituto de Agroquímica y Tecnología de Alimentos
(CSIC) and serves as the European editor of Trends in Food Science & Technology, associate editor of Meat Science and editor of the
food bioprocessing section at Current Opinion in Food Science. He served as editor-in-chief of Current Nutrition & Food Science
(2005–2011). He is a member of the CEF Panel at the European Food Safety Authority and a member of the editorial board of eight
journals, including Food Chemistry, Journal of Food Engineering, Food Science & Nutrition, and Food Analytical Methods. He has
been editor or associate editor of several books in recent years. He was the editor of Research Advances in the Quality of Meat and
Meat Products (Research Signpost, 2002) and associate editor of the Handbook of Food and Beverage Fermentation Technology
and the Handbook of Food Science, Technology and Engineering both published by CRC Press in 2004 and 2006, respectively. In
collaboration with Dr. Leo M.L. Nollet he coedited two books published in 2006: Advanced Technologies for Meat Processing (CRC
Press) and Advances in Food Diagnostics (Blackwell Publishing) and two books in 2013: Food Analysis by HPLC (CRC Press) and
Proteomics in Foods: Principles and Applications (Springer). Both are also associate editors of the Handbook of Food Product
Manufacturing published by John Wiley & Sons in 2007 and the 3rd edition of Food Biochemistry and Food Processing (WileyBlackwell, 2013). Professor Toldrá has edited books on Meat Biotechnology (Springer, 2008) and Safety of Meat and Processed Meat
(Springer, 2009) and also authored the book Dry-Cured Meat Products published by Food & Nutrition Press (now Blackwell) in 2002.
With Dr. Leo M.L. Nollet he published six books on analytical methodologies for foods from 2009 to 2012: Handbook of Muscle
Foods Analysis, Handbook of Processed Meats and Poultry Analysis, Handbook of Seafood and Seafood Products Analysis,
Handbook of Dairy Foods Analysis, Handbook of Analysis of Edible Animal By-Products, and Handbook of Analysis of Active
Ingredients in Functional Foods. Also in 2011 with Dr. Leo M.L. Nollet he coedited for CRC Press two volumes: Safety Analysis of
Foods of Animal Origin and Sensory Analysis of Foods of Animal Origin.
Fidel Toldrá was awarded the 2002 International Prize for meat science and technology by the International Meat Secretariat (IMS)
and the Distinguished Research Award in 2010 and the Meat Processing Award in 2014 by the American Meat Science Association
(AMSA). He was elected in 2008 as Fellow of the International Academy of Food Science & Technology (IAFOST) and in 2009 as
Fellow of the Institute of Food Technologists (IFT).

xvii

www.ebook777.com

Free ebooks ==> www.ebook777.com

This page intentionally left blank

Free ebooks ==> www.ebook777.com

Contributors to Volume II
Amparo Alfonso
Department of Pharmacology
University of Santiago de Compostela
Lugo, Spain

Ana M. Botana
Department of Analytical Chemistry
University of Santiago de Compostela
Lugo, Spain

Zeineb Aturki
Instituto di Metodologie Chimiche
Consiglio Nazionale delle Ricerche
Rome, Italy

Luis M. Botana
Department of Pharmacology
University of Santiago de Compostela
Lugo, Spain

Vincent Baeten
Valorisation of Agricultural Products Department
Walloon Agricultural Research Centre
Gembloux, Belgium

Emma L. Bradley
The Food and Environment Research Agency
Department for Environment Food and
Rural Affairs
York, United Kingdom
Gianfranco Brambilla
Department of the Environment and
Primary Prevention
Italian National Institute of Health
Rome, Italy

Jean-Denis Bailly
Mycotoxicology Research Unit
National Veterinary School of Toulouse
Toulouse, France

Chiara Casolino
Department of Pharmacy
University of Genoa
Genoa, Italy

Natalia Besil
Pharmacognosy and Natural Products
Facultad de Química
UdelaR
Montevideo, Uruguay
and
Polo Agroalimentario y Agroindustrial de Paysandú
CENUR Noroeste
EEMAC
UdelaR
Paysandú, Uruguay
and
Grupo de Contaminantes Orgánicos Trazas (GACT)
Cátedra de Farmacognosia y Productos Naturales
Departamento de Química Orgánica Facultad de Química
Universidad de la República (UdelaR) General Flores 2124
Uruguay
Anna A. Bletsou
Laboratory of Analytical Chemistry
Department of Chemistry
University of Athens
Athens, Greece
Javier-Hernández Borges
Department of Analytical Chemistry
Nutrition and Food Science
University of La Laguna
Canary Islands, Spain

Laurence Castle
The Food and Environment Research Agency
Department for Environment Food and Rural
Affairs
York, United Kingdom
Maria Verónica Cesio
Pharmacognosy and Natural Products
Facultad de Química
UdelaR
Montevideo, Uruguay
and
Polo Agroalimentario y Agroindustrial de
Paysandú
CENUR Noroeste
EEMAC
UdelaR
Paysandú, Uruguay
and
Grupo de Contaminantes Orgánicos Trazas (GACT)
Cátedra de Farmacognosia y Productos Naturales
Departamento de Química Orgánica Facultad de Química
Universidad de la República (UdelaR) General Flores 2124
Urugua

xix

www.ebook777.com

Free ebooks ==> www.ebook777.com
xx
S. Chandrasekaran
Pesticide Toxicology Laboratory
Department of Agricultural Entomology
Tamil Nadu Agricultural University
Tamil Nadu, India
Marcos Colazzo
Polo Agroalimentario y Agroindustrial de Paysandú
CENUR Noroeste
EEMAC
UdelaR
Paysandú, Uruguay
and
Grupo de Contaminantes Orgánicos Trazas (GACT)
Cátedra de Farmacognosia y Productos Naturales
Departamento de Química Orgánica Facultad de Química
Universidad de la República (UdelaR) General Flores 2124
Uruguay
Pierre Dardenne
Valorisation of Agricultural Products Department
Walloon Agricultural Research Centre
Gembloux, Belgium
Marilena E. Dasenaki
Laboratory of Analytical Chemistry
Department of Chemistry
University of Athens
Athens, Greece
Alessandro di Domenico
Department of the Environment
and Primary Prevention
Italian National Institute of Health
Rome, Italy
Paola Dugo
Università Campus Bio-Medico
Rome, Italy
and
“Scienze del Farmaco e Prodotti per la Salute” Department
Università di Messina
Messina, Italy
Chiara Fanali
Università Campus Bio-Medico
Rome, Italy
Salvatore Fanali
Instituto di Metodologie Chimiche
Consiglio Nazionale delle Ricerche
Rome, Italy
Christian Fernandes
Faculdade de Farmácia
Universidade Federal de Minas
Gerais (UFMG)
Minas Gerais, Brazil

Contributors to Volume II
Michele Forina
Department of Pharmacy
University of Genoa
Genoa, Italy
Maria Beatriz Abreu Gloria
Faculdade de Farmácia
Universidade Federal de Minas Gerais (UFMG)
Minas Gerais, Brazil
Philippe Guerre
Mycotoxicology Reasearch Unit
National Veterinary School of Toulouse
Toulouse, France
Jinchao Guo
National Center for Molecular Characterization of
Genetically Modified Organisms
School of Life Sciences and Technology
Shanghai Jiao Tong University
Shanghai, People’s Republic of China
Horacio Heinzen
Pharmacognosy and Natural Products
Facultad de Química
UdelaR
Montevideo, Uruguay
and
Polo Agroalimentario y Agroindustrial de Paysandú
CENUR Noroeste
EEMAC
UdelaR
Paysandú, Uruguay
and
Grupo de Contaminantes Orgánicos Trazas (GACT)
Cátedra de Farmacognosia y Productos Naturales
Departamento de Química Orgánica Facultad de
Química
Universidad de la República (UdelaR) General Flores 2124
Uruguay
Dimitra Hela
Department of Business Administration of Food and
Agricultural Products
University of Patras
Agrinio, Greece
Tibor Hianik
Faculty of Mathematics, Physics and Informatics
Comenius University
Bratislava, Slovakia
Anna Laura Iamiceli
Department of the Environment and Primary Prevention
Italian National Institute of Health
Rome, Italy

Free ebooks ==> www.ebook777.com
xxi

Contributors to Volume II
K. Jayalakshmi
Veterinary College and Research Institute
Tamil Nadu, India
Jacky Kister
Laboratoire de Radiolyse de la Matière Organique (LRMO)
CEA and Universitè of Aix-Marseille III
Faculté des Sciences de Saint-Jérôme
Marseille, France
S. Kuttalam
Pesticide Toxicology Laboratory
Department of Agricultural Entomology
Tamil Nadu Agricultural University
Tamil Nadu, India

Silvina Niell
Polo Agroalimentario y Agroindustrial de Paysandú
CENUR Noroeste
EEMAC
UdelaR
Paysandú, Uruguay
and
Grupo de Contaminantes Orgánicos Trazas (GACT)
Cátedra de Farmacognosia y Productos Naturales
Departamento de Química Orgánica Facultad de Química
Universidad de la República (UdelaR) General Flores 2124
Uruguay
Georgia-Paraskevi Nikoleli
Laboratory of Inorganic and Analytical Chemistry
School of Chemical Engineering, Dept. 1, Chemical
Sciences
National Technical University of Athens
Athens, Greece

Dimitra A. Lambropoulou
Department of Chemistry
Aristotle University of Thessaloniki
Thessaloniki, Greece
Silvia Lanteri
Department of Pharmacy
University of Genoa
Genoa, Italy
Chih-Cheng Lin
Department of Biotechnology and Pharmaceutical Technology
Yuanpei University of Medical Technology
Taiwan, Republic of China
Shan-Yang Lin
Department of Biotechnology and Pharmaceutical Technology
Yuanpei University of Medical Technology
Taiwan, Republic of China
Eulogio J. Llorent-Martínez
Department of Physical and Analytical Chemistry
Faculty of Experimental Sciences
University of Jaén
Jaén, Spain
Carmen Louzao
Department of Pharmacology
University of Santiago de Compostela
Lugo, Spain
Stephen Majoni
Department of Applied Chemistry
National University of Science and Technology
Bulawayo, Zimbabwe
Luigi Mondello
Università Campus Bio-Medico
Rome, Italy
and
“Scienze del Farmaco e Prodotti per la Salute” Department
Università di Messina
Messina, Italy
Basil Munjanja
Department of Applied Chemsitry
National University of Science and Technology
Bulawayo, Zimbabwe

Dimitrios P. Nikolelis
Laboratory of Environmental Chemistry
Department of Chemistry
University of Athens
Athens, Greece
Leo M.L. Nollet (Retired)
University College Ghent
Ghent, Belgium
Paolo Oliveri
Department of Pharmacy
University of Genoa
Genoa, Italy
Semih Otles
Food Engineering Department
Ege University
Izmir, Turkey
Vasfiye Hazal Ozyurt
Food Engineering Department
Ege University
Izmir, Turkey
Andres Perez Parada
Pharmacognosy and Natural Products
Facultad de Química
UdelaR
Montevideo, Uruguay
and
Grupo de Contaminantes Orgánicos Trazas (GACT)
Cátedra de Farmacognosia y Productos Naturales
Departamento de Química Orgánica Facultad de
Química
Universidad de la República (UdelaR) General Flores 2124
Uruguay

www.ebook777.com

Free ebooks ==> www.ebook777.com
xxii

Contributors to Volume II

M. Paramasivam
Pesticide Toxicology Laboratory
Department of Agricultural Entomology
Tamil Nadu Agricultural University
Tamil Nadu, India

Antonio Ruiz-Medina
Department of Physical and Analytical Chemistry
Faculty of Experimental Sciences
University of Jaén
Jaén, Spain

Lucia Pareja
Polo Agroalimentario y Agroindustrial de Paysandú
CENUR Noroeste
EEMAC
UdelaR
Paysandú, Uruguay

Edmond Sanganyado
Department of Environmental Science
University of California, Riverside
Riverside, California

and
Grupo de Contaminantes Orgánicos Trazas (GACT)
Cátedra de Farmacognosia y Productos Naturales
Departamento de Química Orgánica Facultad de Química
Universidad de la República (UdelaR) General Flores 2124
Uruguay
Romina Pedreschi
Pontificia Universidad Católica de Valparaíso
School of Agronomy
Quillota, Chile
Juan Antonio Fernández Pierna
Valorisation of Agricultural Products Department
Walloon Agricultural Research Centre
Gembloux, Belgium
Jacques J. Raffi
Laboratoire de Radiolyse de la Matière Organique (LRMO)
CEA and Universitè of Aix-Marseille III
Faculté des Sciences de Saint-Jérôme
Marseille, France
Susanne Rath
Grupo de Toxicologia de Alimentos e Fármacos
Departamento de Químíca Analítica
Instituto de Química
Universidade Estadual de Campinas
Campinas, Brazil

Ahmet Senturk
Food Engineering Department
Ege University
Izmir, Turkey
Peter Šimko
Institute of Biotechnology and Food Science
Faculty of Chemical and Food Technology
Slovak University of Technology
Bratislava, Slovak Republic
Heli Sirén
Department of Chemistry
University of Helsinki
Helsinki, Finland
Apostolos Spyros
Department of Chemistry
University of Crete
Crete, Greece
Alfredo Teixeira
Department of Animal Science
School of Agriculture
Polytechnic Institute of Bragança
and
Veterinary and Animal Research Centre
(CECAV)
University of Trás-os-Montes e Alto Douro
Bragança, Portugal

Milagro Reig
Instituto de Ingeniera de Alimentos para el Desarrollo
Unversidad Politécnica de Valencia
Valencia, Spain

Nikolaos S. Thomaidis
Laboratory of Analytical Chemistry
Department of Chemistry
University of Athens
Athens, Greece

Felix Guillermo Reyes Reyes
Department of Food Science
Universidade Estadual de Campinas
Campinas, Brazil

Fidel Toldrá
Instituto de Agroquimica y Tecnologia de
Alimentos (CSIC)
Valencia, Spain

Herve Rogez
Centre for Agro-Food Valorization of Amazonian Bioactive
Compounds (CAVCBA)
Universidade Federal do Para
Belem, Brazil

Virginie Tregoat
European Commission Joint Research Centre
Institute for Reference Materials and
Measurements
Geel, Belgium

Free ebooks ==> www.ebook777.com
xxiii

Contributors to Volume II
Evaristo Ballesteros Tribaldo
Department of Physical and Analytical Chemistry
University of Jaén
Jaén, Spain
Nikolaos Tzamtzis
Laboratory of Inorganic and Analytical Chemistry
School of Chemical Engineering, Dept. 1, Chemical Sciences
National Technical University of Athens
Athens, Greece
Carmen Vale
Department of Pharmacology
University of Santiago de Compostela
Lugo, Spain

Philippe Vermeulen
Valorisation of Agricultural Products
Department
Walloon Agricultural Research Centre
Gembloux, Belgium
Mercedes R. Vieytes
Department of Physiology
University of Santiago de Compostela
Lugo, Spain
Natalia Vilariño
Department of Pharmacology
University of Santiago de Compostela
Lugo, Spain

Arjon J. van Hengel
European Commission Joint Research Centre
Institute for Reference Materials and Measurements
Geel, Belgium
Theodoros H. Varzakas
Department of Food Technology
Higher Technological Educational Institute
Peloponnese School of Agricultural Technology, Food
Technology and Nutrition
Kalamata, Greece

Dabing Zhang
Joint International Research Laboratory of
Metabolic and Developmental Sciences
School of Life Sciences and Biotechnology
Shanghai Jiao Tong University–University of
Adelaide Joint Centre for Agriculture and
Health
Shanghai, China

www.ebook777.com

Free ebooks ==> www.ebook777.com

This page intentionally left blank

Free ebooks ==> www.ebook777.com

Section IV

Residues and Other Food Components

www.ebook777.com

Free ebooks ==> www.ebook777.com

This page intentionally left blank

Free ebooks ==> www.ebook777.com

1
Mycotoxin Analysis in Poultry and Processed Meats
Jean-Denis Bailly and Philippe Guerre
Contents
1.1
1.2

Introduction.....................................................................................................................................................................................4
Main Mycotoxins............................................................................................................................................................................4
1.2.1 Trichothecenes....................................................................................................................................................................4
1.2.1.1 Origin and Nature...............................................................................................................................................4
1.2.1.2 Structure and Physicochemical Properties.........................................................................................................6
1.2.1.3 Analytical Methods.............................................................................................................................................7
1.2.2 Zearalenone........................................................................................................................................................................7
1.2.2.1 Origin and Nature...............................................................................................................................................7
1.2.2.2 Structure and Physicochemical Properties.........................................................................................................8
1.2.2.3 Analytical Methods.............................................................................................................................................8
1.2.3 Fumonisins.........................................................................................................................................................................8
1.2.3.1 Origin and Nature...............................................................................................................................................8
1.2.3.2 Physicochemical Properties................................................................................................................................9
1.2.3.3 Methods of Analysis...........................................................................................................................................9
1.2.4 Aflatoxins...........................................................................................................................................................................9
1.2.4.1 Origin and Nature...............................................................................................................................................9
1.2.4.2 Structure and Chemical Properties.....................................................................................................................9
1.2.4.3 Analytical Methods...........................................................................................................................................10
1.2.5 Ochratoxin A....................................................................................................................................................................10
1.2.5.1 Origin and Nature.............................................................................................................................................10
1.2.5.2 Physicochemical Properties..............................................................................................................................10
1.2.5.3 Methods of Analysis......................................................................................................................................... 11
1.2.6 Other Toxins..................................................................................................................................................................... 11
1.2.6.1 Citrinin.............................................................................................................................................................. 11
1.2.6.2 Cyclopiazonic Acid........................................................................................................................................... 11
1.3	Mycotoxin Analysis and Prevalence in Poultry............................................................................................................................12
1.3.1 Trichothecenes..................................................................................................................................................................12
1.3.1.1 Methods of Analysis.........................................................................................................................................12
1.3.1.2	Behavior and Residual Contamination of Poultry Tissues...............................................................................12
1.3.2 Zearalenone......................................................................................................................................................................12
1.3.2.1 Methods of Analysis.........................................................................................................................................12
1.3.2.2	Behavior and Residual Contamination of Poultry Tissues...............................................................................12
1.3.3 Fumonisins....................................................................................................................................................................... 14
1.3.3.1 Methods of Analysis......................................................................................................................................... 14
1.3.3.2 Behavior and Prevalence in Poultry Tissues..................................................................................................... 14
1.3.4 Aflatoxins......................................................................................................................................................................... 14
1.3.4.1 Methods of Analysis......................................................................................................................................... 14
1.3.4.2 Behavior and Prevalence in Poultry Tissues..................................................................................................... 14
1.3.5 Ochratoxin A.................................................................................................................................................................... 14
1.3.5.1 Methods of Analysis......................................................................................................................................... 14
1.3.5.2 Behavior and Prevalence in Poultry Tissues.....................................................................................................15
1.3.6 Other Toxins..................................................................................................................................................................... 16
1.3.6.1 Citrinin.............................................................................................................................................................. 16
1.3.6.2 Cyclopiazonic Acid........................................................................................................................................... 16

3

www.ebook777.com

Free ebooks ==> www.ebook777.com
4

Handbook of Food Analysis

1.4	Mycotoxin Analysis and Prevalence in Processed Meats............................................................................................................. 16
1.4.1 Aflatoxin B1...................................................................................................................................................................... 16
1.4.2 Ochratoxin A.................................................................................................................................................................... 17
1.4.3 Citrinin............................................................................................................................................................................. 17
1.4.4 Cyclopiazonic Acid.......................................................................................................................................................... 17
1.5 Conclusion..................................................................................................................................................................................... 17
References............................................................................................................................................................................................... 18

1.1 Introduction
Mycotoxins make up a heterogeneous group of secondary
metabolites elaborated by fungi during their development. About
30 molecules are of real concern for human and animal health
[1]. They can be found as natural contaminants in many vegetal foods or feeds, mainly cereals, but also in fruits, nuts, grains
and forage, as well as in compound foods intended for human or
animal consumption. The most important mycotoxins are produced by molds belonging to the Aspergillus, Penicillium, and
Fusarium genera (Table 1.1) [2–4].
Mycotoxin toxicity is variable. Some mycotoxins have hepatotoxicity (aflatoxins), others have an estrogenic potential (zearalenone [ZEA]) or are immunotoxic (trichothecenes, fumonisins)
(Table 1.1) [1]. Some mycotoxins are considered to be carcinogenic or are suspected to have carcinogenic properties [5].
Although some toxins display an important acute toxicity (after
unique exposure to one high dose), chronic effects (observed
after repeated exposure to weak doses) are probably more important in humans. Mycotoxins are suspected to be responsible for
several pathological syndromes in humans, including ochratoxin
A (OTA), which is associated with Balkan endemic nephropathy (BEN), and fumonisin B1, which is associated with esophageal cancer. Mycotoxin exposure of human consumers is usually
directly linked with alimentary habits.
For human consumers, the main source of exposure to mycotoxins is represented by cereals and cereal-based products [6–8].
However, they may also be exposed to these toxic compounds
after ingestion of animal-derived products. Indeed, foods prepared from animals that have been fed with contaminated feeds
may contain residual contamination and represent a vector of
mycotoxins. Depending on the mycotoxins, the residues may
correspond to the native toxin or to metabolites that keep all or
part of the toxic properties of the parental molecule.
Among farm animals, poultry species can be exposed to several different mycotoxins, due to their breeding and feeding
conditions. Moreover, given the importance of poultry meat and
poultry products in the diet of many people around the world, it
is very important to characterize potential transfer within tissues
of edible poultry products.
The exposure of human consumers may also result from
mycotoxin synthesis during ripening of products. Indeed, ripened foods are favorable to mold development, because they
often participate in organoleptic improvement of such products. Therefore, the contamination with a toxigenic strain may
lead to mycotoxin synthesis and accumulation in the final
product [9].

At the present time, few toxins are regulated in foods (Table 1.2)
[10,11]. The risk management is mainly based on controlling the
contamination of vegetal raw materials intended for both human
and animal consumption and limiting animal exposure through
feed ingestion. It may guarantee against the presence of residual contamination of mycotoxins in animal derived products.
However, a high level of contamination may accidentally lead to
a sporadic contamination of products coming from exposed animals. Moreover, some toxins, mainly from Penicillium species,
may also appear later, particularly during ripening of dry-cured
meat products.
The aim of this work is to present methodology described for
mycotoxin quantification in poultry and processed meats. Owing
to the important structural diversity of mycotoxins and to the
variations in their metabolism, it is impossible to establish general rules; each toxin and each product has to be investigated as
a particular case. Therefore, we will first present the main toxins
with their most important characteristics, followed by an analysis and description of prevalence of mycotoxins in poultry and
processed meats.

1.2 Main Mycotoxins
Depending on the fungal species that produces them, mycotoxins can be classified as “field” or “storage” toxins. The
former are mainly produced by Fusarium fungi that develop
on living plants, because much water activity is required for
their growth [12]. The latter are toxins from Penicillium that
may grow on foods and feeds during storage when moisture
and temperature are favorable [13]. Between these two groups,
the toxins produced by Aspergillus may occur both in the field
and during storage, depending on climatic conditions [14]. We
will now focus on the most important toxins of these three
groups, based on their toxicity or their prevalence in foods and
feeds.

1.2.1 Trichothecenes
1.2.1.1 Origin and Nature
Trichothecenes constitute a large group of secondary metabolites produced by numerous species of Fusarium, such as F.
graminearum, F. culmorum, F. poae, and F. sporotrichioides.
More than 160 trichothecenes have been identified, notably
deoxynivalenol (DON), nivalenol (NIV), T-2 toxin, HT-2 toxin,
diacetoxyscirpenol (DAS), and fusarenon X. DON is the most
frequently found trichothecene. Trichothecenes are frequent
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Table 1.1
Mycotoxins of Interest in Poultry and Processed Meat
Toxin
Deoxynivalenol

Zearalenone

Main Producing Fungal
Species

Toxicity

Fusarium nivale
Fusarium crookwellense
Fusarium oxysporum
Fusarium avanaceum
Fusarium graminearum
Fusarium solani

Hematotoxicity
Immunomodulation skin
toxicity

Fusarium graminearum
Fusarium culmorum
Fusarium crookwellense

Fertility and
reproduction troubles

Structure
OH

O
O
O
OH

OH

OH

O
O

HO
O
Fumonisin B1

Fusarium verticillioides
Fusarium proliferatum

Lesion of central
nervous system
Hematotoxicity
Genotoxicity
Immunomodulation

O

CO2H

HO3C

O
CH
CH3

HO3C
Aflatoxin B1

Aspergillus flavus
Aspergillus parasiticus
Aspergillus nomius

CO2H

Penicillium verrucosum
Aspergillus ochraceus
Aspergillus carbonarius

O

Hepatotoxic
Genotoxic
Carcinogenic
Immunomodulation

O

O

O

O
Ochratoxin A

NH3

CH3 CH

O

Nephrotoxic
Genotoxic
Immunomodulation

OCH3

O
O

OH

R1

O

8

7

9

1

6

4

O–
3

CH3
OH

5
R2
Citrinin

Aspergillus terreus
Aspergillus carneus
Aspergillus niveus
Penicillium verrucosum
Penicillium citrinum
Penicillium expansum

Nephrotoxic

Aspergillus flavus
Aspergillus versicolor
Aspergillus tamarii
Penicillium camemberti

Neurotoxicity
Tremorgenic

O
O

O

OH
Cyclopiazonic acid

O

OH

OH

H

H

H3C
O

N
H 3C
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Table 1.2
EU Regulation for Mycotoxin Contamination (µg/kg)
Toxin
Aflatoxins

Destination

Matrix
Groundnuts + grains + dry fruits

Aflatoxin B1

Cereals

Aflatoxins
B1 + B2 + G1 + G2

Human food

Spices
Cereal-based foods for young children
Groundnuts + grains + dry fruits
Cereals

Aflatoxin M1

Aflatoxin B1

Animal feed

Ochratoxin A

Human food

Zearalenone

Human food

Deoxynivalenol

Human food

Fumonisins

Human food

Spices
Milk
Preparation for young children
Raw material for animal feeds
Compound feeds
Raw cereal grains
All cereal products
Dried vine fruits
Coffee
Raw cereals
Cereal flours
Bread, biscuits, corn flakes, snacks
Baby food
Raw cereals
Durum wheat, maize
Cereal flours
Bread, corn flakes, snacks, biscuits
Pâtés
Baby food
Maize
Maize flour
Maize-based food
Baby food

Maximal Concentration (µg/kg)
2, 5, or 8 depending on the product and the
processing step
2 or 5 depending on the product and the
processing step
5
0, 1
4, 10, or 15 depending on the product and the
processing step
4 or 10 depending on the product and the
processing step
10
0, 05
0, 025
20
5 to 20 depending on animal species
5
3
10
3
100
75
50
20
1250
1750
750
750
750
200
2000
1000
400
200

Source: From European Union, Commission Regulation (EC) No 466/2001 setting maximum levels for certain contaminants in foodstuffs, Off. J. Eur. Un.,
L77, 1, 2001; and European Union, Commission Regulation no 856/2005, toxins of Fusarium, Off. J. Eur. Un., L143, 3, 2005.

worldwide contaminants of cereals, mainly wheat and maize,
and cereal-based products [8,15–18].
Because trichothecenes make up a large family grouping of
many compounds of variable structure and properties, their toxicity can be very different depending on the molecule, the animal species, the dose and the exposure period. There are many
reviews available on trichothecenes toxicity [19–22]; only the
main features will be presented here.
Trichothecenes are potent inhibitors of eukaryotic protein
synthesis, interfering with initiation, elongation, or termination
stages.
Concerning their toxicity in animals, DAS, DON, and T-2
toxin are the most studied molecules. The symptoms include
effects on almost all major systems of organisms; many of them
are secondarily initiated by poorly understood metabolic processes connected with protein synthesis inhibition.
Among naturally occurring trichothecenes, DAS and T-2
toxin seem to be the most potent in animals. They have an

immunosuppressive effect, decreasing resistance to microbial
infections [21]. They also cause a wide range of gastrointestinal, dermatological, and neurological symptoms [23]. In humans,
these molecules have been suspected to be associated with alimentary toxic aleukia. The disease, often reported in Russia during the nineteenth century, is characterized by inflammation of
the skin, vomiting and damage to hematopoietic tissues [24,25].
When ingested at high concentrations, DON causes nausea, vomiting, and diarrhea. At lower doses, pigs and other farm animals
display weight loss and feed refusal [21]. For this reason, DON
is often called vomitoxin or described as a “feed-refusal factor.”

1.2.1.2 Structure and Physicochemical Properties
Trichothecenes belong to the sesquiterpenoid group. They all
contain a 12,13-epoxytrichothene skeleton and an olefinic bond
with various side chain substitutions. Trichothecenes are classified as macrocyclic or nonmacrocyclic, depending on the
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presence of a macrocyclic ester or an ester–ester bridge between
C-4 and C-15 [26]. The nonmacrocyclic trichothecene can be
classified in two groups: type A, which does not have a ketone
group on C-8 (T-2 toxin, HT-2 toxin, DAS), and type B, with a
ketone group on C-8 (DON, NIV, fusarenon X) [27].
Trichothecenes have a molecular weight ranging from 154 to
697 Da, but it is often between 300 and 600 Da. They do not
absorb ultraviolet (UV) or visible radiations, with the exception
of type D, which absorbs UV light at 260 nm. They are neutral
compounds, usually soluble in mildly polar solvents such as alcohols, chlorinated solvents, ethyl acetate, or ethyl ether. They are
sometimes weakly soluble in water [27].
These molecules are very stable, even if stored for a long time
at room temperature. They are not degraded by cooking or sterilization processes (15 min at 118°C) [28].

1.2.1.3 Analytical Methods
Methods reported mainly concern the most frequently found toxins in cereals, which are DON, NIV, T-2 toxin, and HT-2 toxin
[29]. Validated methods are now available for DON [30], but this
is not the case for type A trichothecenes, and reference material
and interlaboratory studies are still required [31].

1.2.1.3.1 Type A Trichothecenes
Extraction from solid matrixes is usually done with binary mixtures associating water and acetonitrile, water and methanol,
chloroform and methanol, or methanol alone.
Purification is done with solid-phase extraction (SPE) columns
working in normal phase (silica, florisil) or inverse phase (C18).
Another approach, employing ready-to-use Mycosep columns
(Romer Labs Inc., Union, MO), may be applied. These columns
are adsorbants (charcoal, celite, ion exchange resin) mixed in
a plastic tube. These multifunctional columns are increasingly
popular.
Immunoassays are the main method routinely used for T-2
and HT-2 determination in cereals. Detection limits are in accordance with the contamination levels that are observed for these
contaminants, and range from 0.2 to 50 ng/g for T-2 toxin [32].
Other methods have also been described, but type A trichothecenes cannot be analyzed by high-pressure liquid chromatography (HPLC)-UV due to the absence of ketone group in
C-8 position. That is why gas chromatography (GC) is the most
popular approach for this family of compounds. The derivatization of the native compounds by silylation or fluoroacylation is
necessary to increase the sensitivity of the measure. Detection
can be performed with an electron capture detector or by mass
spectrometry (MS). The limits of detection of these methods
are a few tens of nanograms per gram [33]. Another method was
reported using HPLC with fluorescence detection after immunoaffinity columns (IAC) purification of extract and derivatization of T-2 toxin with 1-anthroylnitrile. This procedure allowed
a limit of detection of 5 ng/g [34].

1.2.1.3.2 Type B Trichothecenes
Extraction of type B trichothecenes is done with a mixture of
acetonitrile–water or chloroform–methanol [35].
Many purification procedures have been reported for type B
trichothecenes, such as liquid–liquid extraction (LLE), SPE, and

IAC [36]. However, the use of mixed columns (charcoal–alumina–celite) is still widespread [37]. Once again, the Mycosep
column is increasingly used for DON analysis.
Thin-layer chromatographic methods are still used for screening, particularly in countries where GC or HPLC are not easily available [38]. Since trichothecenes are not fluorescent, the
detection of the molecules requires the use of revelators such
as sulfuric acid, para-anisaldehyde, or aluminum chloride.
Detection limits of thin-layer chromatography (TLC) range from
20 to 300 ng/g.
Enzyme-linked immunosorbent assay (ELISA) can also be of
interest to get rapid and semiquantitative results with only minor
purification of the extract. Many kits are commercially available
for DON analysis in cereals [39,40].
GC coupled with an electron-capture detector, a mass
spectrometer, or in tandem (MS-MS) is regularly used after
derivatization of the analyte [41–44]. Derivatization reactions
are trimethyl silylation or perfluoroacylation. Fluoroacylation
with anhydride perfluorated acid improves detection limits using
an electron capture detector or MS. However, a European interlaboratory investigation of the Association of Official Analytical
Chemists (AOAC) method for DON measurement revealed that
coefficient of variation between laboratories was very important
(about 50%), despite the relatively high level of contamination of
the material used (between 350 and 750 µg/kg). These observations increased interest in HPLC-MS methodology in trichothecene determination. This is progressively becoming the choice
method [45].

1.2.2 Zearalenone
1.2.2.1 Origin and Nature
ZEA is a mycotoxin with estrogenic effect that is produced by
Fusarium species such as F. graminearum, F. proliferatum, F. culmorum, and F. oxysporum [46,47]. Such molecules are suspected
of reducing male fertility in human and wildlife populations, and
are possibly involved in several types of cancer development [48].
This molecule is well known by farmers, often being responsible
for reproduction perturbation, especially in pigs.
Acute toxicity of ZEA is usually considered as weak, with LD50
after oral ingestion ranging from 2000 to more than 20,000 mg/
kg body weight (BW) [49,50]. Subacute and chronic toxicity of
the mycotoxin is more frequent and may be observed at the natural contamination levels of feeds. The effects are directly related
to the fixation of ZEA and metabolites on estrogenic receptors
[51]. Affinity with estrogenic receptors is, in decreasing order:
α-zearalanol > α-zearalenol > β-zearalanol > ZEA > β-zearalen
ol. Pigs and sheep appear more sensitive than other animal species [49,50].
ZEA induces alteration in the reproductive tracts of both laboratory and farm animals. Variable estrogenic effects have been
described, such as a decrease in fertility, a decrease in litter size,
an increase in embryo-lethal resorptions, and change in adrenal, thyroid, and pituitary gland weight. In male pigs, ZEA can
depress testosterone, weight of testes, and spermatogenesis while
inducing feminization and suppressing libido [49,50,52]. Longterm exposure studies did not demonstrate any carcinogenic
potential for this mycotoxin [5].
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1.2.2.2 Structure and Physicochemical Properties
The structure of ZEA is shown in Table 1.1. α- and β-zearalenol,
the natural metabolites of the native toxin, correspond to the
reduction of the ketone function in C6.
ZEA has a molecular weight of 318 g/mol. This compound is
weakly soluble in water and in hexane. Its solubility increases
with the polarity of solvents such as benzene, chloroform, ethyl
acetate, acetonitrile, acetone, methanol, and ethanol [53]. The
molecule has three maximal absorption wavelengths in UV light:
236, 274, and 314 nm. The 274-nm peak is the most characteristic and commonly used for UV detection of the toxin.
ZEA emits a blue fluorescence with maximal emission at
450 nm after excitation between 230 and 340 nm [54].

1.2.2.3 Analytical Methods
Owing to regulatory limits, methods for analysis of ZEA content
in foods and feeds may allow the detection of several nanograms
per gram. Reviews have been published detailing the analytical
methods available [45,55,56]. ZEA is sensitive to light exposure,
especially when in solution. Therefore, preventive measures have
to be taken to avoid this photodegradation.
Solvents used for liquid extraction of ZEA and metabolites
are mainly ethyl-acetate, methanol, acetonitrile, and chloroform,
alone or mixed. The acetonitrile–water mixture is most commonly
used. For solid matrixes, more sophisticated and efficient methods
may be applied: for example, ultrasounds or microwaves [57,58].
In biological matrixes (e.g., plasma, urine, feces), hydrolysis of
phase II metabolites is necessary before the purification procedure. It can be achieved by an enzymatic or a chemical protocol
[59]. In vegetal materials, the demonstrated presence of sulfate
conjugates [60] or glucoside conjugates [61] is rarely taken into
account in routine methods.
Purification may be achieved using LLE, SPE, or IAC procedures. For SPE, most stationary phases may be used: inverse
phase (C18, C8, or C4), normal phase (florisil, SiOH, NH2), or
strong anion exchange (SAX) [62]. The ready-to-use Mycosep
column allows a rapid purification of samples without any rinsing and with a selective retention of impurities [63].
IAC columns have also been developed for ZEA and are
very popular [64–70]. Although purification is very selective
and extraction yields usually high, several points have to be
highlighted:
• Antibodies may not have the same affinity for all
metabolites, some not being accurately extracted.
• The fixation capacity of columns is limited; a great
number of interfering substances may perturb the purification by saturation of the fixation sites [62].
• These columns may be reused, increasing the risk of
cross-contamination of samples.
For quantification of ZEA and metabolites in cereals and other
matrixes, several immunological methods have been set up,
including radioimmunoassay and ELISA [71–75]. The limit of
quantification (LOQ) of these methods is several tens of nanograms per gram. ELISA kits show cross-reactivity with α- and
β-zearalenol [76].

Physicochemical methods are also widely used. They mainly
include HPLC and GC, TLC being nearly withdrawn [77,78].
Many methods using C18 as the stationary phase and CH3CN/
H2O as the mobile phase have been described. More specific stationary phases have also been proposed, such as molecular printing (MIP) [79]. Detectors are often fluorimeters [64–67,69,80]
or UV detectors [62,66]. The sensitivity of these methods varies,
depending on the metabolites, and is less important for reduced
metabolites (α- and β-zearalenol).
ZEA and metabolites can also be detected by GC. However,
the usefulness of this method is limited due to the time-consuming need to derivatize phenolic hydroxy groups. Consequently,
only GC-MS has been applied for confirmation of positive
results [42,81].
Many liquid chromatography (LC)-MS methods have also
been proposed for ZEA and metabolites detection [45]. The
method of chemical ionization at atmospheric pressure is most
often used followed by electrospray [70,82–85]. These methods allow the detection of ZEA and metabolites at levels below
1 ng/g [45].
In an international interlaboratory study, important variations were observed between results from the participant laboratories, probably related to differences in sample preparation
(LLE, SPE, or IAC) and quantification (HPLC, GC, TLC, and
ELISA) [73,86].

1.2.3 Fumonisins
1.2.3.1 Origin and Nature
Fumonisins were first described and characterized in 1988 from
F. verticillioides (formerly F. moniliforme) culture material
[87,88]. The most abundant and toxic member of the family is
fumonisin B1. These molecules can be produced by several species of Fusarium fungi: F. verticillioides, F. proliferatum, and F.
nygamai [89,90]. These fungal species are worldwide contaminants of maize, and represent the main source of fumonisins [91].
One major characteristic of fumonisins is that they induce
very different syndromes, depending on the animal species. FB1
is responsible for equine leukoencephalomalacia characterized
by necrosis and liquefaction of cerebral tissues [92,93]. Horses
appear to be the most sensitive species; clinical signs may appear
after exposure to doses as low as 5 mg FB1/kg feed over a few
weeks. Pigs are also sensitive to FB1 toxicity. In this species,
fumonisins induce pulmonary edema after exposure to high
doses (higher than 20 mg FB1/kg feed) of mycotoxins, and are
hepatotoxic and immunotoxic at lower doses [94–96]. By contrast, poultry and ruminants are more resistant to this mycotoxin,
and clinical signs appear only after exposure to doses higher than
100 mg FB1/kg, which may be encountered in natural conditions, but are quite rare [97–102]. In rodents, FB1 is hepatotoxic
and carcinogenic, leading to the appearance of hepatocarcinoma
in long-term feeding studies [103,104]. In humans, FB1 exposure
has been correlated with a high prevalence of esophageal cancer
in some parts of the world, mainly South Africa, China, and Italy
[105]. Finally, fumonisins can cause neural tube defects in experimental animals, and thus may also have a role in human cases
[106–109]. At the cellular level, FB1 interacts with sphingolipid
metabolism by inhibiting ceramide synthase [110]. This leads to
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the accumulation of free sphinganine (Sa) and, to a lesser extent,
of free sphingosine (So). Therefore, the determination of the Sa/
So ratio has been proposed as a biomarker of fumonisin exposure
in all species in which it has been studied [111–114].

1.2.3.2 Physicochemical Properties
The structure of FB1 and related compounds is shown in Table
1.1. FB1 has a molecular weight of 722 g/mol. It is a polar compound, soluble in water and not soluble in apolar solvents. FB1
neither absorbs UV light, nor is it fluorescent. Fumonisins are
thermostable [115]. However, extrusion cooking may reduce
fumonisin content in maize products [116].

powerful in investigating for new fumonisin molecules, and elucidating structures and biosynthetic pathways and behavior during food processing [47].
ELISA kits are also commercially available for fumonisin
quantification in vegetal matrix [130,133,134]. They usually
offer detection limits around 500 µg/kg. However, the comparison with HPLC-FL shows that ELISA often overestimates the
fumonisin content of samples. This may be due to cross-reactions between antibody and coextracted impurities [135]. This
drawback could be overcome by purification of extracts before
ELISA realization. This method can nevertheless be useful for
rapid screening of maize and maize products. One ELISA kit has
been validated by the AOAC for total fumonisin determination
in corn [136].

1.2.3.3 Methods of Analysis
Because of their relatively recent discovery, analytical methodology for fumonisin analysis is still undergoing development.
In most described methods, the food or foodstuff is corn. An
HPLC method has been adopted by the AOAC and the European
Committee for Standardization as a reference methodology for
fumonisin B1 and B2 in maize [117–119].
An efficient extraction of fumonisins in solid matrix can be
obtained with acetonitrile–water or methanol–water mixtures
[120,121]. This was assessed by interlaboratory assay [122].
Increased contact time and solvent/sample ratio also increase
yield of extraction step.
Purification of extracts is usually based on SPE with SAX,
inverse phase (C18), or IAC [123,124].
Quantification of FB1 can be done by TLC, HPLC, or GC-MS.
However, derivatization of the fumonisins is usually required.
For TLC, this is usually done by spraying p-anisaldehyde on the
plates after development in a chloroform–methanol–acetic acid
mixture. It leads to the appearance of blue–violet spots that can
be quantified by densitometry [115,125]. Quantification limits
obtained with TLC methods often range from 0.1 to 3 mg/kg.
That may be sufficient for rapid and costless screening of raw
materials [126,127].
For HPLC analysis, fluorescent derivatives are formed with
o-phtaldialdehyde (OPA), naphthalene-2,3-dicarboxaldehyde,
or 4-fluoro-2,1,3-benzoxadiazole [128]. OPA derivatization
offers the best response, and has been generally adopted,
but the derivatization product is very unstable, and analysis
of samples has to be quickly performed after derivatization
[129]. HPLC with fluorescence detection (HPLC-FL) methods
have detection limits usually ranging from 10 to 100 µg/kg
[124,128,130].
GC has also been proposed for FB1 determination. It is based
on partial hydrolysis of fumonisins before reesterification and
GC-MS analysis. However, this structural change does not allow
the distinction of different fumonisin molecules [131]. Another
GC-MS method has been described, developing a derivatization
step with trimethylsilylation coupled with detection by flame ionization [132].
The introduction of LC-MS with atmospheric pressure ionization has increased specificity and sensitivity of the detection.
The majority of published fumonisin analysis with LC-MS was
performed to the low parts per billion level in grains and maizederived products. Furthermore, this methodology also appeared

1.2.4 Aflatoxins
1.2.4.1 Origin and Nature
Aflatoxins are probably the most studied and documented
mycotoxins. They were discovered following a toxic accident in turkeys fed a diet supplemented by groundnut oilcake
(Turkey X disease) [137–139]. The four natural aflatoxins (B1,
B2, G1, and G2) can be produced by strains of fungal species
belonging to the Aspergillus genus, mainly A. flavus and A.
parasiticus [14,140]. These are worldwide common contaminants of a wide variety of commodities, and therefore aflatoxins may be found in many vegetal products, including cereals,
groundnuts, cotton seeds, dry fruits, and spices [141–146]. If
these fungal species can grow and produce toxins in the field
or during storage, climatic conditions required for their development are often associated with tropical areas (high humidity in the air and temperature ranging from 25°C to 40°C)
[147–151]. However, following extreme climatic conditions
(an abnormally hot summer period), aflatoxins could be found
in other parts of the world. For example, in 2003, controls
on maize harvested in Europe were found contaminated by
unusual AFB1 concentrations [152,153].
Aflatoxin B1 is a highly carcinogenic agent leading to primary
hepatocarcinoma [154–157]. This property is directly linked to
its metabolism and to the appearance of the highly reactive epoxide derivative. Formation of DNA adducts of AFB1-epoxide is
well characterized [158]. Differences in AFB1 metabolism within
animal species could explain the variability of the response in
terms of carcinogenic potential of the mycotoxin [159,160].
AFM1, a hydroxyled metabolite of AFB1, can also be considered a genotoxic agent, but its carcinogenic potential is weaker
than that of AFB1 [161]. Taking into account the toxicity of these
molecules, the International Agency for Research on Cancer classified AFB1 in the group 1 of carcinogenic agents, and AFM1 in
the 2B group of molecules that are carcinogenic in animals and
possibly carcinogenic in humans [5].

1.2.4.2 Structure and Chemical Properties
The structures of aflatoxin B1 are presented in Table 1.1.
Molecular weights of aflatoxins range from 312 to 320 g/mol.
These toxins are weakly soluble into water, insoluble in nonpolar solvents, and very soluble in mildly polar organic solvents
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(i.e., chloroform and methanol). They are fluorescent under UV
light (blue fluorescence for AF“B” and green for AF“G”) [162].

1.2.4.3 Analytical Methods
Most common solvent systems used for extraction of aflatoxins
are mixtures of chloroform–water [163–165] or methanol–water
[166–170]. This latter mixture is mainly used for multiextraction of mycotoxins, and is not specific for aflatoxin extraction
[171]. Whatever the solvent system used, the extract obtained still
contains various impurities and requires further cleanup steps.
The most commonly used extraction technique is SPE, which has
replaced the traditional liquid–liquid partition for cleanup [165].
Stationary phase of the SPE columns used may be silica gel, C18
bonded-phase, and magnesium silicate (commercially available
as Florisil) [163,172]. Antibody affinity SPE columns are also
widely used.
IAC chromatography using antitoxin antibodies allowed the
improvement of both specificity and sensitivity [173,174]. Indeed,
methods were validated for grains [175], cattle feed [176,177],
maize, groundnuts, and groundnut butter [178], pistachio, figs
and paprika [179], and baby food [180]. Analytical methods of
the same kind were validated for quantification of AM1 in milk
[181] and in powder milk [182,183]; these methods show limits of
quantification below the regulatory limit of 0.05 µg/L.
Aflatoxins are usually quantified by TLC, HPLC, or ELISA.
TLC was first developed in the early 1980s. Using strong fluorescence of the molecules, the characterization of signals with
naked eyes or densitometric analysis could give semiquantitative
to quantitative results (AOAC methods 980.20 and 993.17) [184].
Therefore, aflatoxin B1 could be measured in concentrations
ranging from 5 to 10 µg/kg. A TLC method for quantification of
AFM1 in milk was also validated by AOAC (980.21) [185] and
normalized (International Standardization Organisation [ISO]
14675:2005) [186]. A method for semiquantitative analysis of
AFB1 in cattle feed was also published (ISO 6651:2001) [187].
Confirmation of identity of aflatoxins B1 and M1 in foods and
feeds is still classically done by TLC after bidimensional migration and trifluoric acid–hexane (1:4) spraying of plates.
HPLC allowed the reduction of detection limits together with
an improvement of the specificity of the dosage [188]. Therefore,
new methods were validated for aflatoxin quantification in grains
(AOAC 990.33), cattle feed (ISO 14718:1998), and AFM1 in milk
(ISO/FDIS 14501) [175,189,190]. These methods are based on the
use of a fluorescence detector allowing the quantification of low
levels of aflatoxins. The sensitivity can be increased by the treatment of extracts with trifluoric acid to catalyze the hydratation of
aflatoxins M1, B1, and G1 into their highly fluorescent M2a, B2a,
and G2a derivatives.
ELISA has been developed for both total aflatoxins [191,192]
and AFB1 detection in feeds and grains [193–196] and for AFM1
in milk [197]. These methods have limits of quantification in
accordance with international regulations. Therefore, some commercially available kits have been validated by the AOAC, as for
example the one referenced as AOAC 989.86, devoted to AFB1
dosage in animal feed. However, in spite of the development of
ELISA methods for AFM1 detection [198], no ELISA kit has
been validated following the harmonized protocol of ISO/AOAC/
International Union of Pure and Applied Chemistry (IUPAC) for
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AFM1 quantification in milk. The AOAC has edited rules for characterization of antibodies used in immunochemical methods [199].
Detection limits in the low parts per trillion range can be
achieved by these classical LC-fluorescence methods. Therefore,
methods such as LC–MS may represent only a minor alternative
or confirmation technique for already well-established methodologies [45]. It may, however, be useful to confirm positive results
of TLC or ELISA-based screening analysis [200]. At the present
time, few quantitative methods have been published for aflatoxin
determination in food and milk [201–204].

1.2.5 Ochratoxin A
1.2.5.1 Origin and Nature
Ochratoxins A, B, and C are secondary metabolites produced
by several Aspergillus and Penicillium species. According to its
prevalence and toxicity, only OTA will be treated in this section. This molecule can be produced by Aspergillus species such
as A. ochraceus [205], A. carbonarius [206,207], A. alliaceus
[208], and A. niger [209], although the frequency of toxigenic
strains in this species appears moderate [210–212]. OTA can also
be synthesized by Penicillium species, mainly P. verrucosum
(previously named P. virridicatum) [213,214].
The ability of both Aspergillus and Penicillium species to
produce OTA makes it a worldwide contaminant of numerous
foodstuffs. Indeed, Aspergillus is usually found in tropical or
subtropical regions, whereas Penicillium is a very common contaminant in temperate and cold climate areas [215–218]. Many
surveys revealed the contamination of a large variety of vegetal
products such as cereals [219,220], grapefruit [221,222], and coffee [220,223]. For cereals, OTA contamination generally occurs
during storage of raw materials, especially when moisture and
temperature are abnormally high, whereas for coffee and wine,
contamination occurs in the field or during the drying step
[218,224–226]. When ingested by animals, OTA can be found at
residual levels in several edible organs. Therefore, the consumption of meat contaminated with OTA has also been suspected to
represent a source of exposure for humans [227]. Recent surveys
conducted in European countries demonstrated that the role of
meat products in human exposure to OTA can be considered low
[6,228].
The kidney is the primary target of OTA. This molecule is nephrotoxic in all animal species studied. For example, OTA is considered responsible for a porcine nephropathy that has been studied
intensively in the Scandinavian countries [229,230]. This disease
is endemic in Denmark, where rates of porcine nephropathy and
ochratoxin contamination of pig feed are highly correlated [231].
Because the renal lesions observed in pig kidneys after exposure
to OTA are quite similar to those observed in kidneys of patients
suffering from BEN, OTA is suspected to play a role in this human
syndrome [232–234]. BEN is a progressive chronic nephropathy
that occurs in populations living in areas bordering the Danube
River in Romania, Bulgaria, Serbia, and Croatia [235,236].

1.2.5.2 Physicochemical Properties
The structure of OTA is presented in Table 1.1. OTA has a molecular weight of 403.8 g/mol. It is a weak organic acid with a pKa
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of 7.1. At an acidic or neutral pH, it is soluble in polar organic
solvents and weakly soluble in water. At a basic pH, it is soluble
and stable in an aqueous solution of sodium bicarbonate (0.1 M;
pH: 7.4), as well as in alkaline aqueous solutions in general.
OTA is fluorescent after excitation at 340 nm, and emits at
428 nm when nonionized and at 467 nm when ionized.

context, methods using LC-MS may be used to confirm OTApositive results obtained by ELISA or HPLC-FL. They may also
be powerful tools to elucidate structure of in vivo metabolites and
OTA adducts in biological fluids. Many studies have described
LC-MS methods for OTA determination [47].

1.2.6 Other Toxins

1.2.5.3 Methods of Analysis
Extraction of OTA is often achieved by using a mixture of acidified water and organic solvents. An IUPAC/AOC method validated
for OTA determination in barley uses a chloroform–phosphoric
acid mixture [237]. For coffee or wine, chloroform is successfully used [238,239]. Mixtures of methanol–water or acetonitrile–
water have also been reported [240,241]. Tert-butylmethylether
has been used for OTA extraction from baby food, and may represent an alternative to the use of chlorinated solvents [242].
Several efficient cleanup procedures based on IAC and SPE
using C8, C18, and C-N stationary phases were developed to
replace, when possible, conventional LLE [243]. Stationary
phases based on the principle of MIP are emerging [244,245].
The specificity of such methods is comparable to that of IAC.
Although their applicability in real matrixes has not been established, they may represent alternatives to IAC and SPE methods
in the future.
Many methods have been developed for separation and detection of OTA. TLC methods have been published [246–248].
However, both specificity and sensitivity of TLC are limited, and
interferences with the sample matrix often occur [249]. These
drawbacks may be overcome by two-dimensional TLC [250].
However, HPLC is the most commonly used method for determination of OTA [243,251].
Most described HPLC methods use a reverse-phase C18 column and an acidic mobile phase composed of acetonitrile or
methanol with acetic, formic, or phosphoric acid [241,252–254].
The property of OTA to form an ion-pair on addition of a counter ion to the mobile phase has been used [255]. This led to a
shift in OTA fluorescence from 330 to 380 nm and allowed an
improvement of the signal. Ion-pair chromatography was also
used for detection of OTA in plasma and human and cows’ milk,
with detection levels of 0.02 and 10 ng/mL for plasma and milk,
respectively [256,257]. The major limit of the method is that
small changes in composition of mobile phase may change retention time of OTA.
HPLC methods using fluorescence detection are applicable
to OTA detection in barley, wheat, and rye at concentrations
of about 10 µg/kg [258]. For baby foods, a quantification limit
of 8 ng/kg has been reached by postcolumn derivatization with
ammoniac [239,242].
Today, several validated methods have been published for
OTA detection in cereals and derived products [259], in barley
and coffee [260–262], and in wine and beer [263].
Immunoassays such as ELISA and radioimmunoassays have
been developed [264–267], and may be regarded as qualitative or
semiquantitative methods, useful for rapid screening.
Owing to its toxicity and regulatory values, OTA analysis has
to be performed down to the parts-per-billion (ppb) range in
foods and feeds. In addition, plasma and urine samples are analyzed to monitor OTA exposure in humans and animals. In this

1.2.6.1 Citrinin
1.2.6.1.1 Origin and Nature
Citrinin is produced by different Aspergillus (A. terreus, A. carneus, A. niveus) and Penicillium species (P. citrinum, P. verrucosum, P. expansum) [268]. It may also be produced by fungi
belonging to the Monascus genus [269]. It has been found at levels ranging from few micrograms per kilogram to several milligrams per kilogram in barley, wheat, and maize, and also in rice,
nuts, dry fruits, and apple juice [1,270–272].
Citrinin is nephrotoxic in all animal species where it has been
studied, leading to a time- and dose-dependent necrosis of renal
tubules [273–275]. This is mainly due to citrinin-mediated oxidative stress [276].

1.2.6.1.2 Physicochemical Properties
Citrinin is an acidic phenolic benzopyrane with a molecular
weight of 250 g/mol (Table 1.1). This molecule is insoluble in
water but very soluble in most of organic solvents, such as methanol, ethanol, and acetonitrile [38]. Citrinin is heat labile in acidic
or alkaline solution. It easily links to proteins.

1.2.6.1.3 Analytical Methods
Several methods have been used for citrinin determination in
foods and feeds. A rapid TLC method allows the detection of
15–20 µg/kg in fruits [277]. Immunological methods such as
ELISA have also been developed, and present good sensitivity
[271]. HPLC allows the detection of citrinin in cereals, biological
fluids (urine and bile), and fermentation media [271]. It has to be
noted that efficiency of HPLC methods greatly depends on the
extraction step, which must not degrade the toxin. Detection is
made in UV at 254 or 366 nm [38]. The detection limits in cereals are usually about 10 µg/kg. A semiquantitative fluorimetric
method has also been set up to detect citrinin in fungal culture
isolated from cheeses [278].

1.2.6.2 Cyclopiazonic Acid
1.2.6.2.1 Origin and Nature
Cyclopiazonic acid (CPA) was first isolated from culture of P.
cyclopium, but has also been shown to be produced by several species of Aspergillus and Penicillium, such as A. flavus,
A. tamarii, or P. camemberti [279,280]. Therefore, CPA has
been detected in many foods, especially cheeses [281], although
few cases of intoxication have been described. However, retrospective analysis of “Turkey X disease” performed in 1986
by Cole suggested that clinical signs were not all typical of
aflatoxicosis. He, thus, tried to demonstrate a possible role for
cyclopiazonic acid in this affection. For instance, opisthotonos
originally described in “Turkey X disease” can be reproduced
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by administration of a high dose of cyclopiazonic acid but not
by ingestion of aflatoxin [282]. Cyclopiazonic acid is a specific
inhibitor of the Ca2+ ATPase pump of the endoplasmic reticulum
[283], which plays a key role in muscular contraction and relaxation. Principal target organs of cyclopiazonic acid in mammals
are the gastrointestinal tract, liver, and kidneys [284,285]. Main
symptoms observed after acute intoxication with CPA are nervous signs, including eyelid ptosis, ataxia with hypothermia,
tremors, and convulsions [286].

1.2.6.2.2 Physicochemical Properties
CPA is a tetramic indole acid with a molecular weight of
336 g/mol (Table 1.1). It is produced by the amino acid pathway and derived from tryptophane, mevalonate, and two acetate
molecules.

1.2.6.2.3 Methods of Analysis
TLC is still used to quantify CPA in cereals and milk products [279]. For milk products, several methods were developed:
inverse phase LC [287] and LC-ion trap electrospray MS-MS
[288] allowing a detection limit of 5 ng/mL. Methods using LC
with UV detection were also developed for quantification in
cheese [289] and cereals and derived products [290].
Immunoenzymatic methods allow detection of CPA in maize
and animal organs (muscles and plasma) [291], and also in peanuts and mixed feed [292]. Detection limits of such methods
range from 1 to 20 ng/g.

1.3 Mycotoxin Analysis and Prevalence
in Poultry
If many methods have been developed and validated for vegetal
matrix, due to the absence of regulation, little data is available
on techniques that may be used for animal-derived foods. With
the exception of the detection of Aflatoxin M1 in milk and milk
products [293], no official method is available for such products.
Taking into account the great structural differences that exist
between mycotoxins and their distinct metabolism after absorption in animal digestive tracts, no multidetection method can be
carried out; methods have to be developed specifically for each
toxin and metabolite.
In this section will be presented the analytical methods
used for mycotoxin quantification in poultry organs, as well
as the available data concerning the metabolism of these toxic
compounds in avian species and the persistence of a residual
contamination after dietary exposure. This data is helpful to
evaluate the real risk of mycotoxin contamination of poultry
products and the subsequent possible need for development of
analytical methods.

1.3.1 Trichothecenes
1.3.1.1 Methods of Analysis
Few methods have been developed for trichothecenes analysis
in poultry tissues. Indeed, first experiments on the pharmacokinetics and distribution of these mycotoxins were performed
using radiolabeled toxins [294–298]. Because these experiments
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revealed that trichothecenes were rapidly excreted and carryover of the toxins in edible parts of poultries was minimal (see
24.3.1.2), few studies were carried out to evaluate trichothecene
presence in muscle and other tissues of animals after exposure
to unlabeled toxins. The methods used in these works are summarized in Table 1.3 [299–308].

1.3.1.2 Behavior and Residual Contamination of
Poultry Tissues
Oral absorption of trichothecenes is limited (<10% at 6 h) in
poultry, at least for DON and T-2 toxin. For example, in laying hens, after oral administration of 0.25 mg DON/kg BW,
the mean plasmatic peak was reached after 2.25 h, and average
bioavailability was 0.64%, with marked individual variations
[294,296,309].
As is true for other animal species, distribution of trichothecenes is wide and rapid. Maximal tissue concentrations of DON,
T-2 toxin, and their metabolites were observed after 3 h in liver
and kidneys, and 4–6 h in muscle, fat, and the oviduct. Higher
concentrations were found in the anterior digestive tract, kidney,
liver, gall bladder, and spleen. Plasmatic distribution profiles did
not show a secondary peak correlated with the enterohepatic
cycle [294,296,309]. When administration was prolonged, maximal DON values in tissues were reached rapidly and remained
relatively constant throughout the exposure period. The highest
concentrations were detected in the same organs as described
above after a single administration [294]. Residual persistence
of T-2 toxin and DON, as well as of their metabolites, in muscle,
liver, and kidney, in the case of single or repeated administration, is summarized in Table 1.4 [294–296,310]. Detected levels
of contamination were on the scale of micrograms per kilogram.
Prolonged administration of trichothecenes led to a higher level
of contamination than a single one, indicating an accumulation
of toxins or metabolites. The decrease in the residual contamination was slower.

1.3.2 Zearalenone
1.3.2.1 Methods of Analysis
Owing to metabolism of the native molecule and the very weak
carryover of ZEA in edible parts of farm animals (see Section
1.3.2.2), few “classical” physicochemical or immunological methods have been developed for ZEA detection in edible
parts of poultry species (Table 1.3) [301,311–313]. HPLC-UV or
HPLC-FL are used for quantification and display detection limits
near 1 ng/g.

1.3.2.2 Behavior and Residual Contamination of
Poultry Tissues
Although metabolism is a key to ZEA toxicity [314], few studies are available concerning poultry. An intracellular partitioning of reduction activity of ZEA in liver has been described, the
extent varying depending on the species and on the isomer produced. Ex vivo, hens almost exclusively produced α-zearalenol
with a microsomal fraction and β-zearalenol with a cytosolic
fraction [315]. Hen hepatocytes are said to produce mainly
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Table 1.3
Methods for Mycotoxin Analysis in Poultry Muscle and Tissues
Toxin

Organ (Species)

Extraction and Cleanup

T-2

Liver, kidney, heart (chicken)

DON

Liver, kidney, muscle (hens)

ZEA

Muscle (laying hens)

ZEA

Muscle (chicken)

FB1

Muscle, kidney, liver (mule ducks)

AFB1
AFB1
AFB1
OTA

Liver, kidney, heart, muscle
(chicken)
Liver (chicken)
Liver (chicken)
Muscle (turkey, chicken)

OTA

Muscle (broiler chicks)

OTA

Muscle (broiler chicks)

Derivatization–Quantification

LOD*

Reference

Acetonitrile
Amberlite XAD-2 resin column
Acetonitrile–water
Alumina–charcoal column
Overnight treatment with 2/0.9U
b-glucuronidase/arylsulfatase
Ethyl acetate
IAC
Acetone–water
Basic alumina and phosphate exchange
AGMP-1 resin column
Acetonitrile–methanol
Fat removal with n-hexane
Immunoaffinity column
Column chromatography

TFAA–tri-Sil TBT
GC-MS
Heptafluorobutyryl imidazole
Gas–liquid chromatography
HPLC fluorescence

–

299

10 ng/g

300

1 ng/g

301

HPLC
UV

4 ng/g

302

HPLC fluorescence

25 ng/g

303

2D TLC fluorodensitometry

≤0.1 ng/g**

304

Immunoaffinity columns
Immunoaffinity columns
Chloroform–orthophosphoric acid
Immunoaffinity columns
0.1 M phosphoric acid–chloroform
Diatomaceous hearth column
Dichloromethane–citric acid

ELISA optical density
HPLC fluorescence
HPLC fluorescence

1 ng/g**
0.008 ng/g**
0.04 ng/g**

305
306
307

HPLC fluorescence

0.05 ng/g

308

ELISA optical density

0.042 ng/g

308

Note: “*”, detection limit; “**”, quantification limit.

β-zearalenol; only traces of α-zearalenol have been found [316].
These results are not in agreement with those obtained in vivo.
In chickens, administration of a diet containing 100 mg/ kg
ZEA for 8 days, followed by exposure to 109 dpm/kg [3H]
ZEA, revealed that the kinetics of the toxin is rapid, with tissue half-life ranging from 24 to 48 h [317]. In addition to the
digestive tracts and excreta (bile), most of the radioactivity was
found in the liver and kidneys, and a concentration peak was
reached 30 min after administration. The residue profile found
in liver (GC-MS), in nanograms per gram, was the following:

zearalenone 681, α-zearalenol 1200, β-zearalenol 662. After
24 h, the total quantities found in the liver, gizzard (without
mucosa), muscle, plasma, skin, and fat were, respectively, 651,
297, 111, 91, 70, and 53 ng/g. These results are similar to those
obtained by Maryamma et al. [318] after 20 days’ administration of 10 mg/kg BW of zearalenone to b roilers. Hepatic and
muscular concentrations of 207 and 170 ng/g were found 24 h
after the last administration. Likewise, in turkeys, administration of feed containing 800 mg ZEA/kg for two weeks resulted
in plasmatic concentrations of 66 ng/mL ZEA and 194 ng/

Table 1.4
Residues of Trichothecenes in Poultry Tissues (Expressed as Equivalent-Toxin)
After a Single Administration
Residues (μg/kg)
Toxin

Species

Route

DON

Hen

VO

T-2

Dose (mg/kg b.w.)
1.3–1.7

Chicken

VO

0.126–1.895

Chicken/duck

VO

5

Tissues

6h

Muscle
Liver
Kidney
Muscle
Liver
Kidney
Muscle
Liver
Kidney

8.46
74
165

30
130/90
30

12 h
6.6
56
123

30
30/40
20

24 h

2j

4j

4.3
30
44
17/220
32/416
24/327
<10
10/<10
<10

2.1
13
19

ND
ND
2
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Half-Life

Reference
294

15.7 h
8.2 h
295

<10
<10
<10

296
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mL α-zearalenol at the end of the experiment. Only traces
of β-zearalenol were found [302]. All these studies were performed using very high doses of the toxin. A recent experiment
in chickens using a 1.58 mg ZEA/kg feed for 16 weeks appears
to confirm these results for low concentrations. Hepatic concentrations obtained at the end of the experiment were 2.1 ng/g
ZEA and 3.7 ng/g α-zearalenol, mainly in conjugated forms,
whereas β-zearalenol was below the detection limit (<3 ng/g)
[319]. No trace of zearalenone or of its metabolites was found
in muscles, fat, or eggs.

1.3.3 Fumonisins
1.3.3.1 Methods of Analysis
Measurement of FB1 in poultry is poorly documented. Moreover,
most of the data concern its toxicokinetic effect in animals and
were obtained by using labeled molecules [320]. Finally, only
one method was described concerning the determination of
nonradiolabeled FB1 in duck tissues. It is based on the use of
immunoaffinity columns for the extraction of the mycotoxin and
quantification of derivatized FB1 by fluorescence detection after
its separation by HPLC [303]. This method allowed fumonisin
B1 detection in liver, kidney, and muscle, with a LOQ of 25 ng/g
(Table 1.3).

1.3.3.2 Behavior and Prevalence in Poultry Tissues
No data is available on a possible metabolism of FB1 in poultry,
and little data is available concerning its toxicokinetics.
Absorption after oral administration is reported to be very
limited in laying hens (<1%), but higher in growing ducks (2.5%–
3.5%), close to values already described in rodents, pigs, and
nonhuman primates [320,321]. Concentrations in the muscles
were about 10-fold lower than in plasma, and no transfer to eggs
has been reported.

1.3.4 Aflatoxins
1.3.4.1 Methods of Analysis
Techniques described for aflatoxin analysis in poultry tissues
mainly use native fluorescence of these compounds after purification and separation of extract with chromatographic methods (TLC, HPLC) (Table 1.3). Since the 1980s, few studies
and surveys have been carried out to characterize aflatoxin
presence in poultry products [305,306]. Indeed, risk management is based on the control of animal feed quality, which
may guarantee the absence of toxin residues in animal-derived
products. These few surveys all demonstrated that muscle
foods were not an important source of aflatoxin exposure in
humans. It is, however, likely that recent alerts for unusual
aflatoxin contamination of cereals produced in temperate
climates and the possible consequent animal exposure may
strengthen the interest of aflatoxin testing in animal-derived
foods. That is why some authors investigated the possible use
of ELISA for determination of aflatoxin residue in chicken
livers [305].
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1.3.4.2 Behavior and Prevalence in Poultry Tissues
Little data is available on aflatoxin behavior in poultry. Oral
absorption seems to be comparable to that occurring in other
monogastric species, and could represent 90% of the administrated dose [322]. This absorption could be decreased by several
adsorbants [323]. Aluminosilicates and clays are among the most
effective, and a protective effect has been demonstrated in numerous studies. These studies, the first of which was performed by
Phillips in the 1980s, certainly help explain the interest in these
kinds of compounds in animal feed [324]. Many studies are done
each year to confirm the benefit of these molecules in the case of
exposure to aflatoxin.
In poultry, metabolization and liver bioactivation in AFB1-8,9epoxyde and in aflatoxicol, could play a key role in the appearance of hepatic lesions. Bioactivation could explain the greater
sensitivity of ducks to aflatoxins, whereas quails could be more
resistant due to their lower metabolic capacities [325].
Persistence of aflatoxin B1 and its metabolites at the residual
level appears to vary depending on the species and the study.
These differences cannot all be explained by differences in the
metabolization processes between species; differences in the
procedures used for detection, extraction, and purification of
the toxin and its metabolites from the tissues are more likely to
be responsible. The most conclusive results are listed in Table
1.5 [326–331]. The liver and kidneys contain more toxin and
metabolites than muscles, with the exception of the gizzard,
which is directly exposed. Quail appears to be a more important vector for residues than the other species. Hens could be a
more important vector than chickens, because excretion in the
eggs is also possible, at least after exposure to high concentrations of toxins.

1.3.5 Ochratoxin A
1.3.5.1 Methods of Analysis
All previously described methods were used to analyze OTA
content of animal tissues and animal-derived products. The aim
of such studies was to characterize the potential carryover of the
mycotoxin in animal tissues and to assess human exposure. Most
studies have been in pigs and pig tissues, because this species
appears to be the most sensitive and exposed to OTA. For poultry
meat samples, the solvent-extraction step cannot be avoided, and
precedes the purification step. Typical procedures include extraction with acidic chloroform or acidic ethyl acetate, followed by
back extraction into NaHCO3 before cleanup on IAC or C18 columns [307,308].
It appears that detection limits exhibited by HPLC-FL are sufficient to control meat products according to existing regulations.
The use of IAC for cleanup allows the reduction of the LOQ
below 1 ng/g [307].
By contrast, the use of HPLC-MS does not strongly increase
the sensitivity of detection, but may be used as a confirmatory
method in the case of a positive result.
ELISA tests usually display LOQ higher than other methods.
Nevertheless, due to their simplicity and rapidity, these tests
could be useful as screening methods in slaughterhouses [308].
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Table 1.5
Residues of Aflatoxin in Animal Tissues (Only the Most Demonstrative Studies are Reported)
Animal Species
Poultry
Turkey

Turkey

Quail

Dose and Duration of Exposure

50 and 150 µg/kg feed for 11 weeks

50 and 150 µg/kg feed for 11 weeks
and 1 week with toxin free feed

3000 µg/kg feed for 8 days

Tissues

3000 µg/kg feed for 8 days

0.02–0.009 and 0.11–0.23

AFB1 + AFM1

Kidney

0.02–0.04 and 0.11–0–21

AFB1 + AFM1

Gizzard

0.04–0.16 and 0.01–0.12

AFB1 (AFM1 <0.01)

Liver

<0.01

AFB1 + AFM1

Kidney

<0.01

AFB1 + AFM1

Gizzard

0.04–1.9 and 0.09–0.24

AFB1 (AFM1 <0.01)

Liver

7.83 ± 0.49 and 5.31 ± 0.22

Free and conjugated AFB1

22.34 ± 2.4 and 10.54 ± 0.42

Free and conjugated
metabolites

0.38 ± 0.03 and <0.03

Free and conjugated AFB1

0.82 ± 0.05 and 0.32 ± 0.08

Free and conjugated
metabolites

0.52 ± 0.04 and 0.44 ± 0.16

Free and conjugated AFB1

2.74 ± 0.15 and 3.81 ± 0.25

Free and conjugated
metabolites

<0.03 and <0.03

Free and conjugated AFB1

0.21 ± 0.09 and 0.14 ± 0.05

Free and conjugated
metabolites

0.15 ± 0.09 and 0.10 ± 0.01

Free and conjugated AFB1

1.54 ± 0.36 and 0.93 ± 0.04

Free and conjugated
metabolites

<0.03 and <0.03

Free and conjugated AFB1

0.11 ± 0.02 and 0.08 ± 0.05

Free and conjugated
metabolites

0.34 ± 0.03 and 0.23 ± 0.08

Free and conjugated AFB1

2.38 ± 0.36 and 4.04 ± 0.1

Free and conjugated
metabolites

<0.03 and <0.03

Free and conjugated AFB1

0.14 ± 0.04 and 0.11 ± 0.04

Free and conjugated
metabolites

Liver

Muscle

Chicken

3000 µg/kg feed for 8 days

Liver

Muscle

Hen

3000 µg/kg feed for 8 days

Metabolites

Liver

Muscle

Duck

Residues (µg/kg)

Liver

Muscle

Reference

326

327

Laying hen

10,000 µg/kg feed for 7 days

Eggs

0.28 ± 0.1 and 0.38 ± 0.11

AFB1 and total Aflatoxicol

328

Laying hen

8000 µg/kg feed for 7 days

Liver

0.49 ± 0.28 and 0.2 ± 0.09

AFB1 and total Aflatoxicol

329

Kidney

0.32 ± 0.18 and 0.1 ± 0.04

AFB1 and total Aflatoxicol

Muscle

0.08 ± 0.03

Aflatoxicol

Eggs

0.24 ± 0.07 and 0.25 ± 0.09

AFB1 and total Aflatoxicol

Liver

4.13 ± 1.95

AFB1

Eggs

<0.5 and <0.01

AFB1 and AFM1

Laying hen

2500 µg/kg feed for 4 weeks

Chicken

55 µg/kg feed for 9 days

Liver

0.26 and 0.02

AFB1 and AFM1

Chicken

4448 µg/kg feed for 9 days

Liver

1.52 and <0.1

AFB1 and AFM1

1.3.5.2 Behavior and Prevalence in Poultry Tissues
In poultry, oral absorption of OTA appears to occur in the
same way as in other monogastric species (passive diffusion
of the nonionized lipophilic form), but absorption is apparently lower: about 40% in broilers and only 6.2% in quails.
The concentration peak is more rapidly reached in broilers,
after 0.33 h [332].

330
331

During circulation, OTA fixes to plasmatic proteins, its affinity
constant for serum albumin being about 5.1 × 104 mol/L, which
is very close to the value observed in humans [333]. Distribution
of OTA in chicken tissue appears to be higher than in other avian
species (above 2 L/kg). The highest tissue concentrations were
observed in the following organs: kidney > liver > muscles. No
residue was found in fat or skin. Transfer to eggs was found to be
minimal or nil [332].
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To our knowledge, no data is available on OTA metabolism
in poultry. Plasmatic half-life of OTA after oral administration
ranges from 4.1 h in chicken to 6.7 h in quail. This h alf-life
is well below that reported in most mammalian s pecies [334].

1.3.6 Other Toxins
1.3.6.1 Citrinin
Of several studies evaluating citrinin toxicity in avian species,
no method was specially set up for the determination of residual contamination of edible organs with this toxin, although
poultry appeared sensitive to citrinin toxicity. Indeed, administration of 125–250 ppm citrinin to young chicken leads to
acute toxicity with diarrhea and increase in water consumption
without any mortality [335,336]. Lesions were mainly digestive hemorrhages, lipidic infiltrations in liver, kidney, and pancreas, and an increase in kidney weight for birds treated with
250 ppm [336].
Administration of labeled toxin demonstrated that citrinin
is only weakly absorbed after oral administration and quickly
eliminated in urine and feces, at least in rodents [337]. In
poultry, the administration of a contaminated diet containing
440 ppm of citrinin did not allow the detection of residual contamination in muscles, whereas only weak amounts of the toxin
were found in the livers of exposed animals. Lower doses (110–
330 ppm) did not led to residual contamination of tissues [338].
Therefore, due to the natural contamination levels observed in
poultry feeds [339], the risk of contamination of poultry tissues
seems very low.

1.3.6.2 Cyclopiazonic Acid
Only one HPLC method was developed for CPA analysis in poultry tissues. Extraction was achieved with chloroform–methanol.
Then partition into 0.1 N sodium hydroxide was done before
acidification and dichloromethane extraction. The existence of
an interfering compound was found to require cleanup with silica
gel column. Mean recovery of CPA from meat samples spiked
with pure toxin at levels ranging from 0.016 to 16.6 mg/kg was
about 70% [340].
Tissue transfer in muscle was characterized after oral
administration of 0.5, 5, and 10 mg/kg BW using this HPLC
quantification. The highest levels of contamination were found
in muscle 3 h after administration. For birds fed 0.5 and 5 mg/
kg BW, the toxin was rapidly eliminated from meat in 24–48 h
[341]. In laying hens, two studies on egg transfer were done
after administration of cylopiazonic acid at 0, 2.5, 5, and
10 mg/kg BW/day for nine days and 0, 1.25, and 2.5 mg/kg
BW/day for 4 weeks. For all group of animals, eggs contained
cyclopiazonic acid from the first day of exposure. The concentration of toxin was higher in albumen than in yolk (average
of 100 ng/g and 10 ng/g, respectively). All birds fed 10 mg/kg
BW and four of the five treated with 5 mg/kg BW died after a
decrease in feed intake, in BW, and in egg production. Other
authors have reported a reduction in egg production and shell
quality [342,343].
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1.4 Mycotoxin Analysis and Prevalence in
Processed Meats
Several studies have shown that mold species belonging to the
genera Penicillium and Aspergillus could be isolated from meat
products such as ripened sausages or dry-cured ham [344–346].
This mycoflora actively participates in the acquisition or improvement of organoleptic qualities of these products. However, fungal development also raises the question of a possible mycotoxin
synthesis in these products, leading to the contamination of
final products. Usually, fungal ferments used are selected for
their lack of toxigenic potential (P. nalgiovenses for instance).
However, many studies have demonstrated that fungal mycoflora of dry-cured meat products is usually complex and made of
many fungal species, from which several may be toxinogenic, at
least in vitro. Indeed, some of these strains were found to be able
to produce aflatoxins [347,348], ochratoxins [349], citrinin, or
cyclopiazonic acid on culture medium [346,350]. Nevertheless,
few studies have demonstrated the presence of mycotoxins in
such processed meat. It can be linked to the lack of production of
mycotoxins in this kind of substrate, to the rapid degradation of
the toxins, or to both.
In this section, we will present the little available data on mycotoxin analysis in processed meat. We will focus on mycotoxins
that may be produced during the ripening period. The analytical
methods that may be used to evaluate the residual contamination
of meat as a raw material in food making have already been presented elsewhere [351]. Therefore, fusariotoxins (trichothecenes,
ZEA, and fumonisines) will not be presented. Indeed, production
of these molecules cannot be observed in processed meats due
to environmental conditions required for Fusarium development
and toxinogenesis (mainly water activity) [12].

1.4.1 Aflatoxin B1
Several studies have indicated that processed meats can be
contaminated with toxigenic Aspergillus flavus strains, especially when products are processed in countries with a hot
climate [347,348,352–354]. Moreover, it has been demonstrated that the processing conditions during aging of hams
may allow aflatoxin synthesis [355]. Therefore, it is of public health importance to evaluate the possible production of
aflatoxin B1 during meat processing and aging. Few studies have been carried out, but all demonstrated that the frequency of contamination of processed meat with aflatoxin B1
was low, and that the level of toxin within meat was usually
below 10 ng/g [352,354]. However, it is not clear whether aflatoxin B1 was produced during meat processing or was present before, at the residual level, in muscles. It seems there is
no relationship between the presence of toxigenic strains of
A. flavus and aflatoxin contamination of meat samples [352].
Moreover, the frequent contamination of spices and additives
used in such meat processing may also represent a source of
mycotoxin [354,356]. All these studies were performed using
classic methods for aflatoxin B1 analysis (see 1.2.4.3), and no
special treatment was applied to samples according to their
composition or process-induced changes.
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1.4.2 Ochratoxin A
Many methods were devoted to the OTA analysis in processed
meat; the most recent ones are summarized in Table 1.6 [357–
361]. They have essentially been set up in pig products because
this species appears to be the most sensitive and exposed to OTA.
It appears that detection limits exhibited by HPLC-FL are sufficient to control meat products according to existing regulations.
The use of IAC for cleanup allows the reduction of the LOQ
below 1 ng/g. However, a 10-fold OTA fluorescence enhancement obtained by using the alkaline eluent in HPLC permitted
the determination of a very low level of OTA in muscle without
any column purification or a concentration step [361].
However, all of these surveys essentially demonstrated the
possible carryover of OTA in processed meat. Indeed, even
if ochratoxigenic molds have been isolated from such foods
[346,362,363], it appears that ripening and aging conditions are
not favorable to toxin production [9,349].

80% of the initial contamination still recoverable after eight days
of incubation [9]. These results suggest that an accumulation of
a relatively high level of CPA could be observed on cured meat
after contamination and development of toxigenic strains. Owing
to cyclopiazonic toxicity and its suspected role in “Kodua poisoning” in humans [370,371], fungal strains used in meat processing should be tested for their ability to produce cyclopiazonic
acid before use in commercial products. This recommendation
is in agreement with previous one concerning the use of fungal starters in cheese [372]. The development of micellar capillary electrophoresis for the detection of toxigenic mold strains
may represent a useful alternative to classical analysis [373]. It
has already been applied to fungal strains isolated from cured
meat and allowed multidetection of mycotoxins such as CPA and
also aflatoxin B1 [374]. It appears also important to develop or
adapt existing analytical methods to allow the final control of
processed meats.

1.4.3 Citrinin

1.5 Conclusion

Although citrinin-producing fungal strains have been isolated from dry-cured meat products [347,364], and it has been
demonstrated that citrinin production may occur on dry-cured
meat [9,365], no data are available on citrinin content in meat
products, despite the fact that this toxin has been suspected of
playing a role in BEN [366] and is mutagenic [367]. However,
stability studies have demonstrated that this mycotoxin is only
partially stable in cured ham, as already demonstrated in other
animal-derived foods [9,368]. Nevertheless, it may be of interest
to develop methods able to quantify a possible contamination of
processed meat with citrinin.

Mycotoxins are widely found contaminants of cereals and other
vegetal products. When contaminated feeds are distributed to
farm animals, mycotoxin may be found as residues in edible
parts of the animals. Owing to their breeding and feeding conditions, poultry may often be exposed to such contamination,
which has consequences for the safety of edible organs. For the
most important toxins, the available data on absorption, distribution within animal organisms, and metabolism revealed that
mainly aflatoxins and OTA may be found at significant levels in
muscles and muscle foods. For these molecules, sensitive and
specific methods are required to allow safety control of poultry
and processed meats, because levels of contamination are usually in the low ppb range. Most commonly used methodologies
are based on HPLC-FL detection of molecules. Mycotoxin contamination of meat may also result from toxigenic mold development during ripening and aging. It may lead to production
and accumulation of toxins such as citrinin or cyclopiazonic
acid, for which few if any methods have been established for
meat control. Even if the toxicity of such molecules appears less
important than the previous ones, their possible implications in

1.4.4 Cyclopiazonic Acid
As for citrinin, no survey is available concerning CPA contamination of meat products. It has been demonstrated that
CPA-producing strains could be isolated from processed meats
[346,350,369]. Moreover, it has been shown that toxigenic strains
of Penicillium were able to produce the toxin on meat products,
and that the toxin was stable on that substrate, with more than

Table 1.6
Recent Methods for OTA Determination in Processed Meat
Quantification

Tissue

Extraction
Methanol–1% sodium
bicarbonate (70:30)
Chloroform–orthophosphoric
acid centrifugation
Ethyl acetate (0.5 mol
NaCl)–phosphoric acid
Acidified acetonitrile–water
Chloroform–phosphoric acid

Fluorimetry
HPLC-FL
HPLC-FL

Ham

HPLC-FL

Salami

HPLC-FL
HPLC-FLb

Pig-liver derived pâté
Dry-cured pork meat

a
b

Ham

Cleanup
IAC
Back extraction with NaHCO3, pH 7.5
IAC
Back extraction with NaHCO3, pH 8.0
IAC
C8 columns
Back extraction with Tris-HCl pH 8.5
Addition of chloroform until 90:10 ratio

Limits of detection.
Mobile phase: NH3/NH4Cl:CH3-CN (85:15), pH 9.8 instead of acetonitrile–water–acetic acid (99:99:2) in others.
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LOQ (ng/g)

Reference

0.7a
0.04a
0.03

357
358

0.2

359

0.84
0.06

360
361
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human diseases or syndromes should lead to the implementation
of curing and aging methods that can control contamination of
processed meat.
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2.1 Introduction
21,000 bioactive natural compounds of marine origin were
obtained since 1970, and dinoflagellates were one of the main
sources for these compounds.27,81 Dinoflagellates are a very large
group, with more than 2000 known species from 130 genera, and
about 100 species that produce toxins.252

In the previous edition of this book, we discussed analytical
methods to detect and quantify paralytic and diarrheic shellfish
toxins. In the past 6 years, the overall picture of the phycotoxin
field has completely changed in Europe. The number of new
toxins in Europe is now much higher, not only regarding their
number, but also the type of toxins. This is a critical aspect of the
phycotoxin research field, which requires not only to adapt to the
situation from a monitoring point of view, but also to deal with
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the toxic and human health implications that represent the presence of new and dangerous toxins. Aside from diarrheic shellfish poisoning (DSP) toxins (DSTs), paralytic shellfish poisoning
(PSP) toxins (PSTs), domoic acid (amnesic shellfish poisoning
[ASP]), and several toxins discovered years ago in the coasts of
Europe, namely azaspiracids (AZs), yessotoxins (YTXs), and
pectenotoxins (PTXs), new compounds were recently reported
(pinnatoxin, ciguatoxins, ostreocins, tetrodotoxin, and spirolides
[see below]). Also, the advance in technology now provides a
much better scenario to cope with the detection and monitoring problem. Finally, the legislation in the European Union (EU)
has changed to adapt to the new situation regarding new technology and new toxins.51,52,55 Essentially, the EU now accepts either
validated chemical methods or functional assays as an option to
monitor phycotoxins of the diarrheic group, YTXs, PTXs, and
AZs as long as they provide equivalent levels of protection to
reference methods, being high-performance liquid chromatography (HPLC), the reference method for ASP, the mouse bioassay,
the reference method for PSP, and liquid chromatography–mass
spectrometry (LC–MS), the reference method for DSP.55 This is
a very important milestone, since this opens the door to many
potential and sophisticated methods that provide key advantages
over the mouse bioassay, such as speed, lower costs, and less
false results. Nevertheless, it is important to highlight that these
are now allowed only for liphophilic toxins, and not for paralytic
toxins (saxitoxin and analogs), which are still to be detected (and
quantified) only by the mouse bioassay, although running controls can be carried out with alternative methods before the final
official bioassay result.
Since the information to show is now much more complex,
this chapter will review the important advances in methodology, mostly regarding the strategies for new monitoring methods. The reader may consult a thorough review on biology,
chemistry, and detection methods for phycotoxins in recent
reviews.29,31,32,34,40,247,248

2.2 Paralytic Shellfish Toxins
More than 50 compounds were described in this group.254 These
are potent neurotoxins with a selective mechanism of action,
whose structures are shown in Table 2.1. They are produced
by several species of dinoflagellates that belong to three genera, Alexandrium, Gymnodinium, and Pyrodinium. They are
also produced by blue–green algae (cyanobacteria) of the genera Aphanizomenon, Anabaena, and Lyngbya. The toxin profile
of each specie is different, depending on nutritional conditions,
geographical location, cell cycle, and other factors, and this
brings about many possible toxin combinations in each toxic episode.115 Crabs (Zosimus aeneus) were also reported as a source
of intoxication.136
All the toxins that belong to this group, which includes tetrodotoxin, share a common mechanism of action, and it is the
blockade of site 1 of the voltage-dependent sodium channel.97
This action is very potent (Kd 2 nM) and selective, and the effect
is the stoppage of the action potential, hence inhibiting the neuronal impulse and activity. At high doses, which for humans can
vary from 1 to 16 µg STX per kilogram body weight, the toxic
symptoms are numbness, drowsiness, ataxia, and eventually
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death due to a respiratory paralysis.136,165 The intoxication may
occur within 12 h, and hence, the process is rapid. The binding
of the toxins is reversible (hydrogen bonds), and if the dose does
not cause death, the recovery is complete. The only treatment
is symptomatic, with assisted respiration. The range of effects
covers 0.3–90 µg/kg b.w. (lowest observable effect), to 1.5–
150 µg/kg b.w. (moderate effect) or 1–2000 µg/kg b.w. (severe
effect).85,136,165
Epidemiological data are rare, and therefore, the criteria to set
the limits have not been deeply investigated. In Europe, the regulation establishes that the mouse bioassay52 is the current monitoring method, and negative results are being obtained when the
total PSP is not exceeding 800 mg/kg mollusk flesh.51 In other
countries, the limits are set to similar values.237 It is worth mentioning that some toxic blooms may be very intense; since mollusks concentrate the toxin due to their continuous filtering of
seawater, in some occasions, very rare though, one single mussel
may contain 1 mg of toxin. Therefore, the monitoring of these
toxins is rather important, since the ingestion of few mussels
from one intense toxic episode may be fatal.84

2.2.1 PSP Monitoring
So far, the mouse bioassay is the official method. Sommer and
Meyer203 were the first to develop a method to study the presence of PSP. The method was a mouse bioassay, and since then,
it is still the only method officially used to detect and monitor
the presence of these toxins in contaminated seafood, based on
the availability of a saxitoxin standard solution from the Food
and Drug Administration (FDA). The bioassay defines the mouse
unit (MU), which is the amount of saxitoxin necessary to kill a
20 g mouse in 15 min after an intraperitoneal injection of 1 mL
of acid extract. Depending on the time to kill the mouse, an
equivalent MU value is calculated according to preestablished
values, the toxicity being expressed as a saxitoxin-equivalent
amount of PSP. The bioassay must be first standardized to obtain
a reliable procedure (there are differences in the susceptibility of
mice strains, pH, and salts interfere with the action of the toxins). This is achieved by first calculating the correction factor
(CF) with injections of the saxitoxin standard. The dilution of
the extract must be calculated to get an optimum response, which
corresponds to the death of a 20 g mouse in 5–7 min. Once this is
achieved, the calculation of the PSP activity (STX equivalent) is
obtained from Sommer’s table. The detection limit for the bioassay is 30–35 µg saxitoxin/100 g flesh.204
The important drawbacks of the bioassay are the interferences
of high salt concentrations, low sensitivity, high variability with
high concentrations of toxins, an inherent variability of ±20%,
and, more importantly, the necessity of large amounts of mice
can make it very expensive. There is also an ethical problem
associated to it due to the sacrifice of large amounts of animals.

2.2.2 Chemical Methods
2.2.2.1 High-Pressure Liquid Chromatography
It is common to use HPLC (high-pressure liquid chromatography) to identify the toxin profile of the bloom. All the
HPLC methods are based on the oxidation/fluorescence assay
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Table 2.1
Regulated Toxins, Structures, and Detection Methods
Toxin Representative

Structures

Saxitoxin
Genus producer:
Alexandrium
Gymnodinium
Pyrodinium
Aphanizomenon#
Anabaena#
Lyngbya#

R4
R1

CH213
N

1

Mouse bioassay
HPLC124
PCOX11

H
NH

6
5

7

NH+2

9

3

NH

N

NH+2

Detection Method29,180

12

OH

10

OH
# Blue–green algae
(cyanobacteria)

pKa = 11.5
Toxin

R2

R3

R1

R2

R3

R4

STX (saxitoxin)

H

H

H

–OCONH2–

Neo STX

OH

H

H

OCONH2

GTX 1 (gonyautoxin
1)

OH

–OSO3–

H

–OCONH2

GTX 2

H

–OSO3–

H

–OCONH2

GTX 3

H

H

–OSO3–

–OCONH2

GTX 4

OH

H

–OSO3–

–OCONH2

dc-GTX 1

OH

–OSO3–

H

OH

dc-GTX 2

H

–OSO3–

H

OH

dc-GTX 3

H

H

–OSO3–

OH

dc-GTX 4

OH

H

–OSO3–

OH

*dc-STX

H

H

OH

OH

dc-Neo STX

OH

H

H

OH

Carbamate Toxins

Decarbamoyl Toxins

N-Sulfocarbamoyl Toxins
GTX 5

H

H

H

–OCONHSO3–

GTX 6

OH

H

H

–OCONHSO3–

C1

H

–OSO3–

H

–OCONHSO3–

C2

H

H

–OSO3–

–OCONHSO3–

C3

OH

–OSO3–

H

–OCONHSO3–

C4

OH

H

–OSO3–

–OCONHSO3–

Decarbamoyloxy Toxins
do-STX

H

H

H-

H

do-GTX 2

H

–OSO3–

H

H

do-GTX 3

H

H

–OSO3

H

Acetyldecarbamoyl Toxins
13-0-dc-STX

H

H

H

–OCONHSO3

13-O-dc-GTX 2

H

–OSO3–

H

–OCONHSO3

13-O-dc-GTX 3

H

H

–OSO3–

–OCONHSO3
(Continued)
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Table 2.1 (Continued)
Regulated Toxins, Structures, and Detection Methods
Toxin Representative

Structures

Domoic acid
Genus producer:
Pseudo-nitzschia

Detection Method29,180

6

1
4
5

H
H3C

COOH

COOH

2

COOH
N
H
Kainic acid

COOH

N
H

COOH

HPLC122
ELISA112

CH3

CH3

COOH

Domoic acid
COOH

H2N

L-glutamic acid
CH3

COOH

H3C

CH3

HOOC

COOH

COOH
N
H
Isodomoic acid B

COOH

N
H

Isodomoic acid A
CH2

HOOC
CH3

COOH

CH3

COOH

COOH

H3C

CH3
COOH

COOH
N
H
Isodomoic acid D

COOH
N
H
Isodomoic acid C

COOH
H3C

CH3

CH3

H3C

COOH

O
R4

9

O

1

OH
O

14

O

O

7

OH

44

Isodomoic acid F

17

11

OR1

COOH

N
H

COOH
N
H
Isodomoic acid E

Okadaic acid
Genus producer:
Dinophysis
prorocentrum

COOH

COOH

24

20

O

41

O

26

42

OH

OSO3H

R3
O
40

38

35

R2

OSO3H

Y=

OH

OH

OSO3H

O–

OH
O

OH
Z1 =

OH

OH

OSO3H

O–

NH
OSO3H

X=

O–

R5

H2C-

OH

A=

Me

H2C-

C=

Me

O

O
R5

X1 =

H2C-

OA-DE1

B=

OH

H2C-

OA-DE3

O–

D=

OH
Me

Me

OA-DE2

LC–MS
conditions as in
Reference 236
100% methanol
extraction
hydrolysis for DSP
esters
MMS
C18 (150 × 3, 5 µm)
Phase A: water
Phase B: acetonitrile/
water (90:10 v/v)
Both phases with
6.7 mM ammonium
hydroxide (pH 11)
Negative electrospray
ionization
MS/MS transitions:
OA Q1/Q3:
803.5/255.0/113.0
DTX-2 Q1/Q3:
803.5/255.0/113.0
DTX-1 Q1/Q3:
817.5/255.0/113.0

OH
Me

OA-DE4

-CH2
-CH2

E=

OH
OA-DE5

OH
F=

OA-DE6
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Table 2.1 (Continued)
Regulated Toxins, Structures, and Detection Methods
Toxin Representative

Structures

Detection Method29,180

LC–MS
conditions as in
OA
CH3
H
H
OH
–
Reference 236
100% methanol
DTX-1
CH3
CH3
H
OH
–
extraction
DTX-2
H
CH3
H
OH
–
hydrolysis for DSP
DTX-3
(H or CH3)
Acil
OH
–
–
esters
MMS
DTX-4
CH3
H
H
X
Y
C18 (150 × 3, 5 µm)
DTX-5a
CH3
H
H
X1
Z
Phase A: water
DTX-5b
CH3
H
H
X
Z
Phase B: acetonitrile/
water (90:10 v/v)
Diol esters
CH3
H
H
A–F
OH
Both phases with
OA, okadaic acid; DTX, dinophysistoxin. DTX-3 is a group of 7-O-acyl derivatives from OA, DTX-1, and 6.7 mM ammonium
DTX-2.
hydroxide (pH 11)
Negative electrospray
ionization
MS/MS transitions:
OA Q1/Q3:
803.5/255.0/113.0
DTX-2 Q1/Q3:
803.5/255.0/113.0
DTX-1 Q1/Q3:
817.5/255.0/113.0
Toxin

Yessotoxin
Genus producer:
Protoceratium
Lingulodinium
Gonyaulax

R1

R2

R1

n

R3

R2

R4

n

R5

R1

LC–MS
conditions: same as OA
MS/MS transitions:
YTX
Q1/Q3:
1141.5/1061.7/855.5
Homo-YTX
Q1/Q3:
1155.5/1075.5/869.5
45 OH-YTX
Q1/Q3:
1157.5/1077.7/871.5
45 OH-Homo-YTX Q1/
Q3:
1171.5/1091.5/869.5

R2

COOH
Yessotoxin (YTX)

OSO3Na

1

45

HydroxyYTX

1

OSO3Na

DesulfoYTX

1

OH

47

OSO3Na

1

CarboxyYTX

OH
NorYTX

OSO3Na

1

HomoYTX
Hydroxy-homoYTX

R2

2

OSO3Na

2

OSO3Na

HO

OH

OSO3Na
O

Me
Me

O

O

OH

OH
O
O

Me

O

NaO3SO

Me

O

O

O

O

OSO3Na

O

Me

O

OH

Me

Me

O

O
O
Me

Adriatoxin (ATX)
Me

O

n
NaO3SO

O

O

O

R1

O

O

Me

Me

(Continued)
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Table 2.1 (Continued)
Regulated Toxins, Structures, and Detection Methods
Toxin Representative
Pectenotoxin 2
Genus producer:
Dinophysis

Structures
A: Pectenotoxins

Detection Method29,180

Me

O

O

B

1

7

O

A

O

O
O

OH

33

OH

OH

Me

Me

O

18

O

R

O

43

O

40

Me

Me

B: Seco acids

O

Me
O

Me

O
1

7

O

HO
33

OH

O

OH

O

OH
Me

OH

Me

LC–MS
conditions: Same as OA
but positive ionization
MS/MS transitions:
PTX-1 Q1/Q3:
892.5/821.5/213.2
PTX-2 Q1/Q3:
876.5/823.4/213.2

O

Me

O

O

18

Me

O
O

40

Me

Me

C-7

R

(A)
PTX-1

CH2–OH

R

PTX-2

CH3

R

PTX-3

CHO

R

PTX-4

CH2–OH

S

PTX-6

COOH

R

PTX-7

COOH

S

Azaspiracid 1
Genus producer:
Azadinium

(B)

R

7-epi-PTX2SA

S

R2
O

H

R1
5

A
OH

O

B
10

H

O

D
O

C

O

H

15

40

I

R3

OH

Me

Me

OH

20

O

H

25

H

E

R4

H
NH

35

H

O

Me

GO
F

30

O
Me

H

C-7

PT X2SA

Me

R1

R2

R3

R4

Azaspiracid AZ1

H

H

Me

H

8-methylazaspiracid AZ2

H

Me Me

H

22-demethylazaspiracid AZ3

H

H

H

3-hydroxy-22-demethylazaspiracid AZ4

OH

H

H

H

23-hydroxy-22-demethylazaspiracid AZ5

H

H

H

OH

H

LC–MS
conditions: same as
PTX
MS/MS transitions:
AZA-1 Q1/Q3:
842.5/824.5/806.5
AZA-2 Q1/Q3:
856.5/838.5/820.5
AZA-3 Q1/Q3:
828.5/810.5/792.5
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described by Bates and Rapoport,18 the fluorescence can be
measured in the solution, although this procedure is not commonly used, for a review, see Reference 144. When PSP toxins
are oxidized in alkaline solution, they form a purine, which
becomes fluorescent in acidic solution. This derivatization
reaction can be done in precolumn or postcolumn methods.
Nevertheless, the use of a fluorescence detection method is
complicated by the fact that the fluorescence generated by each
toxin is different, and it can also be modified with experimental conditions (pH, ionic strength, etc.) (see Table 2.1). This
fact and the lack of reference materials for the toxins make so
far impossible for HPLC to substitute the bioassay, although
a major advantage of HPLC is the possibility of automatization. The EU has prepared reference standards of dc-STX and
STX,233,234 but still, this falls short due to the large number of
chemical STX analogs. A larger source of commercial certified
standards can be found at Cifga (www.cifga.com) in Europe, or
National Research Council (NRC) in Canada (www.nrc-cnrc.
gc.ca). The use of HPLC methods requires a final value of PST
referred to saxitoxin, for which, it is necessary for the use of
TEF (toxic-equivalent factor) that converts each toxin value
into an equivalent amount of saxitoxin. The European legislation requires the use of TEF provided by European Food Safety
Authority (EFSA),165 which are based on sodium channel
effects.226 These TEFs were later reevaluated by Perez et al.170
using a patch clamp of sodium channels. From the initial TEFs
supplied by Oshima,158 using noncertified standards to226 using
certified standards, the main difference is the increase of the
toxicity of dc-STX, while in Reference 170, Neo-STX toxicity
is updated to a higher value.
Most of the methods utilize ion-pair chromatography with
postcolumn oxidation, such as Sullivan’s method.205 Any HPLC
method shows a good correlation with the bioassay and the
detection limit is, depending on the toxins, 10–100 times lower
than the bioassay. Sullivan’s method does not resolve C1–C4 and
Neo-STX/dc-STX/STX peaks, the last problem being overcome
by the method of Luckas143 later improved by Thielert et al.212
Oshima et al.160 proposed a method that uses three isocratic
chromatographic runs, according to the basicity of the three toxin
groups. The method uses a reverse-phase C8 column and the ionpair eluents are heptanesulfonic acid (GTX and STX groups)
and tetrabutylammonium phosphate (C group). The method
avoids gradient elution, is very reliable, and has been improved
by Franco et al.77 Lawrence and Menard123 developed a method
with precolumn oxidation. This also allows good peak resolution
with some of the toxins. In any of the above methods, it is critical to keep pH at an optimal value in the oxidation reaction to
get the best efficiency on fluorescence. An interlaboratory study
of the methods of analysis has recently been published,234 one
of the major conclusions being that complete chromatographic
separation of PSP toxins is critical prior to quantification with a
fluorescence detector.
The status quo of PSP monitoring suffered a fundamental change with the international validation of the precolumn
method developed by Lawrence et al.,124 which was validated
for the determination of STX, NEO, GTX2,3, GTX1,4, dc-STX,
GTX5 (B1), C1,2, and C3,4 in mollusks (mussels, clams, oysters,
and scallops). As such, it became a legally approved method in
Europe53 for the control and monitoring of PSTs. In 2009, the

method was further extended to two more toxins: dc-NEO and
dc-GTX2,3,23,216 and refined in 2010 to more matrices (oysters,
clockles, and clams).215
But the Lawrence method was still rather tedious and complex to implement for a daily routine,24,185 and an adaptation of
the postcolumn Oshima oxidation method,159 that required three
isocratic runs for the separation of three toxin groups (C toxins,
GTXs, and STXs), to a simplified method with only one analytical run, was developed and validated just recently,232 hence
providing a new resource to mollusks-monitoring laboratories.
This fluorescent method, called PCOX (postcolumn oxidation), although not mentioned yet in the legislation, is an official
Association of Official Analytical Chemists (AOACs) method
(Official Method 2011.02).11
Although not required by legislation, and yet not widely used,
the detection and quantification of PSTs by mass spectrometry
(MS) is gaining supporters, to incorporate this group to the same
technology being used for lipophilic toxins.60 But this technology
is not ready to replace the current fluorescent HPLC methods, as
there are several problems related to the presence of salts, resolution of peaks, and the need of extensive cleanup.63,217

2.2.2.2 Capillary Electrophoresis
This is a powerful and versatile technology that has been successfully applied to PSP toxins.140,211 Nevertheless, it is very seldom used, probably because HPLC is easier to set up, and the
injection volumes ought to be extremely small, hence providing
much higher detection limits than HPLC, which for monitoring
purposes is not necessarily an advantage.

2.2.2.3 Antibody-Based Assays
(ELISA and Biosensors)
Although enzyme-linked immunosorbent assay (ELISA) for
PSP46 is a very sensitive technique, the main drawback is the high
number of different STX chemical derivatives and the limited
cross-reactivity of the antibodies;238 as a consequence, quantitative agreement between ELISA and mouse bioassay is dependent
on antibody specificity and the toxin profile in the shellfish; thus,
both over- and underestimation of total toxicity may occur. There
are two commercial kits in the market, which have been compared, with good results for certain toxins, with the bioassay.225
Garthwaite et al.83 reported an integrated ELISA to detect PSP,
amnesic, neurotoxic, and diarrheic toxins. Again, the limitation
is the availability and limited cross-reactivity of the antibodies;
an STX antibody has only 2%, 29%, and 11% cross-reactivity
with Neo-STX, dc-STX, and GTX2/GTX3, respectively. A
recent review on ELISA methods for PSP was made by Usleber
et al.224
A surface plasmon resonance (SPR) optical biosensor method
was recently developed,73 then a single laboratory was validated,42
and finally an interlaboratory was validated.235 SPR provides several advantages, such as being easy to use, very high reproducibility and sensibility, and it is very fast. Nevertheless, the cost of
the equipment is high, and the method requires antibodies with
cross-reactivity that match the TEF of all the analogs. This is
very difficult to achieve, although the method is very promising.
A similar approach, but with a different technology, is the use
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of antibodies attached to microsphere-flow cytometry systems to
set a competition assay.75 The major advantage of this approach
is the possibility to simultaneously detect many analytes, as up
to 100 different microsphere wavelengths (at least theoretically)
can be used in a multiplex analysis, allowing very efficient runs.76
Nonetheless, this method is not interlaboratory validated.

2.2.2.4 Mass Spectrometry
The equipment is very expensive, but this technology can be used
for the analysis of any toxin. Therefore, although very limited
in use due to complexity and cost, each year, more and more
national and official monitoring laboratories include this equipment in their routine protocols. There is no validated method for
PSP, although a methodology has already been developed.29,60

2.2.3 Functional Assays
This section of the chapter intends to show the potential of biological methods, but none of them is currently approved to be used
to monitor PSP toxins. The major advantage of the functional
assays is the fact that the parameter being measured reflects the
activity of the toxin, hence indirectly showing the toxic effect.
As a consequence, it is possible to relate the parameter being
measured with the toxicity of the sample. Several reviews are
available on this topic.31,33,40,245,247,248

2.2.3.1 In Vitro Tissue Culture Bioassays
Although a simple cytotoxicity assay can be performed by just
measuring lactate dehydrogenase leakage from, that is, hepatocytes after treatment with a shellfish extract, usually, cytotoxicity assays are based on the work described by Kogure et al.117
This method can detect the protective effect of PSP toxins in
the viability of excitable neuroblastoma cells treated with veratridine and ouabain. Ouabain blocks the Na+−K+ ATPase, causing a depolarization of the cell, which is further increased with
veratridine, which causes persistent activation of Na+ channels.
This combination induces cell death, and this process is inhibited by PSP toxins. Quantification is obtained by counting viable
cells with a dye. Although there is a commercial product based
on this principle (which uses crystal violet dye accumulation as
the endpoint),109 and a semiquantitative kit, it has some problems,
namely, the need to keep the cells in good conditions, the time
needed to obtain the results, a very high cost, and a reproducibility tightly linked to batch standards and cell culture.
A variation of Kogure’s method has been reported by Manger
et al.,147 who developed a tetrazolium-based cell bioassay that
measures mitochondrial dehydrogenase activity in the presence
of veratridine and ouabain. The results can be read on multiwell
absorbance plate readers, and the method can be used to detect
ciguatoxins and brevetoxins.146 The method is based on an indirect parameter (the ability of metabolically active cells to reduce
a tetrazolium compound), and it is slow (results to be obtained
in 24 h).
A different approach82 explores the apoptotic effect of PSP
toxins in primary cultures of rat cerebellar granule cells, providing an indirect method that is able to detect and quantify the
presence of PSP toxins.
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Finally, Fairey et al.70 described a receptor gene assay. It is
a neuroblastoma-based cytotoxicity assay for sodium channel
using a c-fos luciferase reporter gene construct. The endpoint
is luminiscence, and measurements can be made on multiwell
plates after few hours of incubation.

2.2.3.2 Membrane Potential-Sensitive Methods
2.2.3.2.1 Electrophysiological Methods
These methods are based on the recording of path-clamp currents in excitable cells. The electrical signal is proportional to
the concentration of PSP toxins. With HEK 293 cells, a viable
monitoring method was used by Vélez et al.,239 with a detection
limit of 0.042 µg STX/100 g. Aside from the reproducibility in
different laboratories, the problem to this method is the high
required sophistication, which is viable only in well-trained laboratories, and makes it nonusable in routine monitoring. A different approach has been prepared by Cheun et al.44 consisting of an
Na+ electrode covered with a frog bladder membrane integrated
within a flow cell.

2.2.3.2.2 Fluorimetric Methods
2.2.3.2.2.1 Membrane Potential
The availability of membrane potential-sensitive fluorescent
dyes provides a great advantage to monitor PSP toxins. Louzao
et al.141 developed a fluorimetric method based on changes in
the membrane potential, using neuroblastoma (BE[2]-M17) as
excitable cells loaded with bis-oxonol. The sensitivity of the
method can be enhanced by the previous treatment of the cells
with veratridine. The detection limit is 1 ng STX/mL, compared
to the regulatory limit of 400 ng/mL (equivalent to 800 mg/kg).
This is a very promising method to be considered, since it is very
fast (results in minutes), easy to perform, and has been adapted to
microtiter plates, hence allowing the simultaneous measurement
of many samples. Also, sodium channels are the biological target
for ciguatoxins and brevetoxins; hence, it can be used to monitor these toxins. Its main inconvenience (as for any method of
this kind) is the need of viable and inter-laboratory-reproducible
neuroblastoma cells.
2.2.3.2.2.2 Voltage-Dependent Calcium Influx
Rat cortical neurons can be used to measure the influx of extracellular calcium induced by trains of electrical pulses at 10 Hz
for 10 s.20 This approach provides a detection limit of 1 ng/mL.
Although the functional relationship to PSP activity is indirect, it
must be further studied to determine its usability.

2.2.3.3 Receptor-Based Assays
2.2.3.3.1 Sodium Channel Binding
The displacement of radiolabeled (tritiated) STX from its binding to its receptor (site 1 sodium channel) allows the quantification of a PSP sample. This principle has the advantage that the
displacement is proportional to the affinity of each PSP compound bound to the receptor. Therefore, the method detects the
functional activity (toxic effect) of the sample. The original idea
was proposed by Davio and Fontelo,57 and later adapted to monitor PSP samples in microtiter plates by Vieytes et al.240 Although
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the method has a low detection limit (2 ng/mL sample extract),
its main inconvenience is the need of using radioactivity.

2.2.3.3.2 Saxiphilin Binding
Saxiphilin is a hydrophilic protein with a high affinity and specificity for PSP found in the circulatory fluid of many invertebrates and ectothermic vertebrates.139 Therefore, it is not a PSP
receptor, but an acceptor, related to the iron-binding transferrins.
Llewellyn et al.138 developed a microtiter plate assay for PSP that
relies upon the detection of bound tritiated STX. Although the
physiological role of saxiphilin is unknown, it is an alternative
to be considered, since a comparison with other methods and the
bioassay provided good results, although it shows an underestimation of toxicity when compared to the bioassay.137

2.3 Diarrheic Shellfish Toxins
The heat-stable DSP toxins are fat soluble in contrast to the
water-soluble PSP, and are accumulated in the fatty tissue of the
shellfish. Marine dinoflagellates of the species Dinophysis and
Prorocentrum produce these fatty polyethers, particularly okadaic acid (OA) and its derivatives, the dinophysis toxins (DTXs
1–5), all of which are responsible for gastrointestinal (GI) tract
symptoms.242,257,259 The DSP is a rapid-onset intoxication86 in
humans caused by the consumption of shellfish contaminated
with the toxins. The prominent human symptoms are diarrhea,
nausea, vomiting, cramps, headache, and abdominal pain. The
symptoms usually start within 4 h after ingestion of the toxic
shellfish and complete recovery takes place within 3 days. The
minimum dose of OA required to induce toxic symptoms in
human adults has been estimated to be 48 µg, and mild symptoms are observed with 80–240 µg. DSP is a serious problem to
aquaculture worldwide.
The toxin profile is different depending on the zone to be sampled, that is, DTX-2 is an isomer of OA isolated from Ireland
mussels,101 and it is the predominant toxin in these coasts, while
DTX-1 is the predominant one in Japan43 and OA is predominant
in Spain. Several DTX-2 isomers have been already reported107
although DTX-2 is about 40% less toxic than OA in vivo,14 and
shows the same or less toxicity than OA in vitro, depending on
the cell line.193,194 DTX-1 and DTX-3 structures were determined
by Murata et al.155,256, respectively. DTX-3 is a general name for
a group of seven-acyl derivatives of OA. OA, DTX-1, DTX-2 and
DTX-3, or diol esters, are lipophilic, while DTX-4 and DTX-5
are water-soluble sulfate derivatives of OA. Although DTX-4 and
DTX-5 are weakly toxic, they are readily hydrolyzed to form OA.
After OA was first identified as a specific inhibitor of serine/threonine protein phosphatases 1 and 2A (PP-1 and PP2A),
Fujiki and Suganuma78 have found 30 compounds of the OA
class, all potent inhibitors of PP-1 and PP2A. These authors classified these compounds into four types according to their structural differences:
a.
b.
c.
d.

OA itself
Calyculin A
Microcystin-LR
Tautomycin

OA and tautomycin are serine/threonine phosphatase inhibitors of the polypropionate class. Although structurally unrelated
to microcystin, OA and tautomycin have also shown the inhibition of PP2A in a dose- dependent manner.191 OA inhibited
PP2A with an IC50 of 0.45 nM, which was substantially lower
than that for tautomycin (IC50 = 10 nM).192 The IC50 of OA and
tautomycin for PP-1 were found to be 1.24 and 0.67 nM, respectively. Regarding other protein phosphatase inhibitors, such
as calyculin A102 or microcystin-LR,114 the order of potency is
microcystin > calyculin A > tautomycin. The inhibition IC50
for microcystin, calyculin A, and tautomycin is in the same
range (0.1–0.7 nM) for both PP-1 and PP2A. The inhibitory
dose response on the catalytic subunit of PP-1 for the OA-class
compounds is microcystin > calyculin A > tautomycin > OA.74
Although OA is generally accepted to exert its toxic effect
through phosphatase inhibition, the fact that methyl okadaate is
still very toxic, but a weak phosphatase inhibitor brings up the
question on whether some other mechanism of toxicity may contribute, or not, to its toxicity.69,244

2.3.1 DSP Monitoring
EU legislation52 considered the bioassay (mouse or rat) as the
official method of detection, and opened up the possibility of
other methods, such as chemical, immunological, or functional,
as valid options provided gave the same level of protection to
consumers than the bioassay, and were validated according to
international agreed protocols. Since 2011,180 EU legislation has
suffered a fundamental change, as Regulation 15/2011 states that
LC–MS will be the reference method after 2014, while coexisting with the mouse bioassay in the meantime. After 2014, the reference method will be the analytical LC–MS protocol approved
by the network of national reference laboratories.
When considering the DSP toxins, it is important to bear in
mind that these toxins may coexist with other types of toxins,
which are nondiarrheic, but are coextracted and therefore interfere with the bioassay. These other toxin groups are AZs, PTXs,
and YTXs. They will be discussed later in this chapter.

2.3.1.1 Mouse Bioassay
As with most marine toxins, mouse assays form the basis of most
monitoring programs for DSP shellfish toxicity. The original
mouse bioassay was developed by Yasumoto et al.260 Mollusk
digestive glands are homogenized 3 times with acetone and after
evaporation, the residue is dissolved in a small volume (2 mL) of
1% Tween 60.66 An aliquot extract or a dilution is then injected
intraperitoneally in a 15–20-g mice and the survival of the
mice is checked from 24 to 48 h. This extraction concentrates
free fatty acids and PSP toxins present on the sample, and this
problem was overcome by the inclusion of a diethyl ether extraction of the aqueous residue after acetone evaporation. The ether
extract is washed twice to remove PSP contaminants and salts.
Dichloromethane can be used, but still, a petroleum ether wash
must be used to avoid fatty acids interference. Less than 4 µg
OA is necessary for a lethality time >5 h. A modification of the
bioassay, which includes the lipophilic toxins, was later required
under EU legislation52 (see the bioassay for AZs, YTXs, and
PTXs, below).
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The mouse bioassay defines the MU, and the detection limit is
1 MU = 40 µg/100 g shellfish. A MU is equivalent to 4 µg OA,
3.2 µg DTX-1, or 5 µg DTX-3. A bioassay is positive if two out
of three mice die after 24 h of the injection of an extract equivalent to 5 g hepatopancreas or 25 g whole body. Since other toxins
may be coexisting and interfering with the assay, the maximum
levels allowed are 160 µg OA equivalents/kg for OA, DTX, and
PTXs together. The maximum level of YTX is 1 mg of YTX
equivalent/kg; for AZs, the maximum level is 160 µg of AZ
equivalents/kg. Shellfish containing more than 2 µg OA/g hepatopancreas is considered unsuitable for human consumption,
since 1 mL of this extract would kill a mouse in <12 h. While
this observation time is followed in some countries, others, such
as Canada, do not include YTX in the list of regulated toxins;
on the other hand, the EU is reevaluating the maximum level of
YTX, and will be increased probably sometime this year to a
value approximately 3 times higher.
This assay, as for PSP, has several drawbacks; among them, a
considerable margin of error, lack of specificity (it does not differentiate the various components of DSP toxins), a poor sensitivity, it
is time consuming, the mouse test may give false positives because
of interferences from other lipids, and the test is expensive.

2.3.1.2 Rat Fecal Bioassay
This method was developed in the Netherlands.110 24 h starved
rats (100–120 g) are fed with mussel hepatopancreas mixed into
normal rat feed (10 mussels with 6 g rat food) and observed with
respect to the amount of food eaten as well as with the consistency of the feces.
After a 16–h period, the diarrhetic effects of OA, DTX-1,
DTX-2 and DTX-3, and compounds with similar effects are
detected by this procedure. PTX and YTX give no reaction, but
AZs can be detected by this method. A semiquantitative estimate
of DSP toxicity is made based on these data. Generally, the mouse
bioassay is most frequently used because it is more sensitive (4 µg
OA) than the oral challenge (10 µg OA). After December 2014,
animal assays will be replaced by mass spectrometric detection.180

2.3.2 Other Bioassay Detection Methods
2.3.2.1 Suckling Mouse
In 1985, Hamano et al.95 reported a suckling mouse assay that is
a direct measure of the diarrhetic effects. The method involves
intragastric administration of the shellfish extract to 4–5-day-old
mice followed by a measure of fluid accumulation in the intestine. In comparison to the regular mouse bioassay, this assay is
reported to offer advantages in terms of speed, sensitivity, and
freedom from interferences. A fluid accumulation ratio of 0.09
corresponds to a value of 0.1 MU. This method can only be useful
as a qualitative test. OA, DTX-1–3 produce a positive reaction and
PTX or YTX do not produce a positive reaction. There is a poor
reproducibility between the mouse bioassay and this method.

2.3.2.2 Rat Intestinal-Ligated Loop
The closed loop of an anesthetized rat is injected with phosphatebuffered saline (PBS)-homogenized mussel tissue.67 After 2 h,
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the loop is weighted, its length is measured, and secretion (milligram per centimeter) is determined as a function of the weight
and length of a control segment of the same intestine. The detection limit is 0.05 µg OA.

2.3.3 Chemical Detection
2.3.3.1 Liquid Chromatography
HPLC with fluorimetric detection is the most commonly applied
method for the determination of DSP toxins. The original
method128 involves the sequential extraction of OA and DTX-1
with methanol/water (80/20 v/v), ether, and chloroform, followed
by derivatization with 0.1% 9-anthryldiazomethane (9-ADAM),
cleanup on silica gel (silica Sep-Pak), and isocratic HPLC separation of 9-AM-OA and/or 9-AM-DTX-1, on a reversed-phase
column, with fluorimetric detection.
The detection limits by HPLC are 10 µg OA and/or DTX-1
per 100 g of shellfish flesh. In the determination by HPLC of
DSP toxins, the extraction and preparation of the sample appear
to represent a greater problem than the instrumental analytical
procedure. The preparation of the samples is time consuming
and the reagent 9-ADAM used to get a DSP-fluorescent derivative is very unstable. This has led to many attempts to improve
the method (for a review, see Reference 104).
The purification of extracts containing ADAM derivatives is
necessary to avoid interferences in the chromatograms. This procedure, however, performed by solid-phase extraction (SPE), is
time consuming and has negative effects on the reproducibility of
data. The application of a cleanup procedure using SPE with silica
gel of solutions containing 9-AM esters led to an unacceptable
recovery of the DSP toxins extracted from contaminated material (algae, mussels). ADAM derivatives of OA and DTX-1 were
found to be unstable under acidic conditions. They were destroyed
by contact with silica gel and losses of about 60% OA during the
cleanup procedure measured as loss of 9-AM-OA were detected.
Dickey et al.62 developed a method to derivatize DSP toxins
with 1-bromoacetylpryrene (BAP), and similar extraction and
cleanup procedures to those used with ADAM. Although BAP is
4 times less sensitive, it provides less artifact peaks. The simultaneous separation of ADAM and BAP derivatives of DSP toxins
was used to confirm the presence of DTX-2 in Dinophysis acuminata.106 An improved BAP procedure, which requires a short
reaction time (2 min) and uses solvent combinations with dichloromethane instead of chloroform in the silica SPE cleanup steps
was reported by González et al.,92 and a modification to avoid the
use of chlorinated solvents has been reported by the same group.90
Using a similar extraction method as for ADAM, 1-pyrenyldiazomethane157 was used to detect DSP, and also 9-chlroromethylanthracene, with similar sensitivity to ADAM.125
Alternatively, a more stable methoxycoumarin derivatization
has been proposed;199 although the ADAM method is more sensitive, the 4-bromomethyl-7-methoxycoumarin (Br-MmC) DSP
derivatives are more stable and give cleaner chromatograms. On
the other hand, the chromatographic times are longer compared to
the ADAM protocol. Marr et al.148 reported a comparative study of
the different derivatization reagents for the detection of DSP toxins.
Luminarine-3104 and 2,3-(anthracenediacarboximide)-ethyl
trifluoromethanesulfonate (AE-OTf)3 have been successfully
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used as derivatization agents to detect DSP toxins. The detection limits when using AE-OTf are 0.8 pg for OA and 1.3 pg
for DTX-1; therefore, AE-OTf provides the most sensitive chromatographic method for DSP toxins.

chromatography-linked protein phosphatase bioassay to detect
DSP toxins (see phosphatase radioassay below).

2.3.3.2 Liquid Chromatography–Mass Spectrometry

Although this technology does not detect the toxins, it can be
used to perform the extraction of the toxins from the matrix
before any analytical procedure. Additionally, it is an alternative
to consider, although yet to be tested, for the detoxification of
contaminated mollusks. González et al.91,93 have described the
theoretical model and experimental conditions for the extraction
of DSP toxins with ethanol-modified supercritical CO2. In addition, these authors reported a supercritical fluid/acetic acid procedure to eliminate OA in the sample.88

In recent years, liquid chromatography coupled to MS has
received its final impulse to become the reference method for
lipophilic marine toxins. This methodology was originally used
several years ago, but the lack of standards and of adequate
technology prevented its full implementation. Pleasance et al.173
described a combined HPLC–MS using an ion-spray interface
for the analysis of marine toxins. The method was successfully
employed to analyze OA and dinophysistoxin-1. Several modifications have improved the sensitivity of the technique for DSP
toxins.66,105,176 As the technology became more reliable, MS
allowed the validation of chromatographic methods that would
define protocols for routine monitoring. At least two interlaboratory methods were reported,210,236 and a modified protocol was
adopted by the European reference network of national reference laboratories, available at the European Union Reference
Laboratory (EURL) for marine toxins web page. Although the
use of MS is now being implemented in Europe, and by extension in all the countries that trade with Europe, there are several
drawbacks to this approach. One, very important, is that uncontrolled factors, such as the ionization source on the equipment,
the commercial brand of the solvents used on the mobile phase,
or the solvent use for the injection creates very large errors,
which provide results with a variability even higher than with the
mouse bioassay.162 The second problem is that TEFs are not yet
fully understood for most of the toxins, including those that are
very common such as OA. Therefore, since marine toxins are to
be monitored and results are expressed as equivalents of a reference compound for all analogs of one toxin group, the conversion
of these analogs to values of the reference compound requires
reliable TEF. Today, this is not yet the case, as most of the TEF
now known is obtained from mice, values that are not equivalent
to toxicity in humans, and many toxins have yet-unknown toxicity34 and even unknown mechanisms of action, such as AZs.6,5,126,
187,188,218,221,227,229,249,250 The third problem is that the availability of
certified standards is reduced, with two suppliers, one in Europe
(Cifga) and one in Canada (NRC). The fourth problem, which
is probably the main one, is that MS is a targeted technology,
meaning that it seeks what the technician asks for, and therefore, any new toxin, analog, of an unknown compound is totally
missed by the analysis. This is clearly a major cause of concern
of this new legal situation. The already-reported presence of new
toxins in Europe, which are well known for their toxicity, but
not required in everyday monitoring, are certainly a major bias
of the current situation. This is evidenced by the reported presence of palytoxin-like compounds in mussels,7 tetrodotoxin in
gasteropods,186,201 ciguatoxins in European fish,164 pinnatoxin in
mussels,195 and spirolides in mussels.1,2,49,87,251

2.3.3.4 Supercritical Fluid Extraction

2.3.4 Functional Assays
The new EU legislation opens the door to this kind of assays.
Some of them have been used by many laboratories for years, and
the experience is very broad.

2.3.4.1 Cytotoxicity
Phosphatase inhibitors, such as OA, are potent inducers of apoptosis. 189 The morphological modifications induced by this process are easy to detect in a microscope.16,131,134 The effect of OA
is cytotoxic; hence, some parameters, such as lactate dehydrogenase, can be monitored spectrophotometrically or in a microplate
reader using a vital dye as an endpoint, such as a tetrazolium
dye.214 Nevertheless, since phosphatases are essential for any biochemical reaction, the effect of DSP toxins is so complex that it
is difficult to set up a reliable cytotoxicity assay to monitor DSP
toxins.
Croci et al.56 reported a Buffalo Green Monkey cytotoxicity
test based on the observation of morphological changes, and also
described a bioelectrode biosensor to measure H2O2 production.

2.3.4.2 Protein Phosphatase Assays
OA and analogs are highly active phosphatase inhibitors effective against the serine and threonine-specific PP-1 and PP2A.17,152
Serine/threonine phosphatases comprise a unique class of
enzymes consisting of four primary subclasses based on their
differences in substrate specificity and environmental requirements. Phosphatases are highly conserved proteins and OA has
been found to interfere with phosphatase-kinase-based control
mechanisms in a broad range of eukaryotes. The potent and
specific inhibition of DSP toxins on serine and threonine protein phosphatases242 provides, by far, the most viable method to
replace the mouse bioassay in monitoring DSP toxins. Regardless
of the phosphatase method, it is of critical importance to check
the activity of the enzyme, since the source and the batch may
show very different activities; hence, a previous calibration is
mandatory.

2.3.4.2.1 Radioassay

2.3.3.3 Capillary Electrophoresis
This is an interesting technique for DSP toxins.174 Boland
et al.28 described a capillary electrophoresis coupled with liquid

This method quantifies the specific inhibition of PP2A and PP-1
catalytic subunits in a 32P-phosphorylase—a phosphatase radioassay.99 The method has a sensitivity of 10 pg OA, but its main
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drawback is the use of radioactivity, which makes it unsuitable
for routine use.

2.3.4.2.2 Colorimetric Assay
Para-nitrophenyl phosphate (pNPP) is an especially suitable artificial substrate for PP2A.207 In fact, pNPP and PP2A can be used
for quantitative analysis of OA, and a colorimetric phosphatase
inhibition bioassay for the quantitative measurement of OA has
been reported.202 This assay used pNPP and a semipurified protein phosphatase PP2Ac-containing extract prepared from rabbit
muscle. The lowest assayable concentration of OA was 4 ng/mL
in aqueous solutions and 40 ng/mL (100 ng of OA per g of mussel tissue) in crude methanol mussels extracts. Similarly, Tubaro
et al.61,213 proposed a colorimetric phosphatase inhibition assay
using pNPP with a commercially available protein phosphatase
type-2A, this method being more sensitive, with a detection
threshold of 63 pg/mL OA in aqueous solutions.

2.3.4.2.3 Fluorimetric Assay
Vieytes et al.241 developed a phosphatase inhibition assay with
a fluorescent substrate to detect DSP toxins. Although the
assay has already a very low detection limit (3.2 pg OA/mL),
its main advantage is that the extraction requires one single
80% methanol extraction. This is an advantage over the colorimetric assay, which requires the sample to be washed twice
with hexane and once with ethyl acetate to avoid interferences
in the colorimetric measurement, hence increasing the variability of the results.
The fluorimetric assay uses 4-methylumbelliferyl phosphate
(MUP) or fluorescein diphosphate (FDP) as a phosphatase substrate. The method can be further enhanced using the substrate
9H-(1,3-dichlor-9,9-dimethylacridin-2-ona-7-yl)-phosphate;133
this substrate presents different spectral characteristics from all
the previously reported fluorogenic substrates (excitation/emission 634/665 nm), thus being an interesting option to reduce the
possibility of interferences associated to coextracted compounds
from the sample matrix. The fluorimetric assay shows a good
correlation with both HPLC and the bioassay; nevertheless, it is
critical to induce alkaline hydrolysis of DTX-3, mostly in areas
where this toxin is abundant, as is the case of Portugal,230 since
DTX-3 does not inhibit phosphatases.89
Microcystins share a common mechanism of action with DSP
toxins; therefore, they can be detected by this method.74

2.3.5 Competitive Assays
Levine et al.135 developed a specific radioimmunoassay for
OA. Competitive binding of OA with 3H-OA in the test system allowed the detection sensitivity of 160 pg (about 0.2 pmol
of toxin). The method is not very specific because antibodies
must be produced for individual toxins and it is time consuming
(requires an overnight incubation step).
In 1989, a sensitive–monoclonal–antibody ELISA test, specific for OA-related DSP, was developed in Japan.223The antibody shows a cross-reactivity to both dinophysistoxin-1 (70%)
and to dinophysistoxin-2 (40%), and the claimed detection limit
is 20 ng/g; DTX-3 can be detected after alkaline hydrolysis. This
ELISA requires coating the wells with OA, and this makes the
procedure rather expensive.
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However, these procedures give no information on the viable
activity of a detected toxin, and they might still require validation by activity-based methods of analysis because OA can be
biologically inactivated by a single methyl esterification.100 On
the other hand, the number of OA analogs makes, on occasions, ELISA methods of limited use since antibodies show
cross-reactivity to few compounds.45,230 The ELISA method is
routinely used in some laboratories but its use is still far from
the most commonly used bioassay and HPLC. Two commercial
kits, based on Usagawa et al.223 and Shestowsky et al.200 have
been tested by some researchers. Shestowsky’s method uses two
monoclonal antibodies, one of them coating the wells; DTX-2
and DTX-1 are poorly detected by the assay. Matsuura et al.149
developed an ELISA with a combination of antibodies that are
resistant to organic solvents, and the coating was to be done with
the antibody.
Recently, an integrated ELISA for several toxins, including
some DSP analogs, has been described by Garthwaite et al.83

2.3.6 Affinity Sensor
This recent and interesting technology, based on optical-biosensing techniques to investigate kinetics of diverse interactions
between two or more molecules, might be developed to monitor
marine toxins. Konoki et al.118 have developed an avidin–biotin conjugate with OA that allows monitoring of OA binding to
phosphatases. Nevertheless, this technology is in its early stages
and much further work needs to be done.
Iasys Affinity Sensor (Labsystems), and SPR (Biacore) are
the main systems in the market. The affinity sensor principle of
the technique is that polarized laser light illuminates the underside of the sensor surface at angles greater than the critical
angle. The light is totally internally reflected and illuminates
the detector array. A series of polarizing filters are incorporated such that any light that follows this path is blocked before
reaching the detectors. At one angle, the resonant angle, a component of the light can couple through a low refractive index
spacer layer and propagate along the high refractive indexguiding layer. This light can then couple back out, be able to
pass through the filter system, and appear as a peak of intensity
on an otherwise dark background. The angle where this coupling occurs, the resonant angle, is, essentially, dependent on
the refractive index at the evanescent field (related to the laser
light, about 300 nm) on the surface of the sensor. Changes in
the refractive index (or mass) will change the resonant angle,
and a mass increase at the surface145 will increase the signal,
and a mass decrease (dissociation) will show a signal decrease.
This change in angle is linear with respect to mass. A review on
SPR can be read on.41 As indicated for PSTs, the use of antibodies for a solid-phase inhibition immunoassay with microsphereflow cytometry systems will allow multiplex detection systems
not only for DSP but also for a combination of most of the toxins in one single run.75,76

2.4 Amnesic Shellfish Poisoning
Since the first appearance of a domoic acid intoxication, back in
1987 in Montreal, Canada, with GI and nervous symptoms,172 the
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presence of domoic acid has been reported in many other places.
Domoic acid is produced by the red alga Chondria armata and
by the diatoms Nitzschia pungens,19 and Pseudonitzschia species
(P. multiseries, P. delicatissima, Picea pungens, P. multiseries,
etc.).156 Domoic acid is a tricarboxylic acid, due to the chemical
similarity with glutamic acid, and the effect of domoic acid is
caused by the interaction with the kainate receptor on the excitatory amino acid receptor complex.64 The symptoms of the intoxication are convulsions and excitotoxicity. The limit in legislation
is 20 mg/kg.52
Owing to the complex mechanism of action, the bioassay is
not reliable and lacks enough sensitivity; hence, domoic acid
is currently monitored by HPLC (C18 column) with ultraviolet
(UV) detection at 242 nm (fluorescence can be used, but it is
more complex), using the PSP extraction protocol (acidic extraction) and water/methanol cleanup in a strong anion exchange column.122 The method was further standardized,121 and it is now
the official method for legal purposes and monitoring (AOAC
Official Method 991.26, CEN method 14176).166 A different
extraction method of domoic acid after boiling the tissue with
50% methanol was also reported,177 and it is being recommended
by Codex Alimentarius. This method was further refined by the
same group.178
Capillary electrophoresis has been reported for detection and
analysis, but it is not used for monitoring purposes;262 also, MS
can be used for analysis purposes. Among biochemical assays,
an immunoassay has been developed,112 validated,113 and incorporated into European legislation.54
Although domoic acid does not pose a major analytical problem, as it may be the case of lipophilic toxins, the fact that
LC–MS has become the reference method for DST and lipophilic toxins, creates a trend to include domoic acid as an analyte to identify OA in the same run. This will be probably the
analytical future of these toxin groups. Domoic acid detection
by MS detection is rather simple, and several methods were
reported.48,79,96,116,253 A review on the analysis of marine toxins
can be found in Reference 29.

2.5 Azaspiracids, Pectenotoxins, and Yessotoxins
Bioassay and LC–MS are the two options currently available for
the detection of these three lipophilic groups.52,180 The first azaspiracid (AZA) intoxication was reported in 1995 in Ireland, and
the dinoflagellate responsible for its production was identified as
Azadinium.108,120,175 The general structure of AZAs is shown in
Table 2.1. The mechanism of action of these toxins is unknown,
although the symptoms of the intoxication somehow resemble
the DSP syndrome. Their targets are diverse, but there is no
clear receptor defined as causative of their toxicity. Many effects
were reported in calcium and cyclic adenosine monophosphate
(cAMP) levels,5,187,188 cytosolic pH values,6 cytoskeleton and
mitogen-activated protein (MAP) kinases,227,228,243,249 transcriptional profile,218 cathepsin D and endocytosis,22,196 and potassium channels.219,220 Chronic effects in mice caused by the oral
administration of sublethal doses show lung tumor, epithelial
cell hyperplasia in the stomach, and GI lesions; the lethal dose
is about 200 µg/kg.103 As part of the lipophilic group of marine
toxins, along with OA, dinophysistoxins (PSP group), PTXs, and

YTXs, all these toxins are nowadays monitored by means of the
analytical LC–MS methodology mentioned above, in the frame
of the European regulation.180
The structure of YTXs, which are produced by Protoceratium
reticulatum and Lingulodinium polyedrum (for a review see
Ref. 65) can be seen in Table 2.1. These toxins are named after
the scallop Patinopecten yessoensis, from which they were isolated.154 The mechanism of action of YTX is not clear, although
the available information suggests that the toxin uses apoptotic
signals as targets (caspase 3, annexin V) although with lower
potency than OA;130,131 also, it modifies calcium fluxes and inhibits cAMP formation.58,59 Currently, ELISA,83 LC/MS,94 and
HPLC with fluorimetric detection (using DMEQ-TAD)179,261 are
available for detection. YTXs are heat stable; hence, cooking
does not destroy the toxin; nevertheless, these toxins are poorly
absorbed in the GI tract, and this makes them nontoxic when
taken orally,15 although they induce false positives on the bioassay and intraperitoneally, they show great lethal potency (2.5 µg/
mouse, or 100 µg/kg). The most prominent toxic effect seems
to be cardiotoxicity, as evidenced by ultrastructural studies in
the mitochondria, although desulfo-YTX is hepatotoxic and
absorbed in the GI tract.208
PTXs (also discovered in P. yessoensis) are polyether macrolide or seco acid toxins produced by Dinophysis species (D.
fortti, D. acuminata, D. norvegica, and D. acuta).206,259 These
toxins do not show human toxicity at about 2 µg/kg in humans,
and about 200–400 µg/kg in mice.36 Their most prominent toxic
effect is hepatotoxicity, which is caused by the interaction of
these toxins with F-actin132 and serious damage to the intestine
when taken orally.209 The only official method to detect these
toxins is the mouse bioassay (see below), but some of them can
also be detected with LC/MS,94 and with liquid chromatography with fluorimetric detection (DMEQ-TAD for pectenotoxin-2
[PTX-2],230 and ADAM for PTX-6).258 A deep review on chemical methods can be found in Ref. 65.
Aside the chemical methods, which are not official, 129,197
the only official method to monitor AZAs is the DSP mouse
bioassay, with specific modifications that were developed by
Yasumoto (cited in Reference 72). In a similar manner, YTX
and PTX are now included in the DSP mouse bioassay (see
below), although nonofficial chemical methods are available.65
The bioassay is useful because all these toxins may coexist in
the same bloom; hence, the analytical challenge is far more
complex.
Mouse bioassay. This is currently the coexisting official
method with LC–MS, as stated in the EU Directive.180 As
described above for DSP toxins, the ether extract wash may
cause the loss of not only PSP toxins, but is also part of YTXs.
Nevertheless, YTX is rather potent when injected intraperitoneally, and the amount left on the DSP extract is sufficient to cause
mouse death within secure limits for the directive. The maximum limits for YTX are set to 1 mg of YTX equivalent (whole
body or any edible part)/kg. The maximum combined limits of
OA, DTXs, and PTXs (whole body or any edible part) are set
to 160 µg of OA equivalents/kg. For AZAs, the maximum limits (whole body or any edible part) are set to 160 µg of AZA
equivalents/kg. Since AZA was thought to be distributed in the
whole body of the mollusk, the protocol requires the use of the
whole body as the test portion for the bioassay of these toxins.
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Therefore, the whole body must be used routinely to include
AZAs in the monitoring system.
The assay has been set to a 24-h observation in three mice
(positive with two deaths) after inoculation into each of them of
an extract equivalent to 5 g hepatopancreas or 25 g whole body.
Since the maximum level allowed of YTX may cause mice death
in 6 h, the bioassay has been modified by Yasumoto (cited in
Reference 72). This modification (to be used only if the presence of YTX is suspected due to mice dead in <6 h) includes a
partition with dichloromethane/60% methanol extraction, which
allows to determine the presence of OA, DTXs, PTXs, and AZAs
in dichloromethane (24-h observation) and the presence of YTX
in the methanolic extract (in this case, the observation for YTX
will be 6 h, since a positive result in this time period indicates
YTX levels above the decision).52
A functional method based on cytotoxicity was developed
recently127,198 to quantify the responses of human hepatic
(HepG2), human intestinal (Caco2), and mouse neuronal
(Neuro2a) cell lines exposed to three known lipophilic phycotoxins—OA, azaspiracid-1 (AZA1), and PTX-2. This approach
is related to the fact that cell lines are more adequate to detect
any toxic presence than the analytical LC–MS, which will
detect defined compounds as preset on the calibration process.
Therefore, although cytotoxicity is a rather general parameter
that provides little information, as stated in Reference 190, the
fact that a validation study is developed based on in vitro cells
supports the feeling on the scientific community that just LC–
MS is not a valid solution to the marine toxins problem. It is
probably reasonable that along with LC–MS, a mouse bioassay
system is running as a backup, given the universal detection
capability of this assay.30

2.6 Emerging Toxins
The term “emerging toxin” is very ambiguous, as it may be
associated to the concept of new toxins, and this is not the case.
Emerging toxins identify those toxins that might be increasing
their presence in a certain area although they are known in other
geographical zones of the world, are new to an area, or increase
their presence with time due to climatic conditions.169 According
to this rather unspecific term, AZA became an emerging toxin
in Europe, although now, it has a well-defined presence, and it is
becoming an emerging toxin in other parts of the world such as
Chile,10 or Japan.222
The term emerging toxins is usually applied in Europe to
the group of the cyclic imines, and recently also to ciguatoxins,164 tetrodotoxin,186,201 and ostreocins or palytoxin-like compounds.7,111 European legislation does not include cyclic imines
(gymnodimine, spirolides, pinnatoxins, pteriatoxins, prorocentrolide, spiro-prorocentrimine, and symbioimines153) in their
requirements, although spirolides and pinnatoxin have been
identified in many occasions in European and non-European
coasts.1,150,181,195,251 The European Food Safety Working Group on
Marine Toxins has suggested a potential risk for humans with
the injection of these toxins, although toxicological evidence
was not conclusive.168 It is known that these toxins are absorbed
orally, and they reach the central nervous system.8,9,163 Given
their mechanism of action (binding to cholinergic receptors),35
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several functional assays were developed using their binding to
cholinergic receptors, using polarization fluorescence, fluorescence, colorimetry, microsphere-flow cytometry, or chemiluminescence.13,12,161,183,184,246 Nevertheless, LC–MS is the preferred
option by most of the monitoring laboratories, as the same protocol that detects and quantifies lipophilic toxins can be applied to
cyclic imines.26,80,119,151 Tetrodotoxin is a bacterial toxin, although
it has been detected in gasteropods in Europe.186,201 Mass spectrometric detection is a suitable approach to quantify and identify tetrodotoxin and analogs, although legislation only requires
the toxin not to be present in commercial products, and forbids
the collection of certain fish species known to have the toxin.50
Tetrodotoxin-producing fish families (Tetraodontidae, Molidae,
Diodontidae, and Canthigasteridae), known to cause human
intoxications, are required not to be placed in the market. Since
tetrodotoxin from gasteropods is not included in the European
legislation as a causative source of toxicity in seafood, this is
obviously a serious cause of concern.
As for tetrodotoxin, ciguatoxins were identified in European
markets.38,39,171 Ciguatoxin is another fish toxin that originates
in dinoflagellates. Regulation 853 (annex III, section VIII, chapter V, E.2) requires the absence of ciguatoxin and other muscle-paralyzing toxins (brevetoxin), but since there is no specific
limit, this legal requirement is difficult to implement. Ciguatoxin
has been reported as a causative source of toxicity in Europe164;
in the U.S. system, FDA requires maximum specific levels of
0.01 ppb P-CTX-1 equivalents for Pacific ciguatoxin and 0.1
ppb C-CTX-1 equivalent for Caribbean ciguatoxin in reef fish
associated with these toxins, namely barracuda (Sphyraenidae),
amberjack (Seriola), grouper (Serranidae), snapper (Lutjanidae),
po’ou (Chelinus spp.), jack (Carangidae spp.), trevally (Caranx
spp.), wrasse (Labridae spp.), surgeon fish (Acanthuridae spp.),
moray eel (Muraenidae spp.), roi (Cephalopholis spp.), and parrot fish (Scaridae spp.) (http://www.fda.gov/downloads/Food/
GuidanceRegulation/UCM252395.pdf). There is no officially
validated detection method for ciguatoxins, and no standard;
hence, the problem of these rather toxic compounds is of paramount importance. The in vitro neuroblastoma assay37,98,142,146 is
actually the best method given the lack of standards, but LC–MS
is an option in the future once calibrants are available.
Palytoxin and palytoxin-like compounds, produced by
Ostreopsis were already reported in mussels in Greece.7 These
toxins, which are extremely potent (in the picomolar range) and
very large, act by blocking the Na–K pump, are detectable, and
can be quantified by functional methods based on the inhibition
of the pump,68 fluorescence polarization,4 immunoassay or SPR
biosensor,245,255 resonant mirror biosensor,231 cell toxicity,21,68,126
bioassay,182 and hemolysis.25 LC–MS is a methodology to be
developed, due to the lack of standards, but several articles were
published showing their potential.47 Although palytoxin and
palytoxin-like compounds are very potent, a recent paper studies
the mechanism for the much lower oral toxicity,71 as suggested
earlier by the EFSA working group. 167
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3.1 Introduction
Animal breeding and agriculture have been major human activities for millennia, and have now evolved into important economic activities that clearly impact food safety. Over the years,
increasing interest has been directed toward maximizing the
quantity of food production and simultaneously reducing the
cost. It is of vital importance to cover the need for food supplies
of an increasing world population, and also comply with legal
limits regarding contaminants and antimicrobial agents. Thus,
new practices in animal breeding have been designed by controlling various factors such as genetics, nutrition, health, management, and the environmental conditions.
Modern farming systems, involving several antibacterial
agents, are currently being developed throughout the world. The
antibacterial agents include pharmacologically active compounds

of both natural and synthetic origin. Their use has become essential in intensive livestock farming for preventing and therapeutic
reasons, as well as for increasing the feed conversion efficiency
and as growth stimulators.
However, the use of antibacterial agents may also be harmful when it comes to edible animal products. The substances
can enter the feed via different paths—for instance, when added
for therapeutic purposes at authorized levels, or due to crosscontamination in the feed mill, but also by unauthorized use.
The substances can readily reach the consumers through the
food chain, causing possibly toxic effects, allergic reactions and
bacterial resistance problems. The increasing concern for safeguarding public health has led to several associations and international systems of legal control which are working on quality
assurance and control of the entry of animal products into the
food chain.
53
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3.2 Classification of Antibacterials
Antibacterial agents can be classified based on their mechanism
of action, chemical structure, spectrum of activity, or source.
More commonly, the classification is based on the chemical
structures, which can provide information on chemical, physical, and biological properties. The classes are: aminoglycosides,
amphenicols, β-lactams (cephalosporins and penicillins), lincosamides, macrolides, nitrofurans, quinolones, sulfonamides, tetracyclines, and miscellaneous others.

3.2.1 Aminoglycosides
This group of antibiotics includes bactericidal compounds elaborated by bacteria of Streptomyces and Micromonospora species.
They are all composed of one or more amino sugar units in the
form of a glycosamine and/or a disaccharide. Aminoglycosides
behave as very polar weakly basic compounds that exist in solution as polycations.
They have several potential antibiotic mechanisms, although
their exact mechanism of action is not fully known. They interfere with the proofreading process, causing increased rate of
error in synthesis with premature termination. Also, there is evidence of inhibition of ribosomaltranslocation. They can also disrupt the integrity of bacterial cell membrane (Shakil et al. 2008).

3.2.2 Amphenicols
Amphenicols comprise a class of antibiotics with a phenylpropanoid structure. They function by blocking the enzyme peptidyltransferase on a ribosome subunit of bacteria. Chloramphenicol
was first isolated from cultures of Streptomyces venezuelae but
is now produced synthetically. Chloramphenicol readily forms
conjugates with glucuronic acid in the liver of treated animals
and therefore appears in the kidney mainly as the corresponding
glucuronide (Samsonova et al. 2012).

3.2.3 β-Lactams
The β-lactams are divided into two subcategories: penicillins
and cephalosporins. These antibacterials have as their basic
structure a thiazolidine ring, a β-lactam ring and variable side
chains that account for the major differences in their chemical
and pharmacological properties. In penicillins, the ring is fused
to a five-member thiazolidine ring, while, in cephalosporins, the
ring is fused to a six-member ring. Their mode of action is based
on inhibiting bacterial cell-wall biosynthesis, which has a lethal
effect on bacteria. However, bacteria have shown to be resistant
against β-lactam antibiotics (Lara et al. 2012).
Penicillins are derived from Penicillium fungi. Penicillin
antibiotics are historically significant because they are the first
drugs that were effective against many previously serious diseases. They are still widely used today, though many types of
bacteria are now resistant. All penicillins are β-lactamantibiotics
and are used in the treatment of bacterial infections caused by
susceptible, usually Gram-positive, organisms (Evaggelopoulou
and Samanidou 2013).
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Cephalosporins are originally derived from the fungus
Acremonium, previously known as Cephalosporium. Although,
first-generation cephalosporins were active predominantly
against Gram-positive bacteria, successive generations have
increased activity against Gram-negative bacteria.

3.2.4 Lincosamides
The first lincosamide to be discovered is lincomycin, isolated
from Streptomyces lincolnensis. Lincomycin has been superseded by clindamycin, which exhibits improved antibacterial
activity. Clindamycin also exhibits some activity against parasitic protozoa. Lincosamides prevent bacteria replicating by
interfering with the synthesis of proteins and cause premature
dissociation of the peptidyl-tRNA from the ribosome. However,
they do not interfere with protein synthesis in human cells
because human ribosomes are structurally different from those
of bacteria (Tenson et al. 2003).

3.2.5 Macrolides
The macrolides are a group of antibiotics drugs, whose activity
stems from the presence of a macrolide ring, a large macrocyclic
lactone ring to which one or more deoxysugars, usually cladinose and desosamine, may be attached. They are usually used
against Gram-positive organisms that are resistant to penicillin
treatment and they are protein synthesis inhibitors. Macrolide
antibiotics are weak bases readily soluble in common organic
solvents (Tenson et al. 2003).

3.2.6 Nitrofurans
Nitrofurans are a class of drugs typically used as antibiotics or
antimicrobials. The defining structural component is a furan ring
with a nitrogroup. They are used to treat infections caused by
protozoa or by certain Gram-positive or Gram-negative bacteria.
The precise mechanism by which nitrofurans exert their antimicrobial effects is not completely clarified, but it is based on
inhibition of enzyme systems (Yu et al. 2013).

3.2.7 Quinolones
The quinolones are a family of synthetic broad-spectrum antibacterial drugs. They are all synthetic compounds widely used
in aquaculture and poultry farming to treat a variety of Gramnegative microorganisms. They prevent bacterial DNA from
unwinding and duplicating. The majority of quinolones in clinical use belong to the subset fluoroquinolones, which have a fluorine atom attached to the central ring system, typically at the
6-position or C-7 position (Brighty and Gootz 2000).

3.2.8 Sulfonamides
Sulfonamide drugs were the first antimicrobial drugs, and paved
the way for the antibiotic revolution in medicine. The sulfonamide antibacterials have been used clinically for more than
50 years and, during this time, over 5000 derivatives have been
tested. All sulfonamides show large variations in polarity and
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exhibit amphoteric properties. In bacteria, antibacterial sulfonamides act as competitive inhibitors of the enzyme dihydropteroatesynthetase (DHPS), an enzyme involved in folate synthesis
(vitamin B9). As such, the microorganism will be “starved” of
folate and die. On the contrary, humans, acquire folate through
food (Nebot et al. 2013).

3.2.9 Tetracyclines
All tetracyclines share a common hydronaphthacene nucleus
and constitute a group of broad-spectrum antibiotics whose
general usefulness has been reduced with the onset of bacterial
resistance. Tetracycline antibiotics are protein synthesis inhibitors, inhibiting the binding of aminoacyl-tRNA to the mRNAribosome complex. They are amphoteric zwitterions that readily
form water-soluble salts with acids and bases. They are all maximally lipophilic at their isoelectric point (Önal 2011).

3.2.10 Other Antibacterials
Unlike the compounds in the preceding groups, several individual antibacterials have heterogenous nature. A tabulated survey
of their properties is not possible. However, there are a number of subgroups including diaminopyrimidines quinoxalines,
pleuromutilins, peptides or novobiocin, and dapsone, that merit
discussion.
Diaminopyrimidines constitute a class of organic chemical
compounds that include two amine groups on a pyrimidine ring.
They include many dihydrofolate reductase inhibitor drugs and
the antibiotics iclaprim and trimethoprim. Trimethoprim blocks
folic acid synthesis in bacteria at a step later than the sulfonamides (Nelson and Rosowsky 2001).
Carbadox and olaquindox are both quinoxaline-1,4-dioxide
antibacterials that are synthetically produced (Kesiūnaite
et al. 2008). They are light-sensitive compounds and require
special handling precautions during analysis to prevent their
decomposition. Metabolism studies have shown that carbadox
is rapidly converted into its mono-oxy and desoxy metabolites
whereas quinoxaline-2-carbonic acid is considered to be the
last remaining major metabolite and may serve as a marker residue. Both carbadox and its desoxy metabolite are carcinogenic
compounds.
Pleuromutilin and its derivatives are antibacterial drugs that
inhibit proteinsynthesis in bacteria by binding to the peptidyltransferase component of the 50S subunit of ribosomes. This
class of antibiotics includes retapamulin, valnemulin and tiamulin. Pleuromutilin was first discovered as an antibiotic in 1950.
It is derived from the fungus Clitopilus passeckerianus, and
has also been found in Drosophila subatrata and some other
Clitopilus species. On the other hand, tiamulin, a derivative of
pleuromutilin, is an ionophore antibacterial that exhibits a very
low absorption in the UV range (Novak 2011).
Among the peptides, the main antibacterials are avoparcin,
bacitracin, efrotomycin, polymyxin, and virginiamycin. Most
are complex multicomponent compounds that possess large
peptide molecules that often contain d-amino acids in contrast to naturally occurring proteins, which are composed of
l-amino acids.

Bacitracin is a mixture of related cyclic polypeptides produced
by organisms of the licheniformis group of Bacillus subtilis var
Tracy, isolation of which was first reported in 1945. These peptides disrupt both Gram-positive and Gram-negative bacteria by
interfering with cell-wall and peptidoglycan synthesis, while virginiamycin is a streptogramin antibiotic.
Novobiocin, also known as albamycin or cathomycin, is an
aminocoumarin antibiotic that is produced by the actinomycete
Streptomyces niveus. Aminocoumarins are very potent inhibitors of bacterial DNA gyrase, with higher potency than fluoroquinolones, but at a different site on the enzyme. Novobiocin
forms insoluble salts with heavy metals, organic bases, and basic
antibiotics.
Dapsone, according to its chemical structure, is not comprehended in any antibacterial class. Though, according to its
mechanism of action, it falls into the sulfonamide group. As an
antibacterial, dapsone inhibits bacterial synthesis of dihydrofolicacid, via competition with para-aminobenzoate for the active
site of dihydropteroate synthetase. Dapsone (diamino-diphenyl
sulfone) is used for the treatment of Mycobacterium leprae
infections (leprosy) and for a second-line treatment against
Pneumocystis jirovecii.

3.3 Residual Antibacterials in Food
of Animal Origin
Organic contaminants that might be present in food, whether
from natural or anthropogenic origin, can be divided into four
main categories, namely pesticides, persistent environmental
chemicals, naturally occurring toxins and veterinary drugs.
Among the veterinary drugs, the antibacterial agents are widely
used for preventing and treating infectious diseases in farm animals. Therefore, in the field of food safety, scientists and regulatory agencies need to identify any potential risks to consumers
related to the consumption of food (Marazuela and Bogialli
2009).
Taking into consideration the inevitable use of antibacterial
and the assurance of the public health, there are several measures
required in order to eliminate the possibility of contamination,
among these extensive analytical control of food, determination
of the sources of contamination and strict legislation (Belitz et al.
2009).
The antibacterial residues in food are crucial to food safety
and, thus, public health. The concept of “zero tolerance,” which
refers to the total absence of residues, is unrealistic, since the
power of analytical chemistry is not limitless. For quite some
time, this concept seemed to guarantee the highest degree of
food safety as antibacterial residues could not be found in meat,
milk and eggs, due to high detection limits. As the power of analytical chemistry increases, the number of types of chemicals
that can be detected increases, and the limits of concentration at
which they can be measured are continually reduced. Analytical
chemistry is the mean to expand and refine our ever-changing
perspective of food safety. Since it is impossible to entirely abandon the use of veterinary drugs, a complete risk assessment must
be performed in order to evaluate the possible hazards against
public health.
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3.3.1 Risk Evaluation
Although residues from antibacterial drugs in food products of
animal origin are generally considered safe and well tolerated,
they have been associated with a wide range of adverse effects
and can represent a risk for consumers. However, the adverse
effects from consuming food of animal origin—like meat, milk,
and eggs—are not very probable since the residues are present at
very low concentrations; thus, acute human toxicity is practically
unlikely.
Generally, hazards are identified and characterized from human
epidemiological observations and animal-based toxicity testing
supported by in vitro mechanistic studies, which can make extrapolation from animals to humans become more realistic. Structure–
activity relationships-based indications and the increased use of
novel molecular biology techniques are also very valuable.
The main side effect is the development of resistant bacterial
strains. Such resistance could be transferred to other bacteria,
pathogenic or not, and can be related to the appearance of antibacterial-resistant microorganisms. Although increased bacterial resistance has several causes, the two main factors are: the
overuse and misuse of antibiotics. Such resistant bacteria may
enter the human food chain and cause infectious diseases that
can no longer be successfully treated by the antibacterial agent.
Furthermore, some substances must receive particular attention
due to allergic reactions.
The different classes of antibacterials can cause different side
effects (Belitz et al. 2009). The most common ones are hypersensitivity reactions, skin rashes and gastrointestinal disturbances.
Penicillins, cephalosporins, quinolones, and sulfonamides generally exhibit low toxicity.
Aminoglycosides given in therapeutic dosages mainly
cause ototoxicosis, but may also cause nephrotoxicosis,
allergy and neuromuscular disturbances (McGlinchey et al.
2008). Chloramphenicol’s most serious toxic effect is bone
marrow depression which is generally dose-related and
reversible. It may also cause neuritis, encephalopathy and ototoxicity. Chloramphenicol and its metabolites could be genotoxic
(Samsonova et al. 2012). Nitrofurans also can cause mutagenic
and tumorigenic effects.
Toxicological assessment of a contaminant is a challenging
task. There are limited data, taking also into consideration the
synergistic effects of various substances, including their degradation products. For further evaluation of risk assessment and
hazard identification, maximum acceptable or tolerable levels
are set for chemicals that are neither genotoxic nor carcinogenic,
such as acceptable daily intake (ADI), reference dose (RfD),
tolerable daily intake (TDI) and provisional tolerable weekly
intake (PTWI) for contaminants that may accumulate in the
body. Dose–response information is essential for quantifying an
adverse health effect. NOAEL is the highest dose of a substance
which causes no detectable adverse alteration in line with defined
treatment conditions. Using conservative statistical extrapolation to humans, ADI is generated (Lozano and Trujillo 2012).
The ADI is an estimate of the residue, expressed in term of mg
or mg per kg of body weight, which can be ingested daily over
a lifetime with a health risk to the consumer. In calculating an
MRL, the ADI, the residue depletion patterns of a compound in
the edible tissues of a particular food-producing animal and the
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theoretical food intakes are taken into account (Passantino and
Russo 2008).
Furthermore, toxicity assays involve the determination of acute
toxicity, designated as LD50 (the dose that will kill 50% of the
animals in a test series), subacute toxicity, determined by animal
feeding tests lasting four weeks and chronic toxicity, assessed by
animal feeding tests lasting six months to two years. In chronic toxicity tests, attention is especially given to the occurrence of carcinogenic, mutagenic, and teratogenic symptoms (Belitz et al. 2009).

3.3.2 Regulation
In order to ensure the safety of the consumers, many agencies
worldwide regulate the use of antimicrobials, particularly in
food-animal species. The Food Safety Inspection Service (FSIS)
of the U.S. Department of Agriculture (USDA) is responsible
for the safety of meat, poultry, and egg products in the USA.
The European Food Safety Authority (EFSA) is the principal body in risk assessment regarding food and animal feed
safety in the European Union (EU). The Codex Alimentarius
Commission (created by the FAO and WHO) develops food
standards, guidelines and related texts such as codes of practice
under the Joint FAO/WHO Expert Committee on Food Additives
(JECFA) (Codex Alimentarius 2013). Moreover, VICH, a trilateral (EU-Japan-USA) program aimed at harmonizing technical
requirements for veterinary product registration was officially
launched in April 1996 (VICH 1996).
The EU has strictly regulated controls— different regulations
and directives—on the use of antibacterial agents, particularly
in food–animal species. The use of veterinary drugs is regulated
through EU Council Regulation 2377/90/EC, which describes the
procedure for establishing Maximum Residue Limits (MRLs)
for veterinary medicinal products in foodstuffs of animal origin.
Concerning the antibacterial residues, they belong to substances
with MRL values (Annex I), substances not subject to maximum
residue limits (Annex II), substances with provisional MRL values (Annex III), and substances for which no maximum levels can
be fixed (Annex IV) (European Commission 1990). In 1996, the
prohibition of the use of growth-promoters is specified in Council
Directives 96/23/EC, which contains guidelines for controlling
veterinary drug residues in animals and their products, with all
the necessary information to set up national monitoring plans.
Antibacterial residues belong to Group B (European Commission
1996). Meanwhile, the EU has prohibited the use of antimicrobials as feed additives via Regulation (EC) No 1831/2003
(European Commission 2003a). Moreover, according to European
Commission Decision 2002/657/EC, the analytical methods for
the control of veterinary drug residues in animal food products
can be clearly distinguished between screening and confirmatory methods (European Commission 2002). Amending Decision
2002/657/EC as regards the setting of minimum required performance limits (MRPLs) for certain residues in food of animal origin, Commission Decision 2003/181/EC was declared (European
Commission 2003b). The MRPLs of antibacterials are presented
in Table 3.1. Recently, EU Regulation No 37/2010 was released
on pharmacologically active substances and their classification
regarding MRLs in foodstuffs of animal origin was set (European
Commission 2010). Respectively, MRLs of antibacterial agents
are summarized in Table 3.2.
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Table 3.1
Minimum Required Performance Limits (MRPLs) for Certain
Antibacterial Residues in Food of Animal Origin According to
the European Commission Decision 2003/181/EC
Substance and/or
Metabolite
Chloramphenicol

Nitrofuran metabolites of:
Furazolidone
Furaltadone
Nitrofurantoin
Nitrofurazone

Matrices

MRPL

Meat
Eggs
Milk
Urine
Aquaculture products
Honey
Poultry meat,
Aquaculture products

0.3 μg/kg

1 μg/kg for all

different tissues. In general, many residues are present in conjugated forms and require liberation through enzymatic or chemical hydrolysis prior to extraction.

3.4.2 Sample Preparation
Sample preparation is the process that includes the isolation and/
or preconcentration of compounds of interest from various matrices, the removal of any matrix interferences that may affect the
detection system as well as making the analytes more suitable for
separation and detection. Even with the advances in the development of highly efficient analytical instrumentation for their final
determination, sample preparation is a vital part of the analytical procedure and effective sample preparation is essential for
obtaining accurate quantitative results and maintaining accurate
instrument-performance.
A typical sample-preparation technique consists of an extraction step of the antibacterials from the matrix and a subsequent
purification step of the extract.

3.4 Analytical Methodologies
3.4.1 The Analytical Problem

3.4.2.1 Sample Extraction Techniques

There are three main difficulties that constitute the analytical
problem in the residue analysis of antibacterials in food. First,
there is the large number of compounds with diverse analyzed–
chemical characteristics among the antibacterial families. In
addition, the definition of “residue” of many contaminants
includes known metabolites of toxicological interest since many
antibacterials administered to food-producing animals are oxidized, reduced, analyzed for days and biotransformed to watersoluble conjugates, primarily by glucuronidation, sulfatation or
conjugation with glycine. Such metabolites cannot be ignored,
particularly when they are even more hazardous and more persistent than the parent compounds (e.g., nitrofurans are rapidly biochemically transformed into toxic metabolites, which are highly
bound to the proteins, so they are stable for longer periods in
food-producing animals) (Barbosa et al. 2007).
The second problem is the very low concentration levels at
which an antibacterial residue should be analyzed for 24 days,
since most of the MRLs and MRPLs established are in the ppb
level (parts per billion or μg/kg) (Tables 3.1 and 3.2). Therefore,
analytical methods for the determination of antibacterial drug
residues in food matrices at trace levels are necessary and the
procedures used for selective and quantitative extraction of the
analytes, cleanup and enrichment of sample, as well as the sensitive and specific detection should meet the requirements of this
challenge.
Finally, the complexity of the matrix should also be taken into
consideration. Several edible tissues from food-producing animals can be selected for residue surveillance including muscle
tissue, liver, kidney, skin, and fat, which are normally collected
at slaughter houses. In addition, further sample matrix types can
be taken from farm or production sites, including milk, honey,
eggs, and fish. All these foods, except honey, are protein rich
(from 3% in milk to 20% in meat), which is important for those
antibacterials that bind easily to proteins. They also contain
significant amounts of divalent and trivalent cations that form
complexes with some antibacterials, increasing their retention in

3.4.2.1.1 Liquid Extraction (LE)
Liquid extraction (LE) is a very popular sample treatment technique. LE entails conventional liquid–liquid extraction (LLE) of
target compounds from liquid matrices, such as milk, and the
liquid extraction of homogenized tissues such as liver, kidney
and other meat, referred to as solvent extraction (SE). To obtain
optimal results, the extraction solvent has to be selected in such
way that efficient extraction of the target compounds is obtained,
whereas the extraction of matrix constituents remains limited in
order to prevent excessive matrix effects (ME). The selection of
the solvent, therefore, depends not only on the target compounds,
but also on the matrix.
Simple extraction with aqueous buffers (e.g., McIlvaine buffer or succinate buffer) is advantageous for highly polar residues
because they reduce nonpolar matrix components (e.g., lipids)
and extracts can be enriched on reversed phase SPE (Li et al.
2006; Shao et al. 2007; Bohm et al. 2011). A disadvantage is that
strongly protein-bound residues are not fully extracted and polar
matrix components are coextracted. Complexing agents are
reported to be essential for the extraction of tetracyclines and
some macrolides, because these compounds have a strong tendency to form chelates with divalent metallic cations present in
food samples (Table 3.3).
In general, the majority of methods employ more efficient
organic solvents as extracting agents. Methanol (MeOH) and
acetonitrile (ACN) are more adequate as extraction solvents as
they can simultaneously precipitate the proteins and extract the
target analytes. Many authors, as shown by the collected applications presented in Table 3.3, prefer ACN over MeOH or ethyl
acetate as extraction solvent, because MeOH and ethyl acetate
extract too many matrix compounds, complicating the following
cleanup steps. However, ACN does not sufficiently extract polar
analytes.
A great number of multiresidue analytical methods developed use a combination of water or aqueous buffer and organic
solvent as the extraction mixture of the target compounds
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Table 3.2
Maximum Residue Limits (MRLs) of Antibacterials in Foodstuffs of Animal Origin According to the European Commission Regulation
(EU) No 37/2010
Antibacterial

Chemical Structure

Source

Animal Species

Target Tissue

MRLs (μg/kg)

Aminoglycosides
Apramycin

Dihydrostreptomycin

C21H41N5O11

C21H41N7O12

S. tenebrarius

Semisynthetic

Gentamicin

C21H43N5O7

M. purpurea

Kanamycin

C18H36N4O11

S. kanamyceticus

Bovine

Muscle
Fat
Liver
Kidney
Milk

1000
1000
10000
20000
Prohibited

Ovine, porcine, chicken,
rabbit

Milk

Prohibited

Eggs

Prohibited

Muscle

500

Fat
Liver
Kidney

500
500
1000

All ruminants

Milk

200

Bovine, porcine

Muscle
Fat
Liver
Kidney

50
50
200
750

Bovine

Milk

100

All food-producing species
except fin fish

Muscle

100

Fat
Liver
Kidney
Milk
Eggs

100
600
2500
150
Prohibited

All ruminants, porcine,
rabbit

Neomycin B

C23H46N6O13

S. fradiae

All food-producing species

Muscle
Fat
Liver
Kidney
Milk
Eggs

500
500
500
5000
1500
500

Paromomycin

C23H47N5O18S

S. krestomuceticus

All food-producing species

Muscle
Liver
Kidney
Milk
Eggs

500
1500
1500
Prohibited
Prohibited

Ovine

Muscle
Fat
Liver
Kidney
Milk

300
500
2000
5000
200

All other food-producing
species

Muscle

300

Fat
Liver
Kidney
Milk

500
1000
5000
200

All food-producing species

Eggs

Prohibited

All ruminants, porcine,
rabbit

Muscle

500

Fat
Liver
Kidney

500
500
1000

Milk

200

Spectinomycin

Streptomycin

C14H24N2O7

C21H39N7O12

S. spectabilis

S. griseus

All ruminants

(Continued)
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Table 3.2 (Continued)

Maximum Residue Limits (MRLs) of Antibacterials in Foodstuffs of Animal Origin According to the European Commission Regulation
(EU) No 37/2010
Antibacterial
Amphenicols
Chloramphenicol
Florfenicol

Chemical Structure

C11H12Cl2N2O5
C12H14Cl2FNO4S

Source

S. venezuelae
Synthetic

Animal Species

Bovine, ovine, caprine

Porcine

Poultry

Fin fish
All other food-producing
species

All food-producing species
Synthetic

All food-producing species

β-Lactams (Cephalosporins)
Cefacetrile
C13H13N3O6S
Cefalexin
C16H17N3O4S

f. Acremonium
f. Acremonium

Bovine
Bovine

Cefalonium
Cefapirin

C20H18N4O5S2
C17H17N3 O6S2

f. Acremonium
f. Acremonium

Bovine
Bovine

Cefazolin
Cefoperazone
Cefquinome

C14H14N8O4S3
C25H27N9O8S2
C23H24N6O5S2

f. Acremonium
f. Acremonium
f. Acremonium

Bovine, ovine, caprine
Bovine
Bovine, porcine, Equidae

Ceftiofur

C19H17N5O7S3

f. Acremonium

Bovine
All mammalian foodproducing species

Thiamphenicol

β-Lactams (Penicillins)
Amoxicillin

C12H15Cl2NO5S

C16H19N3O5S

Semisynthetic

All food-producing species

www.ebook777.com

Target Tissue

Muscle
Liver
Kidney
Muscle
Skin and fat
Liver
Kidney
Muscle
Skin and fat
Liver
Kidney
Muscle and skin in
natural proportions
Muscle

MRLs (μg/kg)

Prohibited
200
3000
300
300
500
2000
500
100
200
2500
750
1000
100

Fat
Liver
Kidney
Milk
Eggs
Muscle
Fat
Liver
Kidney
Milk
Eggs

200
2000
300
Prohibited
Prohibited
50
50
50
50
50
Prohibited

Milk
Muscle
Fat
Liver
Kidney
Milk
Milk
Muscle
Fat
Kidney
Milk
Milk
Milk
Muscle
Fat
Liver
Kidney
Milk
Muscle

125
200
200
200
1000
100
20
50
50
100
60
50
50
50
50
100
200
20
1000

Fat
Liver
Kidney
Milk

2000
2000
6000
100

Muscle
Fat
Liver
Kidney
Milk
Eggs

50
50
50
50
4
Prohibited
(Continued)
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Table 3.2 (Continued)
Maximum Residue Limits (MRLs) of Antibacterials in Foodstuffs of Animal Origin According to the European Commission Regulation
(EU) No 37/2010
Antibacterial

Chemical Structure

Source

Animal Species

Target Tissue

MRLs (μg/kg)

Benzylpenicillin
(penicillin G)

C16H18N2O4S

Semisynthetic

All food-producing species

Muscle
Fat
Liver
Kidney
Milk
Eggs

50
50
50
50
4
Prohibited

Ampicillin

C16H19N3O4S

Semisynthetic

All food-producing species

Muscle

50

Fat
Liver
Kidney
Milk
Eggs

50
50
50
4
Prohibited

Muscle
Fat
Liver
Kidney

100
100
200
400

Clavulanic acid

C8H9NO5

S. clavuligerus

Bovine, porcine

Bovine

Milk

200

Cloxacillin

C19H18ClN3O5S

Semisynthetic

All food-producing species

Muscle
Fat
Liver
Kidney
Milk
Eggs

300
300
300
300
30
Prohibited

Dicloxacillin

C19H17Cl2N3O5S

Semisynthetic

All food-producing species

Muscle
Fat
Liver
Kidney
Milk
Eggs

300
300
300
300
30
Prohibited

Nafcillin

C21H22N2O5S

Semisynthetic

All ruminants

Muscle
Fat
Liver
Kidney
Milk

300
300
300
300
30

Oxacillin

C19H10N3O5S

Semisynthetic

All food-producing species

Muscle
Fat
Liver
Kidney
Milk
Eggs

300
300
300
300
30
Prohibited

Phenoxymethylpenicillin
(penicillin V)

C16H18N2O5S

Penicillium
culture

Porcine

Muscle
Liver
Kidney

25
25
25

Lincomycin

C18H34N2O6S

S. lincolnensis

All food-producing species

Muscle
Fat
Liver
Kidney
Milk
Eggs

100
50
500
1500
150
50

Pirlimycin

C17H31ClN2O5S

–

Bovine

Muscle
Fat
Liver
Kidney
Milk

100
100
1000
400
100

Lincosamides

(Continued)
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Table 3.2 (Continued)

Maximum Residue Limits (MRLs) of Antibacterials in Foodstuffs of Animal Origin According to the European Commission Regulation
(EU) No 37/2010
Antibacterial

Chemical Structure

Source

Animal Species

Target Tissue

MRLs (μg/kg)

Macrolides
Erythromycin

C37H67NO13

S. erhthreus

All food-producing
species

Gamithromycin

Bovine

Spiramycin

All food-producing
species
Bovine

C43H74N2O14

S. ambofaciens

Chicken

Spiramycin 1

Tilmicosin

Porcine

C46H80N2O13

–

Poultry

All other food-producing
species

Tylosin

C46H77NO17

S. fradiae

All food-producing
species
All food-producing
species

Porcine

Tylvalosin

Nitrofurans
All compounds
including furazolidone

Poultry

Furazolidone, furaltadone,
nitrofurazone,
nitrofurantoine, nifursol

Muscle

200

Fat
Liver
Kidney
Milk
Eggs
Fat
Liver
Kidney
Milk

200
200
200
40
150
20
200
100
Prohibited

Muscle
Fat
Liver
Kidney
Milk
Muscle
Skin and fat
Liver
Eggs
Muscle
Liver
Kidney
Muscle
Skin and fat
Liver
Kidney
Muscle

200
300
300
300
200
200
300
400
Prohibited
250
2000
1000
75
75
1000
250
50

Fat
Liver
Kidney
Milk
Eggs

50
1000
1000
50
Prohibited

Muscle

100

Fat
Liver
Kidney
Milk
Eggs
Muscle
Skin and fat
Liver
Kidney
Skin and fat
Liver
Eggs

100
100
100
50
200
50
50
50
50
50
50
Prohibited

Prohibited

(Continued)
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Table 3.2 (Continued)
Maximum Residue Limits (MRLs) of Antibacterials in Foodstuffs of Animal Origin According to the European Commission Regulation
(EU) No 37/2010
Antibacterial
Sulfonamides
All substances belonging
to the sulfonamide
group-combined total
residues

Tetracyclines
Chlortetracycline

Chemical Structure

Source

Sulfadiazine, sulfadimethoxine,
sulfadoxine, sulfamerazine,
sulfamethazine,
sulfanilamide,
sulfamethoxypyridazine,
sulfathiazole, sulfisoxazole
sulfachlorpyridazine,
sulfamethizole,
sulfamethoxazole,
sulfapyridine,
sulfaquinoxaline,
sulfamonomethoxine, etc.

C22H23ClN2O8

S. aureofaciens

Animal Species

Target Tissue

MRLs (μg/kg)

All food-producing species

Muscle
Fat
Liver
Kidney
Eggs

100
100
100
100
Prohibited

Bovine, ovine, caprine

Milk

100

All food-producing species

Muscle
Liver
Kidney
Milk
Eggs
Muscle
Liver
Kidney
Milk
Muscle
Skin and fat
Liver
Kidney
Eggs
Muscle
Liver
Kidney
Milk
Eggs
Muscle
Liver
Kidney
Milk
Eggs

100
300
600
100
200
100
300
600
Prohibited
100
300
300
600
Prohibited
100
300
600
100
200
100
300
600
100
200

Muscle

200

Fat
Liver
Kidney
Muscle

100
400
400
100

Fat
Liver
Kidney
Milk
Eggs
Muscle
Fat
Liver
Kidney
Muscle
Skin and fat
Liver
Kidney

50
200
200
30
Prohibited
400
100
1400
800
400
100
800
800
(Continued)

Bovine

Doxycycline

C22H24N2O8

Semisynthetic

Porcine, poultry

Oxytetracycline

C22H24N2O9

S. rimosus

All food-producing species

Tetracycline

C22H14N2O8

S. aureofaciens

All food-producing species

Quinolones
Bovine, ovine, caprine,
poultry

Danofloxacin

Difloxacin

C19H20FN3O3

C21H19F2N3O3

Synthetic

Synthetic

All other food-producing
species

Bovine, ovine, caprine
All food-producing species
Bovine, ovine, caprine

Porcine
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Table 3.2 (Continued)

Maximum Residue Limits (MRLs) of Antibacterials in Foodstuffs of Animal Origin According to the European Commission Regulation
(EU) No 37/2010
Antibacterial

Chemical Structure

Source

Animal Species
Poultry

All other food-producing
species

All food-producing species
Enrofloxacin

C19H22FN3O3

Synthetic

Bovine, ovine, caprine

Porcine, rabbit

Poultry

All other food-producing
species

Flumequine

C14H12FNO3

Synthetic

All food-producing species
Bovine, ovine, caprine,
porcine

Bovine, ovine, caprine
Poultry

Fin Fish
All other food-producing
species

Marbofloxacin

Oxolinic acid

C13H11NO5

Synthetic

All food-producing species
Bovine, porcine

Synthetic

Bovine
All food-producing species
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Target Tissue

MRLs (μg/kg)

Muscle
Skin and fat
Liver
Kidney
Muscle

300
400
1900
600
300

Fat
Liver
Kidney
Eggs
Milk
Muscle
Fat
Liver
Kidney
Milk
Muscle
Fat
Liver
Kidney
Muscle
Skin and fat
Liver
Kidney
Muscle

100
800
600
Prohibited
Prohibited
100
100
300
200
100
100
100
200
300
100
100
200
300
100

Fat
Liver
Kidney
Eggs
Muscle

100
200
200
Prohibited
200

Fat
Liver
Kidney
Milk
Muscle
Skin and fat
Liver
Kidney
Muscle and skin in
natural proportions
Muscle

300
500
1500
50
400
250
800
1000
600

Fat
Liver
Kidney
Eggs
Muscle
Fat
Liver
Kidney
Milk
Muscle
Fat
Liver
Kidney
Milk
Eggs

250
500
1000
Prohibited
150
50
150
150
75
100
50
150
150
Prohibited
Prohibited
(Continued)

200
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Table 3.2 (Continued )
Maximum Residue Limits (MRLs) of Antibacterials in Foodstuffs of Animal Origin According to the European Commission Regulation
(EU) No 37/2010
Antibacterial
Sarafloxacin

Chemical Structure

Source

C20H17F2N3O3

Animal Species
Chicken

10
100
30

Fat
Liver
Kidney
Milk
Skin and fat
Liver
Kidney
Fat
Muscle
Liver
Kidney
Muscle

10
300
150
30
40
50
50
100
100
100
100
50

Fat
Liver
Kidney
Milk
Eggs

50
50
50
50
Prohibited

Muscle
Liver
Muscle
Skin and fat
Liver
Muscle
Skin and fat
Liver
Eggs
Muscle
Liver
Kidney

100
500
100
100
1000
100
100
300
1000
50
500
100

Bovine

Milk

100

Rabbit

Muscle
Fat
Liver
Kidney
Muscle
Fat
Liver
Kidney
Milk
Eggs

150
150
150
150
150
150
150
200
50
300
50
Prohibited
60

All food-producing species
C17H20N6

Synthetic

Bovine

Porcine

Trimethoprim

C14H18N4O3

Synthetic

Equidae

All other food-producing
species

All food-producing species
Pleuromutilins
Tiamulin metabolites

Porcine, rabbit
Chicken

Turkey

Tiamulin

C28H47NO4S

Synthetic

Valnemulin

C31H52N2O5S

Synthetic

Peptides
Bacitracin

C66H103N17O16S

B. subillis and
B. licheniformis

MRLs (μg/kg)

Skin and fat
Liver
Muscle and skin in
natural proportions
Eggs

Salmonidae

Diaminopyrimidines
Baquiloprim

Target Tissue

Chicken
Porcine

Colistin

C53H100N16O13

B. colistinus

All food-producing species

Other Antibacterials
Novobiocin
Dapsone
Rifaximin

C31H36N2O11
C12H12N2O2S
C43H51N3O11

S. spheroides
Synthetic
Synthetic

Bovine

Milk

Bovine

Milk

Prohibited
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Compounds

Matrix

Sample-Preparation
Technique

Mobile Phase
A: 5% (v/v) ACN/H2O,
with 0.1% formic acid,
B: 85% (v/v) ACN/H2O
with 0.05% formic acid.
A: 10 mM ammonium
acetate containing 0.3%
acetic acid, B: ACN/
MeOH (2/8, v/v)

LC–APCI–
QIT–MSn

>40%
(Sulfaquinoxaline)–>90%
(Sulfamerazine)

Li et al.
(2006)

LC–ESI–MS/
MS (+)
and (−)

46.3%
(Ciprofloxacin)–117.7%
(Desoxycarbadox)

Yamada
et al. (2006)

Phenyl cartridge
column (50 × 4 mm,
3 μm silica)

A: 0.1% formic acid in
H2O (v/v), B: ACN

LC–ESI–MS/
MS (+)

<25% (Amoxicillin)–80%
(SAs)

Heller et al.
(2006)

75 cm fused-silica
capillary, 50 cm
thermostated–25 cm
at room temp.,
75 mm id
Acquity UPLC BEH
C18 (100 × 2.1 mm,
1.7 μm)
XTerra MS C18
(100 × 2.1 mm,
3.5 μm)

60 mM ammonium
acetate separation buffer
at pH 8 with 10% of
methanol

CE–ESI–IT
(+)

Juan-García
et al. (2007)

A: MeOH/ACN (v/v,
40:60), B: 0.2% formic
acid in H2O
A: 10 mM formic acid in
MeOH
B: 10 mM formic acid in
H2O
A: 1 mM oxalic acid with
0.2% formic acid in
H2O B: 0.1% formic
acid in ACN.
A: 1 mM NFPA in H2O
with 0.5% formic acid,
B: ACN/MeOH (50/50,
v/v) with 0.5% formic
acid
ESI (+): A: 0.1% formic
acid in H2O, B: 0.1%
formic acid in ACN,
ESI (−): A: H2O, B: ACN
A: 0.1% PFPA in H2O,
B: ACN

LC–ESI–MS/
MS (+)

Meat: 65%
(Enrofloxacin)–99%
(Ofloxacin), fish: 62%
(Flumequine)–93%
(Sulfamethazine)
85.6%
(Chlortetracycline)–117.8%
(Demeclocycline)
73% (Tetracycline)–93%
(Flumequine)

SAs (6), TCs (1), Qs (6), and
other veterinary drugs (5)

Shrimp

Extraction with 5% TCA
in H2O (v/v) and cleanup
with SPE (HLB)

Waters YMC Phenyl
(50 × 4 mm, 3 μm)

AMPs (3), SAs (18), Qs
(12), MCs (9), TIAM,
LINCs (1), QUINOXs (1),
TRIM, ORM, VIRG, NOV,
and other vet drugs (81)
SAs (15), TCs (5), Qs (4)
and β-LACTs (5)

Bovine, porcine,
chicken muscle

TSKgel ODS-100Z
(150 × 2.1 mm,
5 μm)

Sas (4), Qs (4) and
β-LACTs (4)

Fish and livestock

Extraction with ACN–
MeOH (95:5, v/v) and
delipidation with
n-hexane saturated with
ACN
Homogeniztion with
sodium succinate buffer
and extraction-cleanup
with SPE (HLB)
ACN extraction, d-SPE
with C18

TCs (7) and Qs (14)

Pig tissues

β-LACTs (3), LINCs (1),
MCs (4), Qs (8), Sas (10),
TCs (3), TRIM, DAP, and
other vet drugs (1)
TCs (4), Qs (9), MCs (4),
β-LACTs (7), SAs (14),
and TRIM

Meat

TCs (5), MCs (7), AMGs
(3), β-LACTs (8), AMPs
(2), and SAs (17)

Egg

Foodstuffs of animal
origin (e.g.,
chicken, porcine
muscle)
Honey

Extraction with EDTAMcIlvaine buffer and
cleanup with SPE (HLB)
Prehomogeneization of the
meat with EDTA—
washed sand and PLE
with H2O
Extraction with MeOH–
water (70:30, v/v) with
EDTA, dillution

DetectionIdentification

Stationary Phase

Acquity UPLC BEH
C18 (100 × 2.1 mm,
1.7 μm)

Liquid–liquid extraction
with ACN, 10% TCA in
water (v/v) and
NFPA-hydrolysis

Zorbax SB-C18
(50 × 2.1 mm,
1.8 μm)

Qs (5), TCs (4), MCs (2),
SAs (1), AMPs (1), AMGs
(1), LINCs (1), and other
vet drugs (2)

Honey

Dissolution in water and
cleanup with SPE (HLB)

Phenomenex
Polar-RP Synergi
(50 × 2 mm, 4 μm)

β-LACTs (16), SAs (10),
MCs (10), AMGs (8), TCs
(4), and Qs (10)

Milk

Extraction with ACN and
5% TCA aqueous
solution

Symmetry C18
(150 × 3.9 mm,
5 μm)

Reference

Shao et al.
(2007)
Carretero
et al. (2008)

LC–ESI–MS/
MS (+)

60.5%
(Chlortetracycline)–96.5%
(Spiramycin)

Chico et al.
(2008b)

LC–ESI–MS/
MS (+)

24% (Streptomycin)–226%
(Neomycin)

Hammel
et al. (2008)

LC–ESI–MS/
MS (+) and
(−)

29% (Erythromycin)–104%
(Streptomycin)

Lopez et al.
(2008)

LC–ESI–MS/
MS (+)

–

GaugainJuhel et al.
(2009)
(Continued)
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LC–ESI–MS/
MS (+)

Recoveries

Antibacterials

Table 3.3
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Table 3.3 (Continued)
Applications in Multi-Residue Analysis of Antibacterials in Food Matrices
Compounds

Matrix

Sample-Preparation
Technique

Stationary Phase

Muscle

Extraction with MeOH–
water (70:30, v/v) with
EDTA, dillution

Genesis C18
(50 × 2.1 mm,
4 μm)

TCs (4), SAs (12), Qs (14),
MCs (10), LINCs (3), and
TRIM
TCs (5), β-LACTs (3), and
AMPs (2)

Milk

MCs (4), TCs (4), Qs (5),
and SAs (4)

Honey

TCs (3), Qs (7), β-LACTs
(3), MCs (3), SAs (1),
AMPs (2), QUINOXs (2),
LINCs (1), TRIM, BAC,
VALN, VIRG, and other vet
drugs (7)

Piglet, bovine, lamb
feed

Extraction with McIlvaine
buffer at pH 4.0, TCA,
cleanup with SPE (HLB)
Extraction with McIIvaine
buffer + MeOH (8 + 2),
cleanup with SPE (HLB)
Dissolution in Na2EDTA
and cleanup with SPE
(HLB)
Ultrasonic-assisted
extraction with MeOH/
ACN/McIlvaine buffer at
pH 4.6 (37.5/37.5/25,
v/v/v) containing 0.3% of
EDTA and cleanup with
d-SPE with PSA.

C18 AQUA
(150 × 2.1 mm,
3 μm)
Acquity UPLC BEH
C18 (50 × 2.1 mm,
1.7 μm)
Acquity UPLC BEH
C18 (100 × 2.1 mm,
1.7 μm)
Zorbax XDB plus
(150 × 2.1 mm,
3.5 μm)

Sas (1), Qs (1), TCs (1),
β-LACTs (1), AMPs (1)

Milk

Protein precipitation with
TCA, LLE with
dichloromethane, cleanup
with SPE (HLB and C18)

Uncoated fused-silica
capillary 60 cm
(effective length
51.5 cm), id 75 μm

TCs (4), MCs (4), Qs (5),
SAs (4), and other vet
drugs (8)
β-LACTs (11), and SAs (7)

Egg

Comparison of solvent
extractions—
QuEChERS–SPE–MSPD
PLE with H2O–MeOH
(95:5) and online SPE
with C18 HD cartridges
Extraction using (1:1, v/v)
of 2% trichloroacetic acid
in H2O–ACN followed by
removing fat with hexane
Solid–liquid extraction
with ACN/H2O (86:14,
v/v) and defatting with
hexane

Acquity UPLC BEH
C18 (100 × 2.1 mm,
1.7 μm)
C12 Phenomenex
Hydro-RP
(50 × 2 mm, 4 μm)
ZIC–HILIC
(100 × 2.1 mm,
3.5 μm)

Milk

Animal feed

AMGs (3), β-LACTs (3),
TCs (4), LINCs (2), MCs
(4), Qs (4), and SAs (4)

Chicken muscle

Qs (4), TCs (3), MCs (9),
β-LACTs (4), SAs (9),
AMPs (3), AMGs (6), and
other vet drugs (1)

Amimal tissue

Atlantis dC18
(20 × 3.9 mm,
3 μm) and
ZIC–HILIC
(50 × 2.1 mm,
5 μm) for AMGs

DetectionIdentification

Recoveries

Reference

A: 0.2% formic acid
containing 0.1 mM
oxalic acid in H2O,
B: ACN
A: 0.2% formic acid in
H2O, B: 0.2% formic
acid in ACN
A: ACN, B: 10 mmol L−1
oxalic acid

LC–ESI–MS/
MS (+)

68% (Ciprofloxacin,
Difloxacin)–95%
(Oxytetracycline)

Granelli
et al. (2009)

LC–ESI–MS/
MS (+)

94% (Doxycycline)–112%
(Tulathromycin)

Bohm et al.
(2009)

LC–DAD

Wang and Li
(2009)

A: MeOH, B: 0.05%
(v/v) formic acid in H2O

LC–ESI–MS/
MS (+)

52.5%
(Chloramphenicol)–68%
(Cefoperazon)
53% (Erythromycin)–115%
(Tylosin)

ESI (+): A: 0.1% formic
acid in H2O B: ACN/
MeOH (70/30, v/v) with
0.1% formic acid ESI
(−): A: 5 mM
ammonium acetate in
H2O, B: ACN/MeOH
(70/30, v/v)
0.1 mol L−1 sodium
hydroxide, H2O and
0.020 mol L−1 sodium
borate solution pH 9.51
(background electrolyte)
A: MeOH, B: 0.05%
(v/v) formic acid in H2O

LC–ESI–MS/
MS (+) and
(−)

51% (Oxytetracycline)–116%
(Tilmicosin)

Martínez
Vidal et al.
(2009)
Boscher
et al. (2010)

CE–DAD

78.1%
(Sulfamethoxazole)–109.4%
(Ampicillin)

VeraCandioti
et al. (2010)

LC–ESI–MS/
MS (+)

SEs’: 70.4%
(Tetracycline)–94.4%
(Tilmicosin)
93–134%

Garrido
Frenich
et al. (2010)
Kantiani
et al. (2010)

LC–ESI–MS/
MS (+)

57% (Erythromycin)–86%
(Danofloxacin)

Chiaochan
et al. (2010)

LC–ESI–MS/
MS (+) and
(−)

–

Martos et al.
(2010)

A: 0.1% (v/v) formic acid
in H2O, B: 0.1% (v/v)
formic acid in MeOH
A: 50 mM ammonium
formate in H2O at pH
2.5, B: ACN
Reversed Phase: A: 0.1%
(v/v) formic acid in
H2O, B: ACN HILIC: A:
0.4% (v/v) formic acid
in H2O, B: ACN

LC–ESI–MS/
MS (+)
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TCs (4), SAs (4), Qs (4),
β-LACTs (3), and MCs (4)

Mobile Phase
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Matrix

Sample-Preparation
Technique

SAs (9), Qs (5), MCs (1),
β-LACTs (1) and other vet
drugs (1)

Bovine muscle tissue

TCs (3), SAs (16), β-LACTs
(7), Qs (3), MCs (3),
LINCs (2)

Porcine muscle

SAs (14), TCs (4), Qs (9),
β-LACTs (7), MCs (5),
LINCs (1), TRIM

Egg

PLE with 1:1 (v/v) mixture
of CAN and 0.01 mol L−1
succinic acid buffer
pH 6.0

Acquity UPLC BEH
C18 (100 × 2.1 mm,
1.7 μm)

TCs (7), Qs (14), MCs (12),
SAs (12), LINCs (3),
PLMTs (3), DAP and TRIM
β-LACTs (4), SAs (8), TCs
(4), Qs (3), MCs (3), BAC
and other vet drugs (4)

Cattle and pig
muscle

AQUA C18
(150 × 2.1 mm,
3 μm)
YMC ODS-AQ
(100 × 2 mm, 3 μm)

Qs (11), SAs (20), TCs (4),
MCs (9), NFs (7), β-LACTs
(16), AMPs (1), QUINOXs
(1), VIRG, NOV and other
vet drugs (49)
TCs (3), β-LACTs (5), Qs
(2), SAs (3) and other
contaminants (8)

Bovine kidney

Extraction with EDTAMcIlvaine buffer and
cleanup with SPE (HLB)
Extraction with ACN,
cleanup with SPE (HLB)
and with an 30 kDa MW
cutoff filter
Extraction ACN–H2O (4:1,
v/v), cleanup with hexane
partitioning

SAs (5), Qs (7), TCs (4),
MCs (4), TRIM and other
vet drugs (8)

Qs (2), SAs (6), MCs (4),
TRIM and other vet
drugs (8)
MCs (11), β-LACTs (7),
LINCs (2), Qs (1), VIRG
and other vet drugs (1)

DetectionIdentification

Recoveries

Reference

LC–ESI–MS/
MS (+)

25% (Ciproflocaxin)–93%
(Flumequine)

Blasco et al.
(2011)

LC–ESI–MS/
MS (+)

–

Lopes et al.
(2011)

LC–ESI–MS/
MS (+)

47% (Amoxicillin)–320%
(Danofloxacin)

Jiménez
et al. (2011)

LC–ESI–MS/
MS (+)

99% (Nalidixic acid)–114%
(Ofloxacin)

Bohm et al.
(2011)

LC–ESI–MS/
MS (+)

22% (Ampicillin)–143.3%
(Enrofloxacin)

Clark et al.
(2011)

Prodigy ODS-3
(150 × 3 mm, 5 μm)

A: 0.1% (v/v) formic acid
in H2O, B: 0.1% (v/v)
formic acid in ACN.

LC–ESI–MS/
MS (+)

53%
(Chlortetracycline)–129%
(Semicarbazide)

Schneider
et al. (2012)

ACE C18
(150 × 2.1 mm,
3 μm)

A: 0.1% (v/v) formic acid
in H2O, B: 0.1% (v/v)
formic acid in ACN.

LC–ESI–MS/
MS (+)

56% (oxacillin)–79%
(Doxycycline)

Capriotti
et al. (2012)

Baby food and infant
formula

MeOH:H2O:CH3COOH
80:20:1 (v/v/v), 0.5 g
CH3COONa and 2.0 g
Na2SO4 anhydrous
(QuEChERS-like
extraction method)
Modified QuEChERS
approach

Acquity UPLC BEH
C18 (100 × 2.1 mm,
1.7 μm)

A: MeOH, B: 0.05%
(v/v) formic acid in H2O

LC–ESI–MS/
MS (+)

AguileraLuiz et al.
(2012)

Chicken

QuEChERS

Extraction with can

A: 0.1% (v/v) formic acid
in ACN, B: 0.1% (v/v)
formic acid in H2O
A: 0.05% (v/v) formic
acid in H2O, B: ACN

LC–ESI–MS/
MS (+)

Milk

Acquity UPLC BEH
C18 (100 × 2.1 mm,
1.7 μm)
HSS T3 column
(100 × 2.1 mm,
1.8 μm)

Baby food: 69.9%
(Flumequine)–122.9%
(sulfaquinoxaline), infant
formula: 70.4%
(Flumequine)–119%
(Sulfadimethoxine)
69% (Sulfadimidine)–118.3%
(Oxolinic acid)

UPLC–ESI–
MS/MS (+)

56.9% (Cefapirin)–127.6%
(Troleandomycin)

Tang et al.
(2012)

Egg

XTerra MS C18
(100 × 2.1 mm,
3.5 μm)

Mobile Phase
A:10 mM ammonium
formate in H2O, B:
10 mM ammonium
formate in MeOH
A: H2O/ACN (95:5 v/v)
with formic acid 0.1%
and B: H2O/ACN (5:95
v/v) with formic acid
0.1%
A: oxalic acid 2-hydrate
0.13 g/L in H2O with
0.02% formic acid, B:
0.1% (v/v) formic acid
in ACN
A: 0.2% formic acid in
H2O, B: 0.2% formic
acid in ACN
A: 0.1% (v/v) formic acid
in H2O, B: ACN

Milk

Extraction with ACN –
d-SPE with PSA
(QuEChERS) compared
to PLE with water
Solid–liquid extraction
with ACN with fast
partition at very low
temperature

Stationary Phase

Zorbax Eclipse
XDB C-18
(150 × 4.6 mm,
5 μm)

Lopes et al.
(2012a)

67
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Matrix

Sample-Preparation
Technique

A: 0.1% (v/v) formic acid
in ACN, B: 0.1% (v/v)
formic acid in H2O
A: 0.1% (v/v) formic acid
in H2O, B: 0.1% (v/v)
formic acid in ACN
A: 0.1% (v/v) formic acid
in H2O, B: MeOH

LC–ESI–MS/
MS (+)

74% (Penicillin G)–117%
(Chlortetracycline)

Lopes et al.
(2012b)

LC–ESI–MS/
MS (+)

–

Bittencourt
et al. (2012)

HPLC–DAD

80.6% (tetracycline)–99.2%
(sulfanilamide)

Yu et al.
(2012)

Dillution to McIlvaine
buffer, pH 4.0 and
cleanup with SPE (HLB)
Solid–liquid extraction
with EDTA-succinate
buffer and acetonitrile

Acquity UPLC BEH
C18 (100 × 2.1 mm,
1.7 μm)
Symmetry C18
(75 × 4.6 mm,
3.5 μm)
Kromasil C18
(150 × 4.6 mm,
5 μm)
AQUA C18
(150 × 2.1 mm,
3 μm)
RP-LC column PFP
(100 × 4.6 mm,
3 μm)

A: 0.2% (v/v) formic acid
in H2O, B: 0.2% (v/v)
formic acid in ACN
A: 0.1% (v/v) formic acid
in H2O, B: 0.1% (v/v)
formic acid in ACN

LC–ESI–MS/
MS (+)

92% (Danofloxacin)–106%
Tylosin A

Bohm et al.
(2012)

LC–ESI–MS/
MS (+)

29% (Ofloxacin)–98%
(Erythromycin)

Biselli et al.
(2013)

ESI (+): A: 0.1% formic
acid in H2O with
0.5 mmol/L ammonium
acetate, B: 0.1% formic
acid in MeOH
ESI (−): A: 2.5 mmol/L
ammonium acetate in
H2O B: MeOH
A: 1 mM HFBA with
0.5% formic acid in
H2O, B: 0.5% formic
acid in ACN/MeOH
(1:1, v/v).
A: 0.1% (v/v) formic acid
in H2O, B: 0.1% (v/v)
formic acid in ACN
A: 0.1% (v/v) formic acid
in H2O, B: ACN

LC–ESI–MS/
MS (+) and
(−)

59% (Erythromycin)–133%
(Nalidixic acid)

Zhan et al.
(2013)

LC–ESI–MS/
MS (+)

71% (Neomycin)–120%
(Kanamycin)

Bousova
et al. (2013)

LC–ESI–MS/
MS (+) and
(−)
UHPLC–QTOF–MS

–

Freitas et al.
(2013)

42%
(Chlortetracycline)–154%
(Sulfachloropyridazine)

Turnipseed
et al. (2011)

A: 5 mmol/L
ammonium formate in
H2O with 0.1% formic
acid, B: 0.1% (v/v)
formic acid in ACN

UHPLC–QTOF–MS

41.1%–120.9% (meat),
52.4%–91.9% (milk), and
57.3%–118.9% (egg)

Deng et al.
(2011)

Gilthead sea bream

Modified QuEChERS
approach

Meat

TCs (1), Qs (2), and SAs (2)

Porcine tissues

Cell disruption with sand
and protein precipitation
with acidified acetonitrile
MSPD with C18

MCs (10), LINCs (3), Qs
(13), TCs (8), TIAM,
VALN, and TRIM
Qs (14), TCs (4), MCs (7),
β-LACTs (8), SAs (22),
TRIM, TIAM, DAP, ORM,
and other vet drugs (25)
MCs (10), Qs (17), SAs (17),
β-LACTs (7), AMPs (3),
QUINOXs (7), LINCs (1),
TRIM

Honey

Infant formula

Extraction with ACN,
cleanup by low
temperature and water
precipitation

Acquity HSS-T3
column
(100 × 2.1 mm,
1.8 μm)

AMGs (2), MCs (7), LINC
(2), SAs (6), TCs (4), Qs
(14), and TRIM

Chicken meat

Betasil phenyl hexyl
(50 × 2.1 mm,
3 μm)

SAs (13), TCs (4), MCs (4),
Qs (11), and AMPs (1)

Milk

Extraction with ACN:2%
trichloroacetic acid
(45:55, v/v) and online
cleanup using turbulent
flow chromatography
Extraction and protein
precipitation with ACN

Sas (8), TCs (4), β-LACTs
(4), MCs (3), Qs (3) VIRG,
and other vet drugs (2)

Milk

Qs (14), Sas (18), TCs (5),
TRIM, and other vet
drugs (67)

Meat, milk, egg

Extraction with ACN,
cleanup with 3000 Da
molecular weight cut-off
centrifuge filter
Extraction with acidified
ACN, cleanup with SPE
(HLB)

Acquity HSS-T3
(100 × 2.1 mm,
1.8 μm)
YMC ODS-AQ
(100 × 2.1 mm,
3 μm)
Zorbax Eclipse
XDB C18
(100 × 3.0 mm,
1.8 μm)

Recoveries

Reference

(Continued)
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Mobile Phase

β-LACTs (7), TCs (4), Qs
(6), SAs (6), TRIM and
other vet drugs (8)
TCs (4), Qs (8), and SAs (9)

Chicken muscle

DetectionIdentification

Stationary Phase
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β-LACTs (5), Sas (8), Qs
(1), MCs (2), and other
contaminants (102)
TCs (4), Qs (11), MCs (8),
β-LACTs (6), SAs (15),
LINCs (1), AMPs (2),
TRIM, TIAM, DAP, and
other vet drugs (51)
SAs (23), TCs (6), Qs (14),
β-LACTs (12), MCs (9),
TRIM, LINC (1), TIAM,
VIRG, and other vet
drugs (35)
SAs (15), TCs (4), Qs (11),
β-LACTs (7), MCs (10),
AMPs (2) TRIM, DAP, and
other vet drugs (56)
SAs (25), TCs (6), Qs (14),
MCs (10) β-LACTs (25),
NOV, QUINOXs (1), LINC
(1), TRIM and TIAM, and
other vet drugs (65)
SAs (10), TCs (6), Qs (9)
MCs (6), LINC (1), and
other vet drugs (16)
Qs (5), SAs (1), AMPs (1),
and TRIM
SAs (7), TRIM, and other
vet drugs (6)

Matrix

Sample-Preparation
Technique

DetectionIdentification

Stationary Phase

Mobile Phase

Hypersil Gold AQ
(50 × 2.1 mm,
1.9 μm)
Acquity UPLC BEH
C18 (50 × 2.1 mm,
1.7 μm)

A: 0.1% (v/v) formic acid
in H2O, B: 0.1% (v/v)
formic acid in ACN
A: 0.1% formic acid in
H2O (v/v), B: 0.1%
formic acid in H2O/
ACN (1/9, v/v)

LC–orbitrap
H-ESI MS
(+)
UPLC–TOF–
MS (+)

–

Recoveries

Filigenzi
et al. (2011)

Reference

76% (Nafcillin)–157%
(Lincomycin)

Stolker et al.
(2008)

Meat, milk, liver,
corn silage

Extraction with acidified
ACN–QuEChERS

Milk

Protein precipitation with
ACN, dillution with
water and cleanup with
SPE (Strata X)

Meat

Liquid–liquid–solid
extraction (bipolarity
extraction) and cleanup
with SPE (HLB)

HSS T3 C18
(100 × 2.1 mm,
1.8 μm)

A: 0.3% (v/v) formic acid
and 5% ACN in H2O, B:
0.3% (v/v) formic acid
and 5% H2O in ACN

UPLC–ESI–
TOF (+)

44% (Sulfasalazine)–144%
(Cefoperazon)

Kaufmann
et al. (2008)

Egg, fish, meat

Extraction with ACN–
water and cleanup with
SPE (Strata X)

Acquity UPLC BEH
C18 (100 × 2.1 mm,
1.7 μm)

HRLC–ESI
TOF–MS (+)

–

Peters et al.
(2009)

Milk

Extraction and protein
precipitation with
ACN– ultrafiltration

Acquity UPLC BEH
C18 column
(100 × 2.1 mm,
1.7 μm)

A: 0.1% (v/v) formic acid
in H2O, B: ACN/0.1%
(v/v) formic acid in H2O
9/1
A: 0.1% (v/v) formic acid
in H2O, B: 0.1% (v/v)
formic acid in ACN

UPLC–ESI–
TOF (+)

10% (Troleandomycin)–807%
(Danofloxacin)

Ortelli et al.
(2009)

Pig feed

Solvent extraction with 1%
of formic acid in ACN/
MeOH/H2O
(65%/25%/10%, v/v)
Extraction with H2O 1%
acetic acid–ACN
(1:4, v/v)
QuEChERS

Altima HP C18
(150 × 3.2 mm)

A: 0.5% (v/v) formic acid
in H2O, B: 0.5% (v/v)
formic acid in MeOH

LC–orbitrap
H-ESI MS
(+ and −)

60.6%
(Oxytetracycline)–125.4%
(Oxolinic acid)

Kaklamanos
et al. (2013)

YMC ODS-AQ
(100 × 2 mm, 3 μm)

A: 0.1% (v/v) formic acid
in H2O, B: ACN

58% (Ciprofloxacin)–128.8%
(Nalidixic acid)

Turnipseed
et al. (2012)

RR Zorbax Eclipse
XDB-C18
(50 × 4.6 mm,
1.8 μm)
Kinetex Core–Shell,
C18 (150 × 2.1 mm,
2.6 μm)

A: 0.1% (v/v) formic acid
in H2O, B: 0.1% (v/v)
formic acid in ACN

LC–ESI–QTOF (+
and −)
LC–ESI–
TOF (+)

33% (Sulfamethizole)–115%
(Sulfanilamide)

Villar-Pulido
et al. (2011)

A: 0.3% (v/v) formic acid
and 5% ACN in H2O, B:
0.3% (v/v) formic acid
and 5% H2O in ACN

LC–orbitrap
H-ESI MS (+
and −)

Kaufmann
et al. (2011)

RP18 Purospher
column (125 × 3 mm,
5 μm)

A: 1 mM HFBA in H2O
with 0.5% formic acid,
B: 0.5% formic acid in
MeOH/ACN (50:50; v/v)

LC–orbitrap
H-ESI MS
(+ and −)

Kidney: 11.9%
(Cephalexin)–97.5%
(Ofloxacin), Honey: 1.2%
(Sulfanilamide)–89.6%
(Nalidixic acid)
–

Frog legs,
aquacultured
Species
Shrimp

Sas (24), Qs (16), MCs (16),
TCs (6), β-LACTs (12),
TRIM, and other vet drugs
(33)

Muscle, kidney,
liver, fish, and
honey

Extraction with ACN and
EDTA-succinate buffer,
cleanup with SPE
(Evolute ABN)

β-LACTs (15), Sas (12),
MCs (10), TCs (7), AMGs
(10), and Qs (10)

Muscle tissues

Two protocols: extraction
with ACN and extraction
with acidified ACN,
cleanup with SPE (C18)

HurtaudPessel et al.
(2011)

69

SAs, sulfonamides; TCs, tetracyclines; Qs, quinolones; MCs, macrolides; β-LACTs, β-lactames; AMGs, aminoglycisides; AMPs, amphenicols; NFs, nitrofurans; QUINOXs, quinoxalins; LINC, lincosamides;
PLMTs, pleuromutullins; TRIM, trimethoprim; ORM, ormetoprim; TIAM, tiamulin; VIRG, virginiamycin; NOV, novobiocin; BAC, bacitracin; VALN, valnemulin; DAP, dapsone; SE, solvent extraction.
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from the matrix (Table 3.3). Kaufmann et al. (2008) proposed
a bipolar extraction, combining an extraction with ACN and
one using a McIlvain buffer-containing complexing agent. With
one of the greater challenges in sample preparation being the
development of a generic extraction method, which should not
only cover a vast number of target analytes but should also be
applicable to different types of food and feed matrixes, Mol
et al. (2008) reported a thorough research comparing the use
of ACN, MeOH and acetone (ACE) for the extraction of veterinary drugs, pesticides and toxins from honey, milk, eggs, and
muscle. However, in the area of multiresidue analysis, there is
always a compromise between recovery and purity of sample
extracts.
LLE is a widely applied extraction procedure in residue
analysis due to its high selectivity compared to simple solvent
extraction (SE). LLE applications can also include polar ionizable compounds, which can be extracted by nonpolar organic
solvents using the ion-pair technique: transforming positively
charged substances into nonpolar neutral compounds in the presence of organic anions, or vice versa (Babin and Fortier 2007;
Kukusamude et al. 2012).
Anastassiades et al. (2003) developed a variation of LLE,
called the QuEChERS sample preparation procedure (standing
for Quick, Easy, Cheap, Effective, Rugged, and Safe), which has
been successfully applied to the analysis of hundreds of pesticide
residues. In the QuEChERS approach, the high-moisture sample
(H2O is added to dry foods) is extracted with an organic solvent
(mainly ACN, but also ethyl acetate or acetone) in the presence
of salts (MgSO4, NaCl and/or buffering agents). The addition
of salts induces phase-separation of the solvent from the aqueous phase. The residues of interest and matrix coextractives are
separated into the relevant liquid phase based on their polarity
with the residues partitioning into the organic phase and matrix
coextractives into the aqueous phase. The extract is subjected to
further purification using dispersive-SPE (d-SPE), which entails
mixing sorbents with the extract.
Although veterinary drugs present greater diversity in the
chemical properties compared to pesticides, making their
simultaneous extraction more difficult, many methods have
been developed for antibacterial determination using this technique, as shown in Table 3.3. The majority of methods based
on the QuEChERS approach involve SE with acidic ACN in
the presence or absence of EDTA followed by phase-separation using anhydrous magnesium sulfate as drying agent. A
few methods include a subsequent d-SPE procedure using C18,
primary secondary amine (PSA) or a combination of both as
sorbent. Stubbings and Bigwood (2009) performed a thorough
optimization of the QuEChERS procedure for the extraction of antibactrerials from animal tissues. The flexibility of
the QuEChERS approach, coupled with low cost and ease of
use, will undoubtedly result in an increase in its application to
residue-analysis.

3.4.2.1.2 Pressurized Liquid Extraction (PLE)
The use of automated extraction techniques leads to a reduction
in uncertainty. Automated methods are generally more reproducible than manual ones and they also decrease the time spent on
sample preparation, which is often the bottleneck in analysis.
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However, their disadvantage is additional extraction cost and
instrumental downtime. Pressurized liquid extraction (PLE) is
the most widely used instrumental extraction technique in food
and feed analysis (Sun et al. 2012).
Pressurized liquid extraction (PLE) has numerous names—
among others, accelerated solvent extraction (ASE), pressurized fluid extraction (PFE), pressurized hot solvent extraction
(PHSE), subcritical solvent extraction (SSE) and hot H2O
extraction (HWE). PLE is carried out at temperatures above
the boiling point of the solvent and uses high pressure to maintain the solvent in the liquid phase and achieve fast and efficient
extraction of analytes from the solid matrix. HWE has gained
interest during the last years (Mendiola et al. 2007). HWE is
cheaper, cleaner and more environmentally friendly than conventional PLE. Moreover, the dielectric constant (polarity) of
water can be significantly reduced with increasing temperature
so that, under pressure, heated water can behave like an organic
solvent, thus making more selective the extraction of moderately polar compounds. Thus, at 100°C–200°C, water can act
as a medium/nonpolar solvent. However, due to the high temperatures involved, the thermal stability of the analytes should
always be checked before extraction. For instance, degradation
of macrolides has been observed at temperatures above 100°C
(Pavlovic et al. 2007).
Several authors have demonstrated the feasibility of using PLE
for sample preparation in the multiresidue determination of antibacterial residues in different types of foods (Table 3.3). Herranz
et al. (2007) report a PLE analytical method for the determination of quinolones in table eggs. Berrada et al. (2008) determine
macrolides in meat and fish using PLE with methanol and Yu
et al. (2011) developed a method for the determination of tetracyclines using trichloracetic acid/acetonitrile as extraction solvents. PLE was also used for the extraction of sulfonamides from
meat samples (Font et al. 2007) and aminoglycosides from milk
(Bogialli et al. 2005).

3.4.2.1.3 Microwave-Assisted Extraction
Microwave-assisted extraction (MAE) is a technique that uses
microwave energy to heat a solvent in contact with a sample, in
order to partition analytes from the sample matrix into the solvent. Using microwave energy allows the solvent to be heated
rapidly: an average extraction takes 15–30 min. MAE offers high
sample throughput (several samples can be extracted simultaneously) with low solvent consumption (10–30 mL). However, solvent choice is limited; care must be taken not to overheat the
sample; additional cleanup of the samples is generally necessary
prior to analysis; and MAE is not amenable to automation (online
extraction and detection, Camel 2001; Chen et al. 2008).
Although MAE is established as a routine, well-developed
method for sample preparation in environmental analysis (soils,
sediments, etc.), only few papers have been found in the literature for the application of MAE to the extraction of antibacterials
from solid foodstuffs (Akhtar et al. 1997; Hermo et al. 2005).
This is generally due to the limited diffusion of the solvent in
samples containing more than 30% of water (as it is the case in
food samples), resulting in low analyte recovery. This problem
can be circumvented by prior drying of samples by lyophilization
(Kinsella et al. 2009).
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3.4.2.1.4 Supercritical Fluid Extraction
Supercritical fluids (SCFs) include properties of both liquids and
gases while their density correlates with temperature and pressure. They offer considerable promise as a media for selective
isolation of target compounds for complex matrices. Carbon
dioxide (CO2) is the most widely used supercritical fluid, because
of its inertness, low cost, high purity, low toxicity, and low critical parameters (CO2: Tc = 31.3°C, Pc = 72.9 atm). Apart from
CO2, other potential SCF solvents are N2O, xenon, C2H6, C3H8,
n-C5H12, NH3, CHF3, SF6, and water (Zougagh et al. 2004).
Sometimes, the relatively low polarity of CO2 may be a major
problem. By adding a polar modifier (MeOH, EtOH, or H2O), its
polarity can be changed to make separation more selective but it
also leads to more coextractants.
Two of the main problems with SFE are the robustness of the
method compared to other techniques and that conditions must
be consistent for reproducible extractions. This has resulted in
reduced interest in the area of residue analysis in the last 10 years
(Kinsella et al. 2009).
Very few SFE applications have been reported in peer reviewed
literature for selective isolation of antibacterial residues from
food samples (Shim et al. 2003; Choi et al. 2009).

3.4.2.1.5 Matrix Solid-Phase Dispersion (MSPD)
Matrix solid-phase dispersion (MSPD) is a sample pretreatment
procedure that is increasingly used for extracting/purifying analytes from a variety of solid and semi-solid foodstuffs. It is a
sample-preparation strategy that consists of a manual blending of
samples with a bulk dispersing agent, to produce complete disruption of the original matrix structure, thus providing an enhanced
surface area for subsequent sample extraction. Usually, the blended
material is then transferred and packed into a column to perform
sequential extraction and eventual cleanup with an appropriate solvent or a sequence of solvents. The biggest advantage of MSPD is
that it can combine the procedures of homogenization, disruption,
extraction and cleanup into one simple process.
Since its introduction, it has been widely applied to the isolation of antibacterials from samples of animal origin. Milk and
its derivates were the most investigated matrices (Karageorgou
and Samanidou 2010, 2011; García-Mayor et al. 2012; Mu et al.
2012), but eggs (Yan et al. 2007), animal (Yan et al. 2007;
Zhang et al. 2012) and fish (Guo et al. 2008; Lu et al. 2011)
tissues, and shrimps (Villar-Pulido et al. 2011) were also analyzed. It has been applied in the extraction of cephalosporins
(Karageorgou and Samanidou 2010), macrolides (Karageorgou
and Samanidou 2011), penicillins (García-Mayor et al. 2012),
sulfonamides (Zhang et al. 2012; Lu et al. 2011), quinolones (Yan
et al. 2007), and amphenicols (Guo et al. 2008; Karageorgou
and Samanidou 2011). Different bulk materials have been used
as matrix-dispersing agents, with C18- and C8-bonded silica
being the most popular by far. Cephalosporins, penicillins,
and amphenicols were extracted from milk using a polymeric
sorbent (Nexus) (Karageorgou and Samanidou 2010) or Strata
X sorbent (Karageorgou and Samanidou 2011), while Kishida
(2007) used normal-phase MSPD with alumina N–S for the
extraction of sulfonamides from meat samples. MSPD with hot
water extraction has been employed in some cases for the extraction of antibacterials in food, using a home-made PLE apparatus

(Bogialli et al. 2007, 2008, 2009). Finally, the use of molecularly
imprinted polymers (MIPs), as selective dispersing media for
sample cleanup (MI-MSPD) has been reported (Yan et al. 2007;
Guo et al. 2008). The use of MIPs enhances the selectivity and
sensitivity of the MSPD procedure, allowing higher recoveries of
the target analytes.

3.4.2.2 Sample Cleanup/Purification Techniques
3.4.2.2.1 Solid-Phase Extraction (SPE)
SPE is the most important sample purification technique in residue analysis and has gradually replaced liquid–liquid extraction
and liquid–liquid partitioning. A number of books and review
papers have already been written on this topic and can be consulted for more detail (Thurman and Mills 1998; Fritz 1999;
O’Keeffe 2000; Fontanals et al. 2005).
A wide choice of sorbents is available which rely on different mechanisms for extraction/retention of analytes. Alumina,
amino or strong cation exchangers (SCX) have been proposed
for ionic antibacterials, while C18 or polymeric sorbents, especially hydrophilic-lipophilic balance (HLB) polymeric reversed
phases are used for neutral or ionizable compounds working at
a pH lower than the pKa of the analytes. HLB sorbent consists
of a copolymer of N-vinylpyrrolidone and divinylbenzenes. The
hydrophilic N-vinylpyrrolidone increases the water wettability
of the polymer and the lipophilic divinylbenzene provides the
reversed-phase retention necessary to retain analytes.
For compounds with varied chemical properties, mixed-mode
sorbents are recommended (e.g., Bond Elut SCX cartridges for
multiresidue of basic drugs) (Stubbings et al. 2005). SPE can
be directly used for the extraction of antibacterials from liquid
food only (e.g., milk or honey, which can be dissolved in aqueous
media). Applications of SPE in multiresidue analysis of antibacterials in food matrices are presented in Table 3.3.

3.4.2.2.2 Dispersive-SPE (d-SPE)
Dispersive-SPE (d-SPE) is a cleanup technique that involves
mixing sorbent with a sample that has been preextracted with
an appropriate solvent. It is typically part of the QuEChERS
method where it follows the extraction step. The appropriate
sorbent adsorbs matrix coextractives onto its surface, leaving
analytes of interest in the solvent. C18 sorbents remove highly
lipophilic compounds and other sorbents, like amino- or carbonbased phases, are employed mainly for the removal of fatty acids
and pigments, respectively. MgSO4 is added to provide additional
cleanup by removing residual H2O and some other compounds
via chelation. It is an extremely fast, simple and inexpensive process that provides high recovery and reproducibility for many
LC- and GC-amenable analytes. Several analytical methods
have used d-SPE as a cleanup step in veterinary residue analysis,
mainly using C18 as a sorbent (Fagerquist et al. 2005; J uan-García
et al. 2007; Mastovska and Lightfield 2008). PSA, amine (NH2)
and silica have also been reported (Hernando et al. 2006; Pan
et al. 2006; Stubbings and Bigwood 2009; Boscher et al. 2010;
Blasco et al. 2011; Villar-Pulido et al. 2011). d-SPE does not provide the same degree of cleanup as SPE. However, it does provide good recovery and reproducibility, coupled with practical
(speed) and cost advantages.
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3.4.2.2.3 Molecularly Imprinted Polymers (MIPs)
MIPs are engineered cross-linked polymers that exhibit high
affinity and selectivity toward a target compound or class of structurally related compounds. The use of MIPs as selective sorbents
in SPE, so-called molecularly imprinted solid phase extraction
(MISPE), is an emerging cleanup procedure for complex matrices such as food. Currently, MIPs are not employed very much
in food analysis, in comparison to other methods, but—thanks to
their high specificity, reduction in the time of analysis in online
approaches and reduction in the costs of analysis—rapid increase
in the number of applications is foreseeable. Different works
reported the use of MIPs for extraction and cleanup in tetracycline (Jing et al. 2009, 2011), sulfonamide (He et al. 2008), quinolone (Díaz-Alvarez et al. 2009; Lombardo-Agüi et al. 2010),
chloramphenicol (Rejtharova and Rejthar 2009; Thongchai et al.
2010; Barreiro et al. 2013) and olaquidox (Song et al. 2011) residue analysis.

3.4.2.2.4 Turbulent Flow Chromatography (TFC)
A relatively new technique used for sample preparation is the
so-called turbulent flow chromatography (TFC) that has shown
great potential for online sample pretreatment, in terms of both
high sample throughput and high reproducibility linked to automation. Columns packed with large particle size sorbents (typically 60 μm) allow online extraction using high solvent flow
rates (typically 4–6 mL/min), without significant back-pressure.
Molecules with low molecular weight diffuse faster than molecules with high molecular weight. Therefore, the small analytes diffuse into the particle pores, whereas the high flow of
the mobile phase quickly flushes the large sample compounds
(e.g., proteins) into the waste, before they have the opportunity
to diffuse into the particle pores. Once trapped, the analytes on
the turbulent flow column, a back-flushing elution desorbs the
analytes and focuses them onto the analytical column for chromatographic separation (Marazuela and Bogialli 2009). The
number of TFC applications in food analysis is scarce (Mottier
et al. 2008; Krebber et al. 2009; Bousova et al. 2013).

3.4.2.2.5 Molecular Weight Cut-Off Devices:
Ultra-Filtration
The development of multiresidue assays using LC–MS/MS
detection has resulted in the alternative purification systems in
the field of residue analysis such as ultra-filtration (UF). In residue analysis of food, UF is primarily used to separate analytes
of interest from macromolecules, such as proteins, peptides, lipids, and sugars, which may interfere with analysis, particularly
affecting ionisation in mass spectrometry. Molecular weight cutoff devices or spin filters coupled to microcentrifuge tubes are the
most commonly used formats (Kinsella et al. 2009). Examples of
applications include sulfonamides in milk (van Rhijn et al. 2002),
eggs (Furusawa 2003) and edible tissues (Furusawa 2001a), tetracyclines in egg (Furusawa 2001b), penicillin G in muscle, kidney and liver (Furusawa 2001c), and spiramycin (a macrolide)
in egg and chicken muscle (Furusawa 1999). Goto et al. (2005)
compared several types of membranes for ultra-centrifugation and showed the difference in recoveries of the antibiotics,
because some membranes sometimes adsorb tetracycline and
penicillins irreversibly. Lately, two multi-residue methods for
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the determination of 27 and 25 veterinary drugs in milk, respectively, using extraction with ACN, were reported (Clark et al.
2011; Turnipseed et al. 2011). Clark et al. (2011) used a 30 kDa
MW cut-off centrifuge filter while Turnipseed et al. (2011) used
a 3-kD cut-off filter. Moreover, a multi-residue method for the
analysis of 150 veterinary drugs in milk using a 3-kD cut-off
filter (Ortelli et al. 2009) has been presented. Ortelli et al. (2009)
showed that ultrafiltration removes more lipophilic matrix interferences than SPE, but that the removal of hydrophilic interferences is worse.

3.4.2.2.6 Restricted Access Materials (RAMs)
RAM sorbents are porous chromatographic supports partially
based on size-exclusion mechanisms that have been specifically developed for protein removal (Sadílek et al. 2007). RAMs
are suitable for online SPE, allowing direct injection of complex samples into LC–MS. Macromolecules are excluded from
the stationary phase and eluted with the mobile phase and the
small molecules are able to permeate through the pores of the
RAM sorbent and interact with it by diverse mechanisms. RAMs
are frequently used as precolumns in column switching liquid
chromatography (LC) systems, using two pumps and a selection
valve with a synchronization unit. These systems allow automate online protein removal and analyte preconcentration on the
RAM precolumn, and afterwards separation of the target compounds in the analytical column, avoiding or reducing sample
pretreatment. However, high fat and protein contents may block
the efficient elimination of interferences and decrease column
lifetime. Different examples have been published, reporting the
application of RAMs in extract purification of food samples, for
example, the cleanup of trace levels of tetracycline antibiotics in
food (Chico et al. 2008a).

3.4.2.2.7 Porous Monolithic Microextraction Materials
Thanks to their structure, monoliths have a number of potential
advantages like low cost, mechanical robustness, and high stability, no void volumes forming at conventional LC flow rates,
high hydraulic permeability and dominance of convection over
diffusion of mass-exchange under dynamic conditions, which
allow the separation of target analytes at extremely high flow
rates (Farré and Barceló 2013).
They are widely used as sorbents in in-tube solid-phase microextraction (SPME). Basically, monolithic materials are divided
into two groups: polymer- and silica-based. Up till now, organic
polymer and silica-based monoliths have been introduced as
extraction media for the microextraction. Generally, the most
commonly used organic polymer monoliths can be grouped
into one of several broad categories (Wei and Feng 2011). Poly
(methacrylic acid-co-ethylene glycol dimethacrylate) (poly
(MAA-co-EGDMA)) monoliths are the most widely reported
type to veterinary residue analysis. They have been used for
the microextraction of sulfonamides in milk, eggs and chicken
muscle (Wen et al. 2005; Li et al. 2008; Zeng et al. 2008), quinolones in milk, egg, chicken and fish muscles (Huang et al.
2006a; Zheng et al. 2009a), tetracyclines in fish muscle (Wen
et al. 2006) and chlorampenicol in honey, milk, eggs (Huang
et al. 2006b). A hybrid organic-inorganic silica monolith with
hydrophobic and strong cation-exchange functional groups was
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prepared and used for in-tube microextraction of sulfonamides
in milk (Zheng et al. 2009b). Also, Stir Bar Sorptive Extraction
(SBSE) based on poly (vinylimidazole-co-divinylbenzene)
(VIDB) monolithic material as coating was used to directly
extract sulfonamide antibacterial residues in milk without the
de-fats and de-proteins steps (Huang et al. 2009). SBSE is
based on sorptive extraction, whereby the solutes are extracted
into a polymer coating on a magnetic stirring rod. The extraction is controlled by the partitioning coefficient of the solutes
between the polymer coating and the sample matrix and by the
phase ratio between the polymer coating and the sample volume
(David and Sandra 2007; Sánchez-Rojas et al. 2009).

3.4.2.2.8 Nanoparticles as Sorbent Materials
The excellent properties of new nanomaterials were recently
exploited for extraction and new cleanup technologies. Carbon
nanotubes (CNTs) can be considered excellent materials for
SPE because of their large adsorption surface and high affinity for organic compounds. Multiwalled CNTs (MWCNTs) are
preferred over the single-walled CNTs (SWCNTs), as the presence of concentric sheets results in enhanced interaction with
the analytes. One of the advantages of carbon-based adsorbent
materials is that their sorbent capacity is maintained even in
organic media. Recent examples have reported the successful use
of CNTs in preparing food samples (Lu et al. 2010; Samanidou
and Karageorgou 2012; Farré and Barceló 2013; Hou et al. 2013).

3.5 Instrumental Analysis
3.5.1 Screening Tests
During the past years, apart from the analytical methodologies,
there was a clear trend toward screening test for the determination of antibacterials in food. The great advantage of the screening tests is the speed of analysis, compared with the multi-stage
methods, while their main drawback is the limited use for a single analyte or group of analytes.
Screening methods usually can provide semi-quantitative or
quantitative results, with a low rate of false compliant samples.
They can also assure high throughput, ease of use, short analysis time, good selectivity, and low cost. It is common practice
for routine laboratories to apply screening methods, covering
families of antibiotics; samples found to be noncompliant are
then analyzed by confirmatory methods (Bargańska et al. 2011).
Screening methods are predominantly bioassays, immunological
methods and microbiological methods. Reviews covering all the
screening methods for the determination of a group of antibacterials exist only for amphenicols (Samsonova et al. 2012) and
β-lactams (Kantiani et al. 2009).
For detecting antibiotic residues in food, bioassay techniques
are widely used in screening methods. Bioassays are commonly
directed to detect one compound, often being too specific to allow
effective identification of multianalytes (Blasco et al. 2007).
Among the different formats, biosensors are the most important, but others such as microplates (Virolainen et al. 2008) and
dipsticks (Alfredsson et al. 2005) are also commercially available. Biosensors can be also classified according to the biological element (enzymatic, immunosensor and microbiological) and

the transducer (piezoelectric, electrochemical, optical, thermal,
impedimetric and calorimetric) (Cháfer-Pericás et al. 2010).
Biosensor methods that contain a biological-recognition element (aptamers) coupled to a signal transduction element can
operate fully automatically. Instability of the biological-sensing
component and the size of the physico-chemical transducer are
the main disadvantage of these types of test (Reder-Christ and
Bendas 2011).
Apart from the conventional biosensors, novel hybrid biosensors are developed for the determination of antibacterials. It
combines the activities of microorganism with potentiometric
measurements (Pellegrini et al. 2005). Furthermore, bioluminescent bacteria have been used at the altar of biosensors (Virolainen
et al. 2008).
Another principle of antibacterial recognition for biosensing is
given by an antigen–antibody reaction. These methods are called
immunological methods and are specific to each type of analyte.
It is either possible to immobilize antibiotic-specific antibodies
at the sensor surface to directly detect the antibiotic binding,
or to invert the assay and detect the binding of antibody-spiked
samples onto immobilized antibiotics in terms of a competitive
assay (Reder-Christ and Bendas 2011).
Enzyme-linked immunoabsorbant assay (ELISA) kit (Gaudin
et al. 2009), or other enzyme-based-immunoassay (EIA) kits for
single analytes (Bilandžić et al. 2011) have been widely described
in literature. Also radioimmunoassay (RIA) and fluoroimmunoassay (FIA) are subclasses of the immunoassays (Cháfer-Pericás et al.
2010; Samsonova et al. 2012). Recently, a dual-colorimetric ELISA
kit has been also introduced for the simultaneous determination of
both fluoroquinolone and sulfonamide residues (Jiang et al. 2013).
More specifically, ELISA is an immunoaffinity-based technique, consisting of an enzyme-linked immunosorbent. It is considered to be easy to use, sensitive and rapid and can be used
to analyze many samples simultaneously. Currently, there are
various ELISA kits on the market, according to the substance or
group of substances to be detected. The detection limits depend
on the extraction and cleaning of the sample. Automation is an
important advantage and can be achieved with a simple colorimeter or spectrophotometer with sophisticated equipment bucket
or automatic microplate reading (Reig and Toldrá 2011).
Microbial inhibitions assays were the earliest methods used
for the detection of antibiotic residues and they are still widely
used. They are very cost-effective and in contrast to, for example,
immunological or receptor-based tests, they have the potential to
cover the entire antibiotic spectrum within one test (Pikkemaat
2009). Usually, they contain a redox indicator that changes color
in the absence of antibiotics in the sample (Gaudin et al. 2009).
Two main test formats can be distinguished: the tube test and the
(multi-)plate test.
Concerning the plate tests, the most important trend is the
development of microbial detection methods for a broad spectrum of antibiotics using multiplate assays based on a combination of different test bacteria. Pikkemaat (2009) lists a variety
of such methods, differing on the size, organism inoculated and
analytes tested. Worthy of remark is the STAR test, a screening test for antibiotic residues, designated by the Community
Reference Laboratory (CRL). Application of this five-plate test
in muscles from different animal species has been carried out by
Gaudin et al. (2010).
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Tube tests form an attractive alternative to multiplate methods.
Almost without exception these tests use B. stearothermophilus
as the indicator organism (Pikkemaat 2009). Premi® Test (DSM),
being the most popular, gathers various application, in animal
muscles tissue (Gaudin et al. 2008), in eggs (Gaudin et al. 2009),
in beef (Schneider et al. 2009), in poultry muscles (Magalhães
et al. 2012) and in a variety of food matrices, coupled with scanner technologies (Stead et al. 2005) or combined with metal ion
chelation assays (Stead et al. 2007). The Explorer® test (Gaudin
et al. 2009) brilliant black reduction test BRT (Sierra et al. 2009),
Delvotest (Sierra et al. 2009; Bilandžić et al. 2011), Eclipse
(Sierra et al. 2009), the Charm, the Copan Milk Test (Sierra et al.
2009) and Kidney Inhibition Swab (KIS™) test (Schneider et al.
2009) also share a portion of the literature.
In conclusion, screening methods are a useful tool in the
analysis of antibacterials in food, but this approach would not be
sufficient in itself. Positive responses from the rapid tests would
need to be correlated with an actual presence of residues in the
samples. Thus, very often, screening tests are accompanied by
confirmatory methods (Alfredsson et al. 2005; Schneider et al.
2009; Cháfer-Pericás et al. 2011).

3.5.2 Confirmatory Methods
Separation techniques—for example gas chromatography (GC),
high-performance liquid chromatography (LC), and capillary
electrophoresis—have been widely used for the analysis of antibacterial residues in food samples. Historically, the control of veterinary drug residues was based on chromatography coupled to
nonspecific technologies such as the fluorimetric detector (FLD),
ultraviolet detector (UV), and electron capture detector (ECD).
However, these techniques suffer some inherent drawbacks: each
antibiotic class has to be tested separately; confirmation of the
target analytes is based mainly on retention-time comparison to
standards; and some analytes have to be derivatized to obtain an
appropriate limit of detection (LOD).
The first introduction of mass spectrometry (MS) in the 1980s
was immediately considered a revolution in the domain due to
its outstanding specificity and sensitivity. Compared with older
chromatographic methods based on the use of conventional
detectors, the use of separation techniques coupled with very
selective mass spectrometry (MS) detector systems, besides
supplying precious information about the identity of a specific
compound, offers the additional advantage that older laborious and time-consuming sample treatment procedures can be
greatly simplified, thereby resulting in faster and low-handling
methodologies.
Public health agencies in many countries rely on detection
by mass spectrometry, which, being a specific detector, affords
unambiguous confirmation of contaminants in foodstuffs. The
EU Commission Decision 2002/657/EC states: “Methods based
only on chromatographic analysis without the use of molecular
spectrometric detection are not suitable for use as confirmatory
methods.”
Although Commission Decision 2002/657/EC still maintains diode-array detection (DAD) and fluorimetric detection as
possible confirmatory techniques for specified antibacterials, it
is clear that these have fallen into disuse. There are still a few
reports using UV or FLD detection, either in multiclass analytical
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methods (Mamani et al. 2009; Wang and Li 2009; Karageorgou
and Samanidou 2011; Toaldo et al. 2012; Yu et al. 2012) or in
methods developed to determine specific groups of antibacterials
like sulfonamides (Bernal et al. 2009; Won et al. 2011), tetracyclines (Önal 2011; Yu et al. 2011), β-lactams (Samanidou et al.
2007; Karageorgou and Samanidou 2010), quinolones (DíazAlvarez et al. 2009; Herrera-Herrera et al. 2009; Cho et al. 2010;
Lombardo-Agüí et al. 2010; Rodriguez et al. 2010), macrolides
(Berrada et al. 2007; Lee et al. 2007; García-Mayor et al. 2012),
aminoglycosides (Viñas et al. 2007a) nitrofurans (Barbosa et al.
2007; Vinãs et al. 2007b) and quinoxalines (Wu et al. 2007;
Song et al. 2011). In many of these studies, a confirmatory step
of MS detection is used for unequivocal identification of target
compounds (Bailac et al. 2006; Barbosa et al. 2007; CarrascoPancorbo et al. 2008; Won et al. 2011; Toaldo et al. 2012) or
the detection system is combined with a very sophisticated
cleanup procedure, such as online SPE using MWCNTs as sorbent coupled with LC (Fang et al. 2006) or ionic liquid-based
homogeneous liquid–liquid microextraction (Gao et al. 2011).
Combinations of UV and fluorescence are rarely used for screening and even less for confirmation (Stubbings et al. 2005; Huang
et al. 2006a; Galarini et al. 2009).

3.5.2.1 Capillary Electrophoresis
Capillary electrophoresis (CE) is a separative analytical technique that is widely accepted due to its ability to simultaneously
determine different analytes with both high efficiency and resolution, low consumption of samples and electrolytes and the possibility of rapid method development (Opekar et al. 2009). CE is
an adequate alternative to chromatographic techniques, mainly
when only small sample amounts are available.
The physicochemical properties of some antibacterials, their
ionizable nature, multiple ionization sites and different water
solubilities, make them highly suitable for electrophoretic analysis. Also, CE, as HPLC, allows automation, injection of smaller
volumes of samples and multiple modes of detection (ECL, UV,
DAD, FLD, MS, etc.). For these reasons, CE is an analytical tool
that has gained importance and has broadened its scope of applications, mainly in the food and drug analysis areas (Robledo and
Smyth 2009; Castro-Puyana et al. 2010).
In the last years, several methods have been published using
capillary zone electrophoresis (CZE). Tetracyclines have been
mainly determined by CZE-DAD and UV methods in milk
(Ibarra et al. 2011; Mu et al. 2012), poultry muscle (Miranda
et al. 2009), fish tissue (Kowalski 2008a) and honey (CasadoTerrones et al. 2007). Laser-induced fluorescence detection
(LIF) coupled with CZE, has been used by Lombardo-Agüí
et al. (2010) for the determination of fluoroquinolones in foods
of animal origin and Yu et al. (2009) for the determination of
kanamycin A, amikacin and tobramycin residues in milk after
postcolumn derivatization.
Electrochemiluminescence detection (ECL), emerging as a
very sensitive mode of detection, has many advantages and has
been coupled with capillary electrophoresis for the determination of tetracyclines and quinolones (Zhou et al. 2008; Deng
et al. 2012). Fan et al. (2007) and Qin et al. (2009) described CE
methods for the analysis of quinolones in milk and chicken muscle, respectively, where the detection is performed by a Potential
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Gradient Detector (PGD, a conductivity detector operated under
a direct current mode).
Bailón-Pérez et al. (2007a) reported a CZE-DAD method for
the determination of β-lactams in milk, while Bailón-Pérez et al.
(2007b) used micellar electrokinetic capillary chromatography
(MEKC) coupled with diode-array detection. MEKC is a modification of capillary electrophoresis in which the separation of
the analytes is based on the differential partitioning between
micelles (pseudo-stationary phase) and a surrounding aqueous
buffer solution (mobile phase) and it has enabled the separation
of neutral or weakly ionic molecules. It has been also used by
Kowalski et al. (2008b) for the simultaneous determination of
amphenicols in poultry tissues with UV detection.
The coupling of CE with MS combines the excellent separation capabilities of CE and the power of MS in analyte identification, with MS/MS being additionally used in structure
elucidation or for additional selectivity in order to gain sensitivity by reducing the background noise. CE-MS and CE-MS/
MS methods have been reported for the analysis of quinolones
in chicken muscle (Lara et al. 2008), sulfonamides in pork (Font
et al. 2007), and sulfonamides and trimethoprim in meat samples (Soto-Chinchilla et al. 2007). A CZE-MS method for the
determination of tetracycline, oxytetracycline, and chlortetracycline in milk was reported by Wang et al. (2007) who performed
online preconcentration with field-amplified sample stacking
with electromigration injection (FASS-EMI) in order to increase
method’s sensitivity. The same online preconcentration technique was used by Li et al. (2008) for the determination of 12
sulfonamides in chicken samples, using UV detection at 270 nm.
Nevertheless, some applications have been presented describing
the simultaneous determination of different groups of antibacterials (Injac et al. 2007; Juan-García 2007; Injac et al. 2008;
Vera-Candioti et al. 2010).

3.5.2.2 Gas Chromatography–Mass Spectrometry
Gas chromatorgraphy (GC) is rarely used for the determination of antibiotics, due to the polar nature, low volatility and
thermal instability of these drugs. Derivatization of these polar
compounds is advisable to improve peak shape and sensitivity
of the method, acetylation being most widely used, since the
reaction can be carried directly in aqueous phase. Once again,
MS detection offers the major advantage of the qualitative identification of the analytes by their mass spectrum. However, it
is only in the case of chlorampenicol that the high sensitivity
of the GC-NCI-MS technique may be advantageous and justify
the time necessary for derivatization (silylation) of the antibiotic to enhance its volatility. GC-MS methods based on electron ionization (EI) have historically been used for this purpose
(Santos et al. 2005), but the resulting sensitivity sometimes
remains insufficient. Negative chemical ionization (NCI) is
more commonly used since it is particularly well adapted for
these halogenated substances that exhibit intense electronic capture properties. This approach provides excellent analyte detectability—upto 0.1 μg/kg (ppb) in tissues (Le Bizec et al. 2009).
The same strategy can be successfully applied for measuring
other related compounds such as thiamphenicol or florfenicol
(Peng et al. 2006; Rejtharová and Rejthar 2009; Shen et al.
2009; Azzouz et al. 2011a,b).

In conclusion, there is a downward trend in utilizing GC for
the determination of antibacterials in food matrices, due to long
analysis-time and the additional step of derivatization, as demonstrated by the very small number of recent publications.

3.5.2.3 Liquid Chromatography–Mass Spectrometry
LC–MS techniques provide a universal approach applicable to
the widest number of veterinary drugs and this is the reason why
these have today become the technique of choice in the field of
the analysis of antibacterial residues in foodstuffs.
The combination of atmospheric pressure ionization and
mass spectrometry (API-MS/MS), in tandem with LC and ultraperformance LC (UPLC) is currently the most frequently used
technique in antibacterial analysis. The most used atmospheric
pressure interfaces are atmospheric pressure chemical ionization (APCI), and electrospray ionization (ESI). For compounds
of moderate to high polarity, ESI constitutes the most important
ionization technique in MS coupled to LC for the analysis of
organic contaminants, and it dominates the application area of
antibacterial analysis (Table 3.3).
Among the different mass analyzers usually applied for target
analysis, triple quadrupole (QqQ) is the most widely used for
measuring and quantifying residues of veterinary drugs. Hybrid
quadrupole-linear ion trap (Q-LIT) system combines fully
functional quadrupole and linear ion trap-MS within the same
instrument and thus, apart from great sensitivity, is capable of
producing MSn spectral information, useful for structure elucidation. Q-LIT has been used in fewer applications than simple
triple quadrupole formats.
However, a recent trend toward the high-resolution mass
spectrometry (HR-MS; i.e., time-of-flight, TOF; Orbitrap;
Fourier Transform-Ion Cyclotron Resonance, FT-ICR) is
undoubtedly observed. High-resolution mass analyzers and
hybrid mass analyzers, such as Q-TOF, LIT-Orbitrap, have
opened a new era in food analysis, together with holistic sample preparation and retrospective analysis. Due to their highresolution power, mass accuracy, fragmentation and isotopic
pattern elucidation can provide tentative identification of nontarget and unknown compounds in food samples. Full-scan
acquisition mode and MSn mode are useful tools of these new
generation instruments.
The main source of analytical problems encountered by LC–
MS users is related to matrix effect problems, particularly when
studying complex samples, such as food. It represents one of the
main sources of pitfall for the analyst, affecting many aspects
of the method performance, such as detection capability, repeatability and accuracy. The matrix effect mainly appears as ion
suppression and it corresponds to the decrease of the evaporation
efficiency of the ions of the analyte due to competition effects
with coextracted and coeluted matrix components. Another
proposed mechanism is the competition between analytes and
interfering compounds regarding the maximal ionization efficiency of the technique (Annesley 2003; Antignac et al. 2005;
Trufelli et al. 2011). Much less frequently and by a process not
yet fully understood, the presence of endogenous compounds
in the nanodroplets of the electrosprayed solution can result in
increased ion signals for the analytes compared to those of a
reference standard solution.
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To overcome the matrix effects when quantifying, two practicable approaches can be used. The use of adequate isotopelabeled internal standards and/or analyte quantitation by
matrix-matched calibration standards should eliminate the analytical systematic errors (bias) caused by ion suppression or ion
enhancement (Bogialli and Di Corcia 2009).

3.5.2.3.1 LC–MS/MS Techniques (QqQ and Q-LIT)
Triple quadrupole MS analyzers (QqQ) present the highest
sensitivity and selectivity when working in selected reaction
monitoring (SRM) or multiple reaction monitoring (MRM), by
selection of at least two precursor ion-to-product ion transition
reactions. The fragmentation of the target compounds in order
to detect only specific product ions, rather than the entire molecule, permits to considerably increase the signal-to-noise ratio
of the target diagnostic signal by decreasing, to a major extent,
the interferences due to other compounds present in the final
extract with the same—or very close—molecular weight as the
analyte of interest (Le Bizec et al. 2009). Under this condition,
QqQ MS analyzers are best suited to achieve the strict tolerance
levels regulated in various countries for antibacterials in different food matrices.
The large number of antibacterials that have to be monitored
in order to ensure food safety has caused a steady increase of the
number of multi-analyte analytical methods developed in recent
years. Applications of multianalyte methods related to LC coupled with MS/MS are presented in Table 3.3.
The application range of MS/MS is today extremely wide,
both in terms of target compounds and in terms of possible
different acquisition modes. This last capability authorizes not
only very sensitive and specific quantitative target measurements, but also powerful untargeted “fishing” approaches based
on advanced scanning techniques like precursor ion scanning
or neutral loss scanning, applicable to a class of substances with
similar fragmentation patterns (Dasenaki and Thomaidis 2010;
Huang et al. 2012).
A drawback of the QqQ MS arrangement is its relatively long
duty cycle (slow scan speed) that limits the number of scans that
can be acquired simultaneously. As a result, SRM methods are
typically limited to ~100 or 150 target analytes, depending on
the chromatographic separation, resulting in a loss of sensitivity. Furthermore, for reliable quantification, two selected reaction
monitoring transitions are required and some analytes present
only one transition while some transitions are unspecific. In spite
of these disadvantages, QqQ still remains the analyzer of choice,
coupled with liquid chromatography, for the determination of
antibacterials in food matrices.

3.5.2.3.2 High-Resolution MS Techniques
To overcome the drawbacks associated with QqQ and IT mass
analyzers, as well as to meet with the challenge of monitoring
drug metabolites that are either more stable or of higher toxicological concern than the parent compound (Picó and Barceló
2008), high-resolution mass analyzers (Q-TOF, Orbitrap, and
FT-ICR) are increasingly becoming more popular in analytical
laboratories.
The introduction of the reflectron TOF MS which is used to
compensate for energy spread from the initial ion velocities has
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resulted in mass resolving power approaching Δm/m ~10,000
[Δm = full-width half-maximum (FWHM)]. Mass accuracy can
currently reach values better than 10 ppm in routine conditions
with external calibration. The ability of a time-of-flight (TOF)
mass spectrometer to assign a mass to compounds with high
accuracy (±0.005 Da) enables it to collect full-scan data and still
detect low levels (nanogram per gram) of contaminants in complex food matrices with sufficient selectivity. A hybrid quadrupole TOF detector (Q-TOF) has the additional ability to obtain
MS/MS spectra that can be used to further characterize drug
residues. Fourier transform ion cyclotron resonance (FT-ICR)
is one of the most sensitive ion-detection methods with mass
accuracy of <1 ppm (Brown et al. 2005), but the high cost of
instrumentation currently restricts its application. An alternative
to these techniques is the Orbitrap mass analyzer, launched in
2005. However, it suffers from a slower data acquisition rate than
Q-TOF instruments, so it is not fully appropriate for fast chromatography (Makarov et al. 2006). This system provides outstanding mass accuracy, mass resolution and reliable high-sensitivity
MSn performance, much higher resolving power (R = 100,000)
than TOF-MS, which is important when analyzing complex
matrices in order to avoid both false positive and false negative
results (Farré and Barceló 2013).
Table 3.3 reports examples of analytical methods developed
for the analysis of antibacterials in food using HRMS techniques.

3.6 Future Trends
There is increasing interest in methods for simultaneous analysis
of various classes of veterinary drugs. Such multi-residue analyses can deal with a large number of compounds in one run. So
far, these multiclass residue methods have been based on detection by QqQ MS with SRM transitions or IT-MSn. Progressively
high-resolution MS has been introduced in the field, first for its
capacity to confirm difficult cases of residue traces in food, but
more recently to authorize an open strategy for the simultaneous
analysis of various classes of veterinary drugs, including, sometimes, more than 100 compounds, by using full-scan MS techniques (TOF instruments). The current and future use of HRMS
is undoubtedly the development of methods for analyzing nontarget antibacterials, unexpected residues and/or metabolites other
than those included in the residue defined.
As far as chromatographic separation is concerned, future
prospects include the use of innovative stationary phases.
Hydrophilic interaction liquid chromatography (HILIC) is
becoming a popular alternative to both normal and reversedphase chromatography for the analysis of polar and ionic compounds, using polar stationary phases (bared silica, aminopropyl,
diol, and switterionic phases bonded to silica or polymeric supports), in combination with aqueous-organic mobile phases. As
it has been reviewed by van Nuijs et al. (2011) and Kahsay et al.
(2013), HILIC has been established as a valuable approach in
analysis of antibacterials in food.
Other stationary phases complementary to the alkyl-type (C8
and C18) are fluorinated reversed ones. Two types of highly fluorinated siloxane-bonded stationary phases can be distinguished,
perfluoroalkyl and pentafluorophenyl, showing different
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separation characteristics (Kiriden et al. 2006). Compared to
traditional alkyl-type stationary phases, which achieved selectivity based on hydrophobic interactions, the pentafluorophenyl
stationary phases use multiple retention mechanisms such as
dipole–dipole, π–π and dispersion interactions in addition to
hydrophobic interactions. Biselli et al. (2013) reported an analytical multiresidue method for the determination of antibiotics in
chicken muscle using a PFP column. Due to its unique selectivity
and the higher retention observed for polar compounds, the use
of these columns is becoming popular in food analysis.
Monolithic columns and fused-core or core-shell columns
have proven to be very good alternatives for high-efficiency separations in HPLC. LC columns packed with monolithic supports
give a single piece of porous material, which results in lower flow
resistance. Because of their small skeletons and wide throughpores, much higher separation efficiency can be achieved than in
the case of particle-packed columns. One of the main advantages
of monolithic columns is that they can work at high flow-rates
(up to 10 mL/min) in conventional column lengths (4.6 mm i.d.)
without generating high back-pressures, resulting in efficiency
and resolution comparable to 3-μm silica particles (Núñez et al.
2012). Sangjarusvichai et al. (2009) describe analytical methodologies for the determination of sulfonamides in shrimp using
C18 Chromolith Performance column. Sun et al. (2009) determine tetracycline antibiotics in food samples by molecularly
imprinted monolithic column coupling with high-performance
liquid chromatography and Cheng et al. (2011) report a capillary
electrochromatographic (CEC) determination of sulfonamides in
meat using a monolithic column.
Fast chromatographic and high-efficiency separations can
also be achieved using columns packed with superficially porous
particles, also known as fused-core columns (Núñez et al.
2012). These particles exhibit efficiencies that are comparable
to sub-2 μm porous particles, but with modest backpressures.
However, as the use of fused-core particles is a relatively recent
trend in chromatographic separation, only a small amount of food
applications are described in the literature such as the determination of sulfonamides in fish (Lu et al. 2011) and chloramphenicol
in egg, honey, and milk (Lu et al. 2010). Developing new LC–MS
methods using these types of columns will be a field to explore
in deep in the future for fast, sensitive and selective applications
in food safety analysis.
Finally, ambient ionization MS techniques are definitely
emerging as screening tools for chemical analysis of contaminants in food. These techniques allow the direct analysis of sample surfaces under ambient air conditions with little or no sample
pretreatment. Since their development in 2004, more than 30 different ambient ionization techniques for MS have been presented
(Weston 2010). Among them, desorption electrospray ionization
(DESI) (Nielen et al. 2011) and the direct analysis in real time
(DART) (Hajslova et al. 2011) are the most well-established.
This research has been cofinanced by the European Union
(European Social Fund, ESF) and Greek national funds through
the Operational Program “Education and Lifelong Learning” of
the National Strategic Reference Framework (NSRF)—Research
Funding Program: Heracleitus II. Investing in knowledge society
through the European Social Fund.
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4.1 Introduction
Growth promoters include a wide range of substances that are
generally used in farm animals for therapeutic and prophylactic purposes. These substances can be administered in the feed
or in the drinking water or even from implants. In some cases,
the residues may proceed from contaminated animal feedstuffs
(McEvoy, 2002). Anabolic promoters have been administered in
the United States to meat-producing animals where estradiol, progesterone, and testosterone are some of the allowed substances.
Other countries allowing the use of certain growth promoters are
Canada, Mexico, Australia, and New Zealand. However, the use
of growth promoters is officially banned in the European Union
since 1988 due to concerns about harmful effects on consumers
(EC, 1988).
Growth promoters increase the growth rate and improve efficiency of feed utilization and thus, contribute to the increase in
protein deposition that is usually linked to fat utilization, which
means a reduction in the fat content in the carcass and an increase
in meat leanness (Lone, 1997). In addition, some fraudulent practices consist of the use of low amounts of several substances such
as β-agonists (clenbuterol) and corticosteroids (dexamethasone)
and/or anabolic steroids, mixtures known as “cocktails,” that
have a synergistic effect and exert growth promotion but make its
analytical detection more difficult due to the low amounts used.
The presence of residues of growth promoters or their metabolites in meat and its associated harmful health effects on humans
make the continuous improvement of analytical methodologies
necessary to guarantee consumer protection. Growth-promoting

substances were banned within the European Union as a precaution safety measure, especially after the reports from the
European Commission concluding the potential harmful effect,
either carcinogenic or endocrine disrupting, of the intake of such
residues in meat (EC, 2002). The use of veterinary drugs in food
animal species is strictly regulated in the European Union and,
in fact, only some of them can be permitted for specific therapeutic purposes under strict control and administrated by a veterinarian (Van Peteghem and Daeseleire, 2004).
Sanitary authorities in different countries are concerned about
the presence of residues of growth promoters or their metabolites
in meat, poultry, or farmed fish because they may exert some
adverse toxic effects on consumers’ health. The European Food
Safety Authority issued an opinion about substances with hormonal activity, specifically testosterone and progesterone, as
well as trenbolone acetate, zeranol, and melengestrol acetate.
The exposure to residues of the hormones used as growth promoters could not be quantified. Although epidemiological data in
the literature provided evidence for an association between some
forms of hormone-dependent cancers and red meat consumption,
the contribution of residues of hormones in meat could not be
assessed (EFSA, 2007). Other substances such as β-agonists have
shown adverse effects on consumers. The symptoms described
after consumption of lamb and bovine meat containing residues
of clenbuterol, were gross tremors of the extremities, tachycardia, nausea, headaches, and dizziness (Barbosa et al., 2005).
Samples from farm animals must be monitored for the presence of growth promoters residues. Control strategies are implemented in all countries and are based on the sampling of urine,
87
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hair, water, and feed in the farms so that results are available
before the animals reach the slaughterhouse. This chapter reports
the main strategies for the control of growth promoters as part
of the wide range of veterinary drugs residues in samples from
farm animals.
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effect and are used for therapeutic purposes but may also exert
some growth promotion when used in combination with other
hormones or β-agonists (Reig and Toldrá, 2010).

4.3 Control of Growth Promoters
4.2 Main Growth Promoters
There are many substances that can exert the growth-promoting
effect in farm animals. The most relevant are grouped as follows:
Steroid hormones and other substances having hormonal
action—These substances exert estrogenic (except 17-β-estradiol
and ester-like derivatives), androgenic, or gestagenic action. The
most relevant are testosterone, progesterone, trenbolone acetate,
zeranol, and melengestrol acetate (Wilson et al., 2002; Perry
et al., 2005).
The steroid substance 1-testosterone (17-β-hydroxy-5alphaandrost-1-en-3-one) has shown a high androgenic and anabolic
potency in vivo with an increase in liver weight due to its reported
selective binding to the androgen receptor (Friedel et al., 2006).
Other substances such as precursor steroids (prohormones) are
also potent androgens with high anabolic effects and also with
toxic effects.
Maximum residue levels (MRLs) have been established by
national authorities and by the Codex Alimentarius. The endogenous production of these substances and those residues present
as a result of exogenous administration must be clearly differentiated when analyzing these substances in farm animals (Reig
and Toldrá, 2010).
Stilbenes—These substances consist of synthetic nonsteroidal
estrogens that exert estrogenic activity (growth and development
of female sexual organs) and produce an increase of somatotropin secretion. They are basically diethylestilbestrol, dienestrol,
and hexestrol. It must be pointed out that diethylestilbestrol was
extensively used as a feed additive or as an implant in cattle and
sheep till the late 1970s but its use was banned because of its
strong relationship to cancer (Le Bizec et al., 2009).
Antithyroideal agents—These substances or thiouracyls are
able to interfere directly or indirectly on the synthesis, release,
or effect of the thyroideal hormones (triiodothyronine T3 and
thyroxine T4). This results in hypothyroidism and decreases
the basal metabolism rate, increasing water retention and
weight. The main outcome for the producer is selling water at
the price of meat. However, these substances have teratogenic
and carcinogenic properties and are banned (De Brabender
et al., 2009).
β-agonists—These substances are able to bind to β-receptors
of various tissues and change the carcass composition by increasing protein synthesis and lipolysis. They are clinically used as
therapeutic agents for respiratory disorders (Lone, 1997). There
is a long list of agonists but the most relevant are clenbuterol,
mabuterol, cimaterol, and salbutamol.
Sedatives—These substances are able to control the stress in
farm animals but also contribute to growth promotion. The most
relevant are carazolol, chlorpromazine, azaperone, and xylazine.
Corticoids (Corticoids such as dexamethasone, betamethasone, flumethasone, prednisolone, cortisone, desoxymethasone,
and hydrocortisone)—These substances exert an anti-inflamatory

The monitoring of residues of substances having hormonal or thyreostatic action as well as β-agonists is regulated in the European
Union through the Council Directive 96/23/EC (EC, 1996) on
measures to monitor certain substances and residues in live animals and animal products. The main veterinary drugs and substances with an anabolic effect are listed with two groups: group
A that lists unauthorized substances having an anabolic effect
and group B that includes veterinary drugs, some of them having
established maximum residue limits (MRLs). The regulations
in 21 Code of Federal Regulations (CFR) Part 556 provides the
acceptable concentrations of residues of approved new animal
drugs that may remain in the edible tissues of treated animals
(FDA, 2011). For instance, MRLs for zeranol were set as 150 g/
kg in the muscle, 300 g/kg in the liver, 450 g/kg in the kidney,
and 600 g/kg in fat (Wang and Wang, 2007).
The European Union Member States have set up national
monitoring programs and sampling procedures following this
directive.
Commission Decisions 93/256/EEC (EC, 1993a,b) and 93/257/
EEC (EC, 1996) gave criteria for the analytical methodology
regarding the screening, identification, and confirmation of these
residues. Furthermore, Commission Decision 2002/657/EC (EC,
2002), provides rules for the analytical methods to be used in
testing of official samples and specific common criteria for the
interpretation of analytical results of official control laboratories
for such samples. This means that when using mass spectrometric
detection, substances in group A would require four identification
points while those in group B would only require a minimum of
three. The relative retention of the analyte must correspond to that
of the calibration solution at a tolerance of ±0.5% for gas chromatography (GC) and ±2.5% for liquid chromatography (LC).
The guidelines given in this new directive also imply new concepts such as the decision limit (CCα) or the detection capability
(CCβ). Both limits permit the daily control of the performance of
a specific method qualified when used with a specific instrument
and under specific laboratory conditions and thus, contribute to the
determination of the level of confidence in the routine analytical
result.

4.4 Sampling and Sample Preparation
Preparation procedures and handling of samples are very important to improve the sensitivity of the screening tests and confirmatory analysis (McCracken et al., 2000). A scheme of procedure
followed for the analysis of growth promoters in a sample is
shown in Figure 4.1.
The residues present in urine samples may be bound or
conjugated as sulfates or β-glucuronides and will need further cleavage to release the free analytes by treatment with
the juice of the snail Helix pomatia that has sulfatase and
β-glucuronidase. Enzymatic digestion with subtilisin is used
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Sample
Addition of internal standard
for confirmatory analysis
Homogenization

Liquid–liquid extraction

Concentration/solid phase extraction

Filtration or centrifugation

Screening test

Negative results

Compliant samples

Positive results

Confirmatory methods

LC-MS/MS, GC-MS/MS,....

Negative results

Compliant samples

Positive results

Noncompliant samples
Figure 4.1 Schematic procedure for the control of growth promoters in samples from farm animals.

to release steroids because the enzymatic hydrolysis with
H. pomatia may not reflect the conjugated fraction of steroids
(Blasco et al., 2007).
Typical procedures for the analysis of growth promoters in
tissues or meat include cutting, blending, and homogenization of the product in an appropriate buffer. The homogenate is
extracted with an organic solvent usually followed by a solidphase extraction (SPE) for sample cleanup and concentration
(Reig and Toldrá, 2009a, b).

4.5 Methods for Cleanup of Growth Promoters
and Their Residues
4.5.1 Extraction Procedures
Extraction is mainly performed to remove interfering substances
while retaining most of the analyte. Extraction solvents must be
carefully chosen for each analyte as determined by pH, polarity,

and solubility. For instance, polar extraction methods for the
determination of anabolic steroids are used because they avoid
some cleanup problems when following nonpolar extraction but
they are insufficient. It has been reported that polar extraction
followed by nonpolar extraction gives better results (Schmidt and
Steinhart, 2002).
Matrix solid-phase dispersion consists of the mechanical
blending of the sample with a solid sorbent that progressively
retains the analyte by hydrophobic and hydrophilic interactions.
The solid matrix is then packed into a column and eluted with an
adequate solvent.
SPE is extensively used for the isolation of a group or class
of analytes. Cartridges (C18, C8, NH2, etc.) are commercially
available at reasonable prices (small disposable cartridges)
and have low affinity and specificity but have a high capacity.
Depending on the analyte, different types of extractants and
cartridges will be used (Stubbings et al., 2005). SPE can be performed with many samples in parallel and this allows a high
throughput.
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4.5.2 Immunoaffinity Chromatography
This type of chromatography is based on the interaction antigen–antibody that is very specific for a particular residue. The
columns are packaged with a specific antibody that is bound to
the solid matrix, usually a gel. When the extract is injected, the
analyte (antigen) is retained. These chromatographic columns
are highly specific and are only limited by potential interferences
(i.e., substances that may cross-react with the antibody) that must
be checked. These columns are rather expensive and can only be
reused a certain number of times. In any case, due to the nature
of the specific antibody when preparing the immunosorbent
material, an in-depth assessment is necessary before considering
its use in a routine analytical method (Godfrey, 1998).

4.5.3 Molecular Recognition
There are several methods based on molecular recognition
mechanisms for cleanup. Molecular-imprinted polymers (MIPs)
have shown promising results for the isolation of low amounts of
residues as those found in meat. These are cross-linked polymers
prepared in the presence of a template molecule that can be a
β-agonist. When this template is removed, the polymer offers a
binding site complementary to the template structure. MIPs have
better stability than antibodies because they can support high
temperatures, larger pH ranges, and a wide variety of organic
solvents. The choice of the appropriate molecule as a template is
the critical factor for a reliable analysis (Wistrand et al., 2004).
The extracted residues are then analyzed by liquid chromatography–mass spectrometry (LC–MS) and have shown good
quantitative results for cimaterol, ractopamine, clenproperol,
clenbuterol, brombuterol, mabuterol, mapenterol, and isoxsurine
but not for salbutamol and terbutaline (Toldrá and Reig, 2006).

4.6 Screening Methods
A wide variety of substances for growth promotion and residues
potentially present in a sample of liver or any other organ or byproduct makes necessary to use screening procedures for routine
monitoring. Screening methods are used to detect the presence
of the suspect analyte in the sample at the level of interest. If the
searched residue has an MRL, then the screening method must
be capable to detect the residue below this limit. In view of the
large amount of substances to be analyzed, these controls are
based on the screening of a high number of samples and thus
must have a good throughput, low cost, and enough sensitivity to
detect the analyte with a minimum of false negatives (Reig and
Toldrá, 2007). Compliant samples are accepted while those suspected noncompliant samples have to be further analyzed using
confirmatory methods. According to the Commission Decision
2002/657/EC (EC, 2002), the screening methods must be validated and have a detection capability (CCβ) with an error probability (β) lower than 5%.

4.6.1 Immunological Techniques
Immunological methods are very specific for a given residue
because they are based on the interaction antigen–antibody. The
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most well-known and extensively used technique is the enzymelinked-immunosorbent assay (ELISA) that is commercially
available as a kit for the measurement of a large variety of substances based on color development. These tests may be subject
to interferences by cross-reactions with other substances giving a
high variability among kits. This is the case of steroid hormones,
which are subject to substantial cross-reactivity and only singlesteroid hormones can be analyzed. In such cases, immunoassays
are being replaced by chromatographic methods hyphenated
with mass spectrometry (Abdel-Khalik et al., 2013).
Other immunological techniques are radioimmunoassay
(RIA), based on the measurement of the radioactivity of the
immunological complex (Samarajeewa et al., 1991); dipsticks,
which are being recently expanded, based on membrane strips
with the receptor ligands and measurement of the developed
color (Link et al., 2007); or the use of luminescence or fluorescence detectors (Roda et al., 2003).

4.6.2 Biosensors
Biosensors have developed quite fast due to the need to screen
a large number of samples in a relatively short time. Biosensors
are mostly based on an immobilized antibody that interacts with
the analyte in the sample and the resulting signal is registered by
either optical or electronical detection (Patel, 2002; White, 2004).
Biosensors can simultaneously detect multiple growth promoters at a time (Gründig and Renneberg, 2002; Franek and Hruska,
2005) with no need for sample cleanup (Elliott et al., 1998). There
are different types of biosensors such as the surface plasmon resonance (SPR) that measures variations in the refractive index of the
solution close to the sensor (Gillis et al., 2002) and has been successfully applied to the detection of different substances residues
(Bergweff, 2005; Haughey and Baxter, 2006) or the biosensors
based on the use of biochip arrays that are specific to a certain
number of residues (Johansson and Hellenas, 2001) and are also
applied to residues detection (Zuo and Ye, 2006). The sensor is also
able to detect a variety of nitrofuran compounds in avian eyes with
a detection capability of <1 ng per eye (Thompson et al., 2011).
SPR also demonstrated efficacy for the detection of certain
plasma proteins such as serotransferrin and ferulin-A, that can
be used as indicative markers of growth promoters use. These
substances are responsive to growth-promoting agents such as
nortestosterone decanoate, 17-β-estradiol benzoate, and dexamethasone (McGrath et al., 2013).

4.6.3 Chromatographic Techniques
High-performance thin-layer chromatography (HPTLC) has
been successfully used for multi-residues-screening purposes.
Samples are injected onto the plates and the residues eluted
through the plate with the appropriate eluent. Once eluted, residues can be viewed under ultraviolet (UV) or fluorescence lights
or visualized by spraying with a chromogenic reagent. HPTLC has
been applied to screen different residues in edible by-products such
as agonists (Degroodt et al., 1989, 1991), nitroimidazol (Gaugain
and Abjean, 1996), and thyreostatic drugs (De Brabender et al.,
1992; De Wasch et al., 1998).
GC and high-performance liquid chromatography (HPLC) are
powerful separation techniques able to separate the analyte from
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most of the interfering substances by varying the type of column and elution conditions (Reig and Toldrá, 2008a, b). In other
cases, the analyte can be detected after appropriate derivatization
(Bergweff and Schloesser, 2003). In addition, these techniques
can be used for multiresidues screening. The recent development
of ultraperformance LC systems and new types of columns with
packagings of reduced size offer valuable improvements for residues detection as a considerable reduction in elution times and
the possibility of a larger number of samples per day (Aristoy
et al., 2007). This procedure has been applied for the detection
of a wide variety of growth promoters residues (Aerts et al.,
1995; Cooper et al., 1995; Horie et al., 1998; Kao et al., 2001;
Reig et al., 2005), anabolic steroids (Gonzalo-Lumbrearas and
Izquierdo-Hornillos, 2000; De Cock et al., 2001), quinolone residues (Verdon et al., 2006), corticosteroids (Shearan et al., 1991;
Mallinson et al., 1995; Stolker et al., 2000; Reig et al., 2006)
and clenbuterol, salbutamol, and ractopamine (Du et al., 2013).
Additional advantages of GC and HPLC are automation and the
possibility to couple the chromatograph to mass spectrometry
detectors for further confirmatory analysis.

4.7 Confirmatory Analytical Methods
Confirmatory methods are preferentially based on mass spectrometry because they provide direct information on the
molecular structure of the suspect compound and thus an
unambiguous identification and confirmation of the residue.
However, these methods are costly in time, equipments, and
chemicals. When the target analyte is clearly identified and
quantified above the decision limit for a forbidden substance
(i.e., substances of group A) or exceeding the MRL in the case
of substances having an MRL, the sample is considered as noncompliant (unfit for human consumption). A suitable internal
standard must be added to the test portion at the beginning
of the extraction procedure. If no suitable internal standard
is available, the identification of the analyte can be done by
cochromatography. This consists of dividing the sample extract
into two parts. The first part is injected into the chromatograph
as such. The second part is mixed with the standard analyte to
be detected and injected into the chromatograph. The amount
of the added standard analyte must be similar to the estimated
amount of the analyte in the extract. Identification is easier for
a limited number of target analytes and matrices of constant
composition (Milman, 2005).
GC with mass spectrometry detection has been used for many
years even though derivatization (i.e., silyl or boronate derivatives) was required for some nonvolatile residues such as agonists. But derivatization constitutes a serious limitation that adds
some extra time and cost to the analysis.
In recent years, the rapid development of mass spectrometry
coupled to LC has expanded its applications in this field, especially for nonvolatile or thermolabile compounds. Tandem mass
spectrometry (MS–MS) has shown high selectivity and sensitivity and thus allows the analysis of more complex matrices such as
liver, and so on, with easier sample preparation procedures. LC–
MS–MS allows the selection of a precursor m/z that is performed
first. This contributes to eliminate any uncertainty on the origin
of the observed fragment ions, eliminate potential interferences

from the sample or from the mobile phase, and reduce the chemical noise and increase the sensitivity (Gentili et al., 2005).
The interface technology has been rapidly developed.
Electrospray ionization (ESI) and atmospheric pressure chemical
ionization (APCI) interfaces are the sources of choice depending
on the polarity and molecular mass of analytes (Gentili et al.,
2005). ESI ionization technique facilitates the analysis of small
to relatively large and hydrophobic to hydrophilic molecules
(Hewitt et al., 2002; Thevis et al., 2003). An important limitation of LC–MS–MS quantitative analysis is its susceptibility to
the matrix effect that is dependent on the ionization type, type
of sample, and sample preparation. APCI ionization has been
reported to be less sensible than ESI to matrix effects (Dams
et al., 2003; Maurer et al., 2004; Puente, 2004; Turnipseed et al.,
2005). ESI is the source to be chosen for the MS analysis of nonsteroidal anti-inflammatory drugs (NSAIDs) due to their polar
nature; however, some interfering substances of the matrix such
as fat may give ion suppression problems (Gentili, 2007). The
extraction of the analyte must be more selective and further purified and cleaned up.
An LC coupled to triple-quadrupole mass spectrometry
(LC-QqQ-MS) was compared for the analysis of 34 anabolic steroids to a high-resolution single-stage Orbitrap MS operating at
a resolution of 50,000 FWHM. The CCα was within the range
of 0.04–0.88 ng/g for the triple quadrupole and in the range of
0.07–2.50 ng/g for the Orbitrap (Vanhaecke et al., 2013).
A rapid qualitative method using on-line column-switching
liquid chromatography/tandem mass spectrometry (LC/MS/
MS) has been developed and validated for screening 13 target
veterinary drugs in different animal organs (Tang et al., 2006),
eight corticosteroids in bovine liver (Dusi et al., 2009), or 16
β-agonists in different pork tissues (Shao et al., 2009). This
system may reduce the cost and time for confirmatory analysis.
Isotope dilution–LC/MS has also been proposed as an accurate
method for the determination of growth promoters such as zeranol, taleranol, and diethylstilbestrol (Han et al., 2013). A list of
recent performance reports for the analysis of growth promoters
residues in samples from farm animals as well as in fat, liver and
kidney, and in meat samples are shown in Tables 4.1 through 4.3,
respectively.
The ion suppression phenomenon in LC–MS must be taken
into account. This is due to matrix effects problems and the presence of interfering compounds that affect the analyte detection.
A wide review about ion suppression phenomenon and its consequences for residue analysis has been published (Antignac et al.,
2005). The main mechanism for ion suppression corresponds
to the presence of matrix-interfering compounds that appear
to reduce the evaporation efficiency. The consequences are a
reduced detection capability and repeatability. The ion ratios,
linearity, and quantification are also affected. It could even lead
to the lack of detection of an analyte or the underestimation of
its concentration or the nonfulfillment of the identification criteria (Antignac et al., 2005). The prevention of this phenomenon
includes an improved purification and cleanup of the sample as
well as the use of an appropriate internal standard. Another strategy is to modify the elution conditions for the analytes to elute
in an area nonaffected by ion suppression (Antignac et al., 2005).
According to the Commission Decision 2002/657/EC (EC,
2002), a system of identification points is used for confirmatory

www.ebook777.com

Free ebooks ==> www.ebook777.com
92

Table 4.1
Performance of Some Methods of Analysis of Growth Promoters in Antemortem Samples of Farm Animals
Analyte

Extraction

17-β-estradiol-3benzoate
Zeranol

Bovine hair

17-α-Trenbolone

Bovine hair

Methyltestosterone

Bovine hair

17-β-Estradiol

Bovine hair

17-α-Testosterone

Bovine hair

Melengestrol

Bovine hair

Cocktail of primary
metabolites, polar
compounds

Urine

Cocktail of primary
metabolites, polar
compounds

Urine

Extraction
SPE NH2
Extraction
Acid hydrolysis
SPE
Extraction
Acid hydrolysis
SPE
Extraction
Acid hydrolysis
SPE
Extraction
Acid hydrolysis
SPE
Extraction
Acid hydrolysis
SPE
Extraction
Acid hydrolysis
SPE
Extraction
Centrifugation
10 kDa cutoff
Freeze drying
Extraction
Centrifugation
10 kDa cutoff
Freeze drying

Bovine hair

CCα
(ng/g)

CCβ (ng/g)

Recovery
(%)

LOD 4.1

LOI 5.0

—

OV-1, 0.25 µm

MS/MS
ESI+
GC–MS/MS

LOD 2.66

LOI 4.48

—

OV-1, 0.25 µm

GC–MS/MS

LOD 0.76

LOI 1.99

—

Rambaud et al.
(2007)

OV-1, 0.25 µm

GC–MS/MS

LOD 1.02

LOI 1.74

—

Rambaud et al.
(2007)

OV-1, 0.25 µm

GC–MS/MS

LOD 0.12

LOI 0.19

—

Rambaud et al.
(2007)

OV-1, 0.25 µm

GC–MS/MS

LOD 0.29

LOI 0.85

—

Rambaud et al.
(2007)

OV-1, 0.25 µm

GC–MS/MS

LOD 1.12

LOI 1.97

—

Rambaud et al.
(2007)

Column

Separation Conditions

Nucleosil C18AB,
5 μm

Detector

Reference
Rambaud et al.
(2005)
Rambaud et al.
(2007)

Uptisphere HDO-C18,
3 µm

Water + acetic acid 0.1 M
Acetonitrile + 0.1 M acetic acid.
T = 37°, flow rate = 0.2 mL/min

Orbitrap
XCMS

Dervilly et al. (2011)

C18, 1.7 µm

Water/ACN
(10:90,v/v) + 200 mM formic
acid
T = 50°C, flow rate = 0.4 mL/min

TOF–MS

Dervilly et al. (2011)

(Continued)
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Analyte

Matrix

β-Boldenone
glucuronide
β-Boldenone sulfate

Urine

β-Boldenone

Urine

α-Boldenone

Urine

5-β-Androst-1-en17-ol-3-one
17-β-Estradiol and
its ethers
Progesterone
Dexamethasone

Urine

Dexamethasone

Drinking
water
Urine

Trenbolone
17
Ethinylestradiol,
zeranol, stanozolol
dienestrol,
diethylstilbestrol
hexestrol, taleranol,
and zearalenone

Urine

Serum
cows
Feed

Extraction

Column

Separation Conditions

Extraction
SPE
Extraction
SPE
Extraction
SPE
Extraction
SPE
Extraction
SPE
Extraction
Centrifugation

Nucleosil C18, 5 µm

Extraction
SPE NH2
Extraction
Centrifugation
Extraction
Centrifugation

Sinergy MAX-RP
80 A, 4 µm

Nucleosil C18, 5 µm
Nucleosil C18, 5 µm
Nucleosil C18, 5 µm
Nucleosil C18, 5 µm
C18
150 × 2.1 mm; 3 µm

Kinetex XB C18,
2.1 × 100 mm
(1.7 μm)

Water, acetonitrile both
containing 0.1% acetic acid
T = 37°C, flow rate = 200 µL/min

Detector
LC–MS/MS
API−
LC–MS/MS
API−
LC–MS/MS
API−
LC–MS/MS
API−
LC–MS/MS
API−
HPLC–LTQ_
Orbitrap
LC–DAD

A gradient of a mixture of water
(a) and acetonitrile (b). T = 30°C,
flow rate = 150 µL/min

LC–MS/
HRMS

CCα
(ng/g)

CCβ (ng/g)

Recovery
(%)

0.40

0.55

75.0

0.75

0.99

72.0

0.52

0.70

76.0

0.70

0.93

71.0

0.42

0.56

79.0

Reference
Buiarelli et al.
(2005)
Buiarelli et al.
(2005)
Buiarelli et al.
(2005)
Buiarelli et al.
(2005)
Buiarelli et al.
(2005)
Regal et al. (2011)

190

217

108.9

Reig et al. (2006)

26

30

105.1

Reig et al. (2006)

0.11–0.69

0.29–0.90

—

Growth Promoters

Table 4.1 (Continued)

Kumar et al. (2013)

Note: ACN, acetonitrile; APCI, atmospheric pressure chemical ionization; ESI, electrospray ionization; TIS, turbo ion spray; LOD, limit of detection; LOI, limit of identification.

93

www.ebook777.com

Free ebooks ==> www.ebook777.com
94

Table 4.2
Examples of Some Methods of Analysis of Growth Promoters Residues in Animal Fat, Liver, or Kidney
Analyte

Matrix

Extraction

Column

Bovine
liver

Liquid extraction
Enzymatic hydrolysis
SPE C18

Synergi MAX-RP
80 A
(150 × 2 mm)
4 μm

Clenbuterol
Salbutamol
Cimaterol
Mabuterol
Terbutalina
Terbutaline
Ritodrine
Hydroxymethylclenbuterol
Tulobuterol
Clenbuterol
Isoxsuprine
Salbutamol
Cimaterol
Ractopamine
Clenbuterol
Brombuterol
Mabuterol
Salbutamol
Zilpaterol
Terbutaline
Cimaterol
Fenoterol
Clenbuterol
Ractopamine
Brombuterol
Mabuterol
Triamcinolone
Prednisolone
Prednisone
Methylprednisone
Betamethasone
Dexamethasone
Flumethasone
Bechlomethasone
Triamcinolone
  acetonide

Bovine
liver

Liquid extraction
Hydrolysis with
H. pomatia
SCX

A-chrom C18
(250 × 3 mm)
5 µm

Bovine
liver

Liquid extraction
Protease hydrolysis
SPH-Oasis HLB

Inertsil C8
(150 × 2.1 mm)
5 µm

Bovine
liver

Liquid extraction
Enzymatic hydrolysis
SPE HCX

Bovine
liver

Enzymatic deconjugation
Liquid extraction
SPE-Oasis HBL

Detector

CCα (ng/g)a

CCβ
(ng/g)

Recovery
(%)

Reference

Gradient of 0.1% acetic acid
in water and 0.1% acetic
acid in a mixture of
acetonitrile/water (90:10),
T = 40°C, and flow
rate = 0.4 mL/min
Gradient using acetonitrile–
ammonium acetate–water
(pH 7.0), and acetonitrile–
ammonium acetate, flow
rate = 0.5 mL/min
Gradient of ammonium
formate buffer (pH 3.2) and
acetonitrile. T = 28°C, flow
rate = 0.3 mL/min

LC–MS/MS
ESI+

0.08
0.15
0.13

0.27
0.32
0.52

—

Thevis et al.
(2003)

LC–MS/MS
APCI+

—

—

Dams et al.
(2003)

Betamax base
analytical column
(100 × 2 mm) 5 µm

Gradient of 0.1% formic acid
(aq) and acetonitrile.
Flow rate = 0.3 mL/min

LC–MS/MS
ESI+

X-terra MS C18RP
(150 × 2.1 mm)
3.5 µm

Gradient using 0.1% acetic
acid and acetonitrile,
T = 40°C, and flow
rate = 0.2 mL/min

LC ESI
MS/MS

LOD = 0.05
LOD = 0.05
LOD = 0.05
LOD = 0.05
LOD = 0.1
0.3
0.2
0.1
0.1
0.1
0.3
0.3
0.1
0.2
0.1
0.2
0.1
0.3
0.2
0.1
0.08
0.2
0.25
0.1
0.5
0.15
1.55
1.47
1.27
1.27
1.46
1.20
1.33
1.27
1.28

LC–MS/MS
APCI+

0.5
0.4
0.2
0.2
0.2
0.5
0.5
0.2
0.3
0.2
0.3
0.2
—

1.83
1.76
1.40
1.36
1.76
1.33
1.45
1.41
1.46

41
67
74
41
57
28
65
71
52
61
53
64

Maurer et al.
(2004)

—

Turnipseed et al.
(2005)

Dusi et al.
(2009)

(Continued)
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Analyte

Matrix

Extraction

Column

Separation Conditions

Detector

Albendazole sulfoxide
Albendazole sulfone
Thiabendazole
Oxfendazole/fenbendazole
Hydroxymebendazole
Fenbendazole sulfone
Oxibendazole
Mebendazole
Flubendazole
Albendazole

Liver

Liquid extraction
SPE C18

XTerra C18
(150 × 3 mm)
3.5 µm

Gradient using ammonium
dihydrogen phosphate
buffer (pH 6.8), methanol,
and acetonitrile. T = 40°C,
flow rate = 0.5 mL/min

HPLC–DAD

Metaproterenol
Cimaterol
Terbutaline
Salbutamol
Cimbuterol
Fenoterol
Clencyclohexenol
Clenproperol
Ractopamine
Clenbuterol
Formoterol
Tulobuterol
Mabuterol
Clenbuterol
Clenisopenterol
Mapenterol
Metaproterenol
Cimaterol
Terbutaline
Salbutamol
Cimbuterol
Fenoterol
Clencyclohexanol
Clenproperol
Ractopamine
Clenbuterol
Formoterol
Tulobuterol
Mabuterol
Clenpenterol
Clenisopenterol
Mapenterol

Pork liver

Enzymatic hydrolysis
Acid extraction
SPE-Oasis HLB and MCX

Acquity BEH C18
(100 × 2.1 mm)
1.7 µm

Gradient using methanol and
0.1% formic acid. T = 40°C,
flow rate = 0.3 mL/min

UPLC ESI
MS/MS

Pork
kidney

Enzymatic hydrolysis
Acid extraction
SPE-Oasis HLB and MCX

Acquity BEH C18
(100 × 2.1 mm)
1.7 µm

Gradient using methanol and
0.1% formic acid. T = 40°C,
flow rate = 0.3 mL/min

UPLC ESI
MS/MS

CCβ
(ng/g)

Recovery
(%)

1303
1164
116
561
481
587
242
467
493
1216

1556
1343
132
627
544
670
281
520
558
1397

50–73
20–27
55–96
57–85
60–103
55–87
61–120
59–100
53–85
36–63

Vinci et al.
(2005)

0.10
0.26
0.04
0.05
0.59
0.05
0.11
0.79
0.13
0.09
0.21
0.03
0.22
0.23
0.27
0.10
0.08
0.19
0.04
0.06
0.35
0.05
0.13
0.68
0.11
0.08
0.21
0.04
0.25
0.16
0.20
0.11

0.17
0.64
0.07
0.08
0.98
0.11
0.17
1.62
0.18
0.17
0.38
0.07
0.38
0.40
0.52
0.19
0.15
0.39
0.05
0.08
0.66
0.10
0.22
1.25
0.14
0.15
0.32
0.07
0.36
0.26
0.37
0.15

—

Shao et al.
(2009)

—

Shao et al.
(2009)

CCα (ng/g)a

Reference
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Table 4.2 (Continued)
Examples of Some Methods of Analysis of Growth Promoters Residues in Animal Fat, Liver, or Kidney
Analyte

Matrix

Extraction

Column

Separation Conditions

Detector

CCα (ng/g)a

CCβ
(ng/g)

Recovery
(%)

Reference

Halofuginone

Poultry
liver

Enzymatic (trypsin)
hydrolysis
Liquid–liquid extraction
SPE Oasis

Prodigy C18
(250 × 4.6 mm)
5 µm

Methanol–water–glacial
acetic acid (40:59.5:0.5)
Flow rate = 1 mL/min

LC–MS/MS
ESI+

35.4

43.6

—

Mottier et al.
(2005)

Halofuginone

Chicken
liver

Lichrosorb RP18
(250 × 4 mm) 5 µm

LOD: 50

—

78.8–82.2

Blanca et al.
(2005)

Bovine
liver

LC–MS
ESI+

LOD = 1

62–69

Gentili et al.
(2006)

Zeranol

Rabbit
liver

Waters XTetra C18
(50 × 2.1 mm)
3.5 µm

LC–MS/MS
ESI−

LOD = 1

—

Zeranol

Bovine
liver

Liquid extraction
Hydrolysis with
β-glucuronidase + aryl
sulfatase
SPE C18
Liquid extraction
deproteinization
SPE OAS/SHLB

Acetonitrile:0.25 M
ammonium acetate (pH
4.3):water (5:3:12 by vol.)
T = 40°C, flow
rate = 1.2 mL/min
Gradient of methanol and
water, T = 40°C, and flow
rate = 0.2 mL/min
Gradient elution with
acetonitrile and 20 mM
ammonium acetate

HPLC–UV

Trenbolone

Liquid extraction
Enzymatic (trypsin)
hydrolysis
Liquid–liquid extraction
SPE C18
Liquid extraction
SPE silica

LOD = 0.5

—

78.9

Horie and
Nakazawa
(2000)

Bovine
liver

Liquid extraction
deproteinization
SPE OAS/SHLB

LC–MS/MS
ESI+

LOD = 0.5

—

76.3
79.1

Horie and
Nakazawa
(2000)

Melengestrol acetate
Melengestrol acetate
Medroxyprogesterone
acetate

Kidney fat

Gel permeation
chromatography

T = 40°C
0.005% acetic acid–
acetonitrile (60:40, v/v)
Flow rate = 0.2 mL/min
T = 40°C
0.005% acetic acid–
acetonitrile (60:40, v/v)
Flow rate = 0.2 mL/min
A gradient of water and
methanol
Flow rate = 0.7 mL/min

LC–MS/MS
ESI−

α-Trenbolone
β-Trenbolone

Zorbax XDB-C18
column
(150 × 2.1 mm)
5 µm
Zorbax XDB-C18
column
(150 × 2.1 mm)
5 µm
Hypersil ODS
(150 × 4.6 mm)
5 µm

LC–MS/MS
APCI+

0.20
0.22
0.22

0.33
0.38
0.37

Capcell pak phenyl
(250 × 2 mm) 5 µm

—

—

Fang et al.
(2002)

(Continued)
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Analyte

Matrix

Extraction

Column

Separation Conditions

Detector

CCα (ng/g)a

CCβ
(ng/g)

Recovery
(%)

0.15
0.15
0.37
0.24

0.19
0.19
0.47
0.32

—

Lohmus and
Kender (2007)

0.08

92.5–93.2

Ahmadkhaniha
et al. (2009)

76.9–121.3

Yang et al.
(2009)

29–67

Dickson et al.
(2009)

Melengestrol acetate
Melengestrol acetate
Chlormadinone acetate
Medroxyprogesterone
acetate
Methyl testosterone

Kidney fat

Liquid–liquid extraction
Defatting procedure
SPE silica

Waters Sunfire C18
(100 × 2.1 mm)
3.5 µm

Gradient elution with
acetonitrile and 10 mM
ammonium formate
Flow rate = 0.25 mL/min

LC–MS/MS
ESI+

Bovine
and
sheep
liver

Liquid extraction
SPE silica and HLB

Derivatization with MSTFA
Splitless mode
EI 70 eV

GC–MS

LOD = 0.04

Multiresidue (50 anabolic
hormones)

Liver

Water + methanol containing
0.1% formic acid
Flow rate = 0.3 mL/min

LC–MS/MS
ESI+

LOD range =
0.04–2.0

Diethylestilbestrol
Dienestrol
Zeranol
Taleranol
Zearalenone
Zearalenone
α-Zearalenol
β-zearalenol

Veal liver

Liquid extraction
Hydrolysis with
β-glucuronidase + aryl
sulfatase
SPE NH2
Liquid extraction Hydrolysis
with β-glucuronidase
deproteinization
SPE XTRX

Ultra-1
methylsilicone
(18 m × 0.2 mm)
Film
thickness = 0.1 µm
Acquity UPLC BEH
C18
(100 × 2.1 mm)
1.7 µm

Derivatization at inlet with
BSTFA/TMSI
Splitless mode
EI 70 eV

GC–MS

DB5-MS
(30 m × 0.25 mm)
Film
thickness = 0.25 µm

0.10
0.15
0.27
0.32
0.26
0.33
0.33
0.31

0.17
0.25
0.45
0.55
0.45
0.57
0.56
0.53

Reference

Growth Promoters

Table 4.2 (Continued)

Note: ECD, electrochemical detector; APCI, atmospheric pressure chemical ionization; ESI, electrospray ionization.
LOD is given when CCα is nonavailable.
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Table 4.3
Examples of Performance of Some Methods of Analysis of Growth Promoters in Meat and Poultry Samples
Analyte

Matrix
Pork meat

Diethylestilbestrol

Pork meat

Androsterone

Pork meat

Estradiol

Pork meat

Zeranol

Pork meat

α-Zearalenol

Pork meat

17-α-Hydroxylprogesterone

Pork meat

Diethylestilbestrol

Beef muscle

17-β-Estradiol

Beef muscle

Testosterone

Beef muscle

Zeranol

Beef muscle

Progesterone

Beef muscle

Extraction
SPE C18
Extraction
SPE C18
Extraction
SPE C18
Extraction
SPE C18
Extraction
SPE C18
Extraction
SPE C18
Extraction
SPE C18
Extraction
Freezing–lipid
filtration
SPE C8
Extraction
Freezing–lipid
filtration
SPE C8
Extraction
Freezing–lipid
filtration
SPE C8
Extraction
Freezing–lipid
filtration
SPE C8
Extraction
Freezing–lipid
filtration
SPE C8

CCα (ng/g)

CCβ (ng/g)

Recovery
(%)

GC–MS/MS

LOD 0.2

—

84.6

Fuh et al. (2004)

GC–MS/MS

LOD 0.1

—

80.1

Fuh et al. (2004)

GC–MS/MS

LOD 0.2

—

91.0

Fuh et al. (2004)

GC–MS/MS

LOD 0.1

—

95.8

Fuh et al. (2004)

GC–MS/MS

LOD 0.1

—

95.3

Fuh et al. (2004)

GC–MS/MS

LOD 0.1

—

94.6

Fuh et al. (2004)

GC-MS/MS

LOD 0.4

—

102.4

Fuh et al. (2004)

GC–MS/MS

LOD 0.3

—

91.0

Seo et al. (2005)

DB-1MS, 30 m,
0.25 µm

GC–MS/MS

LOD 0.2

—

85.0

Seo et al. (2005)

DB-1MS, 30 m,
0.25 µm

GC–MS/MS

LOD 0.1

—

100.0

Seo et al. (2005)

DB-1MS, 30 m,
0.25 µm

GC–MS/MS

LOD 0.2

—

83.0

Seo et al. (2005)

DB-1MS, 30 m,
0.25 µm

GC–MS/MS

LOD 0.3

—

80.0

Seo et al. (2005)

Column
DB-5, 30 m,
0.25 µm
DB-5, 30 m,
0.25 µm
DB-5, 30 m,
0.25 µm
DB-5, 30 m,
0.25 µm
DB-5, 30 m,
0.25 µm
DB-5, 30 m,
0.25 µm
DB-5, 30 m,
0.25 µm
DB-1MS, 30 m,
0.25 µm

Separation
Conditions

Detector

Reference

(Continued)
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Extraction
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Analyte

Matrix

Extraction

Column

34Anabolic steroids

Muscle tissue

Extraction SPE

Hypersil Gold
C18, 1.9 µm

34Anabolic steroids

Muscle tissue

Extraction SPE

Hypersil Gold
C18, 1.9 µm

Diethylstilbestrol zeranol
Taleranol

Pork and
bovine meat

Enzymatic
hydrolysis
SPE

Atlantis dC18
(150 × 2.1 mm)
3 µm

Trenbolone

Poultry
muscle
Poultry
muscle
Poultry
muscle
Poultry
muscle
Poultry
muscle
Poultry
muscle
Poultry
muscle

Matrix solid-phase
dispersion
Matrix solid-phase
dispersion
Matrix solid-phase
dispersion
Matrix solid-phase
dispersion
Matrix solid-phase
dispersion
Matrix solid-phase
dispersion
Matrix solid-phase
dispersion

Alltima C18,
5 μm
Alltima C18,
5 μm
Alltima C18,
5 μm
Alltima C18,
5 μm
Alltima C18,
5 μm
Alltima C18,
5 μm
Alltima C18,
5 μm

Testosterone
Melengestrol acetate
Progesterone
α-Zeranol
α-Estradiol
Diethylestilbestrol

Separation
Conditions
Gradient
Water:methanol,
T = 30°C, flow
rate = 0.3 mL/min
Gradient
Water:methanol,
T = 30°C, flow
rate = 0.3 mL/min
Gradient water and
ammonium acetate
10 mM and
methanol and
acetonitrile. Flow
rate = 0.3 mL/min

Detector

CCα (ng/g)

CCβ (ng/g)

Recovery
(%)

LC MS/MS
Q–q–Q
APCI+, APCI−

0.04–0.88

—

—

Vanhaecke et al.
(2013)

LC Orbitrap
MS

0.07–2.50

—

—

Vanhaecke et al.
(2013)

LC ESI MS

0.03
10
0.04

0.1
0.07
0.07

—

Han et al. (2013)

0.13

99

0.03

0.21

97

0.03

0.26

90

0.21

0.16

96

0.08

0.87

90

0.11

0.85

100

0.04

0.33

80

Gentili et al.
(2006)
Gentili et al.
(2006)
Gentili et al.
(2006)
Gentili et al.
(2006)
Gentili et al.
(2006)
Gentili et al.
(2006)
Gentili et al.
(2006)

MS/MS
APCI+
MS/MS
APCI+
MS/MS
APCI+
MS/MS
APCI+
MS/MS
TIS−
MS/MS
TIS−
MS/MS
TIS−

Reference

Growth Promoters

Table 4.3 (Continued)

Note: APCI, atmospheric pressure chemical ionization; ESI, electrospray ionization; TIS, turbo ion spray; LOD, limit of detection; LOI, limit of identification.
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purposes with a minimum of four points required for the substances of group A and a minimum of three for group B substances. So, one identification point can be earned for the precursor
ion with a triple-quadrupole spectrometer and 1.5 points can be
earned for each product ion. A high-resolution mass spectrometer acquires two identification points for the precursor ion and
2.5 for each product ion. Variable window ranges for MS peak
abundances are also established in the new Decision (EC, 2002).
So, the relative ion intensities must be >50%, >20–50%, >10–
20%, and ≤10%. In the case of electron impact–gas chromatography–mass spectrometry (EI–GC–MS), the maximum permitted
tolerances are ±10%, ±15%, ±20%, and ±50%, respectively while
in the case of CI–GC–MS, GC–MSn, LC–MS, and LC–MSn are
±20%, ±25%, ±30%, and ±50%, respectively.
Other methods can be used for group B substances. So, liquid
chromatography–full scan diode array detection (LC–DAD) can
be used as a confirmatory method if specific requirements for
absorption in UV spectrometry are met. This means that the
absorption maxima of the spectrum of the analyte shall be at the
same wavelengths of the calibration standard within a margin
of ±2 nm for diode array detection. Furthermore, the spectrum
of the analyte above 220 nm will not be visibly different (at no
point >10%) from the spectrum of the calibration standard (EC,
2002).
The number of noncompliant samples in the European Union
have not been as large as initially expected. In fact, the report
of the National Monitoring Plans revealed that <0.14% of the
58,000 analyzed samples were positive on substances of groups
of stilbenes, thyrostatic agents, steroids, and resorcylic acid lactones and <0.01% in 25,000 samples for β-agonists (Nebbia et al.,
2011). However, the perception is that larger rates of noncompliance substances might occur due to the use of either analogs
of known substances or other substances not subject to analysis (Courtheyn et al., 2002). Novel strategies have been recently
proposed (Nebbia et al., 2011) and are based on the detection
of specific biomarkers that can be reliable and cost-effective for
large-scale throughput tests.
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5.1 Physical and Chemical Properties
The term “urea pesticide” includes many compounds with
important herbicide and insecticide activities. Chemically, only
the presence of a urea moiety is common to all them. Urea pesticides can be classified according to their chemical structures
into: substituted ureas, sulfonylureas (SUHs), and benzoylureas
(BUIs). Most of the substituted ureas are phenylureas (PUHs)
and the rest contain heterocyclic groups. Figure 5.1 shows the
chemical pattern for classification of urea pesticides and some
examples. PUHs and ureas with heterocyclic groups are herbicides inhibiting photosynthesis by blocking the electron transfer
in Photosystem 11 within the chloroplasts of plants. SUHs are
herbicides that interfere with the acetolactate synthase (acetohydroxyacid synthase) activity that is related to the biosynthesis
of three essential branch-chain amino acids. BUIs act as insect
growth regulators, interfering with the chitin formation in the
vital insect exoskeleton.
The physical and chemical properties of the urea pesticides
determine the efficacy of the extraction, cleanup, and detection
processes. Tables 5.1 through 5.3 show interesting properties
having influence on the analytical procedures. Urea pesticides
are colorless and odorless. Most substituted urea herbicides are
chlorinated, and most BUIs contain fluorine atoms. Substituted

urea herbicides have low molecular weights (usually less than
300), those of the SUHs and BUIs are higher, reaching 540 for
the BUI chlorfluazuron. Substituted urea herbicides show octanol/water partition coefficients (as log Pow) typically within 2 and
3, those for BUIs are higher (from 3.9 to 5.8). Data of log Pow for
SUHs found in the literature are largely variable and sometimes
distinct for the same compound. Substituted urea herbicides and
BUIs are neutral substances, while SUHs are acidic compounds
with pKa values ranging from 3.3 to 5.2.
When preparing standard solutions of pesticides, solubility of
the pesticides and stability of the solutions must be taken into
consideration. Tables 5.1 through 5.3 show that dichloromethane
(DCM) is an excellent solvent for urea pesticides, but in order
to facilitate addition of standards to aqueous samples the use of
acetone is a good choice. Methanol can also be adequate for most
proposes. On the other hand, the water solubility of most substituted ureas and some SUHs are only of a few milligrams per
liter order. Dissolving BUIs in water is a real problem seeing that
their solubilities are of microgram per liter order. In addition,
many substituted ureas and some SUHs (chlorsulfuron, cinosulfuron, rimsulfuron, triasulfuron, tribenuron methyl, triflusulfuron methyl) and BUIs (diflubenzuron, triflumuron) are unstable
at acidic and/or alkaline pHs. In general, substituted urea and
SUH standard solutions should be protected from UV light.
105
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Substituted urea herbicides
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Figure 5.1 Chemical classification and examples of urea pesticides.

Urea pesticides manifest low acute toxicity for mammals and
birds, and high toxicity for the aquatic environment with prolonged use. Substituted herbicides can persist several months in
soil, whereas the persistence of SUHs is usually below 60 days.
Due to such persistence, urea pesticide residues can contaminate foods because they are directly applied on crops or through
the contaminated water used for irrigation of cultures. Maximum
residue levels (MRLs) of pesticide are regulated by international
and national organisms. MRLs are defined for a determined
pesticide in a particular food in agreement with its toxicity and
dairy intake. MRLs for urea pesticides have been established
for a few foods; disperse and scarce regulations are set by the
different countries according to their own interests in specific

crops. A more simple regulation for drinking water has been
set—the European Union Legislation established in the 98/83/EC
Directive on quality of water for human consumption a maximum admissible concentration of 0.1 µg/L for each individual
pesticide and 0.5 µg/L for the sum of pesticides.

5.2 Sample Preparation
Despite recent progress in analytical chemistry, preparation of
samples before fin al determination still remains an essential task.
Direct determination of urea pesticides in food samples using the
most usual techniques is reserved only for a few pesticides in
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very pure matrices like drinking water. For most purposes, isolation and enrichment of analytes, and even some cleanup steps,
are required. In the literature, some publications have reviewed
analytical procedures for determining pesticide residues in several matrices including water and foods [1-11-18]. The main
techniques, that is, SPE (see Tables 5.4 and 5.5), MSPD [19,20],
SPME [21–25], LC [1,2,5,8,11,26,27], GC [1,2,10,11], TLC [13],
CE [4,14–16,29], immunoassay [35–37], and MS [18,25,29], used
in pesticide residue analysis have been overviewed by several
authors. Nevertheless, only a few articles specifically deal with
urea pesticide determination [2,3,7,8]. One article is dealing with

the determination of PUHs by direct laser photo-induced fluorescence [38].
Quick, Easy, Cheap, Effective, Rugged, and Safe, the
QuEChERS method is based on work done and published by
Anastassiades et al. [39] QuEChERS was developed using an
extraction method for pesticides in fruits and vegetables, coupled
with a cleanup method that removes sugars, lipids, organic acids,
sterols, proteins, pigments, and excess water. This technique offers
a user-friendly alternative to traditional liquid-liquid and solid
phase extractions (SPEs). The process involves two simple steps.
First, the homogenized samples are extracted and partitioned
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Benzoyl urea insecticides (BUIs)
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using an organic solvent and salt solution. Then, the supernatant
is further extracted and cleaned using a dispersive solid phase
extraction (dSPE) technique. Different publications on multi-residue methods for determination of pesticides in different foodstuffs
with (modified) QuEChERS appeared in the literature [40,41].

5.2.1 Extraction and Cleanup
5.2.1.1 Extraction with Organic Solvents and Cleanup
The choice of method for the isolation of urea pesticides from
food samples depends on the analyte characteristics. Traditional
extraction with solvents is still used for the isolation of urea pesticide residues even if considerable efforts have been focused on
reducing the consumption of hazardous organic solvent, as this
is essential for human and environmental safety. Tables 5.4 and
5.5 give a number of methods based on solvent and SPE, respectively, and their further cleanup procedures. A typical extraction
of urea pesticides from water for human consumption involves
DCM partition, concentration of the solvent, and determination
[42–44].

Other mixtures of solvents such as benzene/ethyl acetate [45]
and DCM/isopropanol [46] have been also utilized as extractants. A well-known drawback of extraction with solvents is the
formation of emulsions; several methods have added NaCl to the
aqueous phase to encourage phase separation [47,48]. Extraction
is usually performed for a determined class of urea pesticide:
phenyl-, sulfonyl-, or benzoyl-urea. Few methods include simultaneous extraction for all these classes of urea pesticides [49], but
some benzoylureas (diflubenzuron, triflumuron, teflubenzuron)
can be analyzed together with phenylureas by LC [42] or GC
[47]. Substituted ureas and BUIs have neither acidic nor basic
properties, but SUHs are acidic compounds (pKa 3.3–5.2) and,
therefore, aqueous matrices are acidified in order to facilitate the
extraction process. Recently, a continuous-flow liquid membrane
extraction has been coupled online with LC to determine SUHs
from water [50,51]. Dichloromethane was selected to form the
liquid membrane, obtaining an enrichment factor of over 1000.
For clean water samples, the cleanup processes can be usually
avoided [42–46]. Foods are more complex matrices than water
and a cleanup step is frequently essential. A common scheme
for urea pesticide isolation consists of forming an aqueous
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Table 5.1
Physical and Chemical Properties of Phenyl and Other Substituted Urea Herbicides
Solubility (g/L) (Temp °C)
Compound
MW
Chlorbromuron
293.57

Chloroxuron
290.75
Chlortoluron
212.69
Dimefuron
338.80

Diuron
233.10
Ethidimuron
264.33
Fluometuron
232.2
Isoproturon
206.29
Linuron
249.10
Methabenzthiazuron
221.29
Metobromuron
259.11
Metoxuron
228.68
Monolinuron
214.6
Siduron
232.30
Thiazafluron
240.21

IUPAC name
Molecular formula

log Pow
(Temp °C)
a

Water

Methanol

DCM

Acetone

Stability

170 (20)

460 (20)

Slowly hydrolyzed
in aqueous media

106 (20)

44 (20)

51 (25)

50 (20)

Unstable at pH <1
and >13, unstable
under UV light
Slowly hydrolyzed
by strong acids
and alkalis

3-(4-Bromo3-chlorophenyl)-1meth-oxy-I-methylurea
C9H10BrClN2O2
3-[4-(4-Chlorophenoxy)
phenyl]-1,1-dimethylurea
C15H15ClN2O2
3-(3-Chloro-4methylphenyl)-1,1-dimethylurea CIOH13ClN2O
3-[4-(5-tert-Butyl-2-oxo2,3-dihydro-1,3,4oxadiazol-3-yl)3-(chlorophenyl)]-1,1dimethylurea
C15H19ClN4O3
3-(3,4-Dichlorophenyl)1,1-dimethylurea
C9HIOCI2N2O
1-(5-Ethylsulfonyl-1,3,4thiadiazol-2-yl)-1,3dimethylurea C7H12N4O3S2

3.09

0.035 (20)

3.2

0.002 (20)

2.25 (25)

0.070 (25)

2.51

0.016 (20)

2.77–2.85
(25)

0.042 (25)

1–2 (25)

53 (27)

0.43

2.96 (20)

106 (20)

150 (20)

1,1-Dimethyl-3-(α,α,αtrifluoro-m-to-lyl)urea
C10H11F3N2O
3-(4-Isopropylphenyl)-l,ldimethylurea C12H′8N2O
3-(3,4-Dichlorophenyl)-1methoxy-l-methylurea
C9H10Cl2N2O2
1-(Benzothiazol-2-yl)-1,3dimethylurea C10H11N3OS
3-(4-Bromophenyl)-1methoxyl-methylurea
C9H11BrN2O2
3-(3-Chloro-4methoxyphenyl)-1,1-dimethylurea C10H′13ClN2O2
3-(4-Chlorophenyl)-1methoxy1-methylurea
C9H11ClN2O2
1-(2-Methylcyclohexyl)-3phenylurea C14H20N2O
1,3-Dimethyl-1-(5trifluormethyl-1,3,4thiadiazol-2-yl)urea
C6H7F3N4OS

2.23–2.42

0.08 (25)

110–140
(20)

23 (20)

150–150
(22)

2.5 (22)

0.070 (20)

56 (20)

63 (20)

3 (22)

0.075 (25)

2.64

0.059 (20)

65.9 (20)

>200 (20)

115.9 (20)

2.41

0.32 (20)

240 (20)

550 (20)

500 (20)

1.6 (23)

0.660 (22)

2.2

0.580 (20)

35 (20)

3.3 (20)

395 (25)

>200

2.1 (20)

>200

>100 (25)

0.018 (25)
1.82

64

257 (20)

146 (20)

>200

Unstable at extreme
pHs, decomposes
at T >180°C
Unstable at pH >9,
decomposes at
T >217°C
Unstable under UV
light
Decomposes at
T >230°C
Slowly hydrolyzed
in acidic and
alkaline media
Unstable at pH <1
and >13
Very stabie at pH 7,
20°C
In solution
decomposes under
UV light
Slowly hydrolyzed
in acidic and
alkaline media
Unstable at pH <6
and >8
Unstable at pH >8

At pH 7.
MW, molecular weight; DCM, dichloromethane.
a

extract with acetone [47,48,52–54], methanol [49,55–59], ethyl
acetate [60–63], DCM [64,65], acetonitrile [66,67], or a mixture of acetone/tetrahydrofuran [68,69], partitioning with nonmiscible organic solvents such as DCM [47], DCM/petroleum
ether [54], DCM/hexane [69], DCM/cyclohexane [52], or hexane [53], followed by concentration, and cleanup by means of

GPC [47,48,52,61] or SPE. Solid phases utilized in cleanup steps
are: silica [60,64,69], aminopropylsilica [54], octylsilica (C8)
[49,69], octadecylsilica (C18) [58,59], aminopropylsilica [63],
Amberchrom CG-161 [55], Carbograph-1 [59], neutral alumina
[62], ion-exchange resins [56,57,67], immunosorbents [57], and
LiChrolut EN [70].
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Table 5.2
Physical and Chemical Properties of Sulfonylurea Herbicides
Compound
MW
Amidosulfuron
369.41
Azimsulfuron
424.40
Bensulfuron
methyl
410.41
Chlorsulfuron
357.8
Cinosulfuron
413.40
Flazasulfuron
407.30
Metsulfuron
methyl
381.37
Nicosulfuron
410.40
Prosulfuron
419.40
Rimsulfuron
431.40
Sulfosulfuron
470.49

Thifensulfuron
methyl
387.4
Triasulfuron
401.83
Tribenuron
methyl
395.39
Triflusulfuron
methyl
492.4

IUPAC Name
Molecular Formula
1-(4,6-Dimethoxypyrimidin-2-yl)-3[methyl(methylsulfonyl)sulfamoyl]urea
C9H17N5O7S2
1-(4,6-Dimethoxypyrimidin-2-yl)-3-[1methyl-4-(2-methyl-2H-tetrazol-5-yl)
pyrazol-5-ylsulfonyl]urea C13H16N10O5S
Methyl Α-(4,6-dimethoxypyri-midin-2ylcarbamoylsulfa-moyl)-o-toluate
C16H18N4O7S
1-(2-Chlorophenylsulfonyl)-3-(4-methoxy6-methyl-1,3,5-triazin-2-yl) urea
C12H12ClN5O4S
1-(4,6-Dimethoxy-l,3,5-triazin-2-yl)-3-[2(2-methoxyethoxy)phenylsulfonyl] urea
C15H19N5O7S
1-(4,6-Dimethoxypyrimidin-2-y1)-3-(3trifluoromethyl-2-pyridylsulfonyl)urea
C13H12F3N5O5S
2-(4-Methoxy-6-methyl-l,3,5-triazin-2-ylcarbamoylsulfamoyl)benzoic acid methyl
ester C14H15N5O6S
2-(4,6-Dimethoxypyridin-2-ylcarbamoylsulfamoyl)-N,Ndimethylnicotinamide C15H18N6O6S
1-(4-Methoxyl-6-methyl-1,3,5-triazin-2y1)-3-[2-(3,3,3-tri-fluoropropyl)
phenylsulfony-1]urea C15H16F3N5O4S
1-(4,6-Dimethoxypyrimidin-2-y1)-3-(3ethylsulfony 1-2-pyridilsulfonyl)urea
C14H17N5O7S2
1-(2-Ethylsulfonyl-imida-zol[l,2-a]
pyridin-3-ylsulfonyl)-3-(4,6dimethoxypyrimi-din-2-yl)urea
C16H18N6O7S2
3-[3-(4-Methoxy-6-methyl-l,3,5-triazin-2ylcarbamoyl-sulfamoyl)thiophen-2car-boxylic acid methyl ester C12H13N5O6S2
3-(6-Methoxy-4-methyl-l,3,5-triazin-2-yl)-1[2-(2-chlor-oethoxy) phenylsulfonyl] urea
C14H16ClN5O5S
Methyl 2-[4-methoxy-6-methyl-I,3,5-triazin2-yl(methyl)carbamoylsulfa-moyl]benzoate
C15H17N5O6S
Methyl 2-[4-dimethylamino-6-(2,2,2trifluoroethoxy)-1,3,5-triazin2ylcarbamoylsulfamoyl]-m-toluate
C17H19F3N6O6S

Solubility (g/L) (Temp °C)

pKa

log Powa
(Temp °C)

DCM

Acetone

3.58 (25)

1.634 (20°C, pH 2)

0.009 (20)

0.872
(20)

6.9 (20)

8.1 (20)

3.60

0.043 (25)

1.05 (20)

2.1 (25)

65.9 (25)

26.4 (25)

5.2

0.61

0.12 (25)

0.99 (20)

11.7 (20)

1.4 (20)

3.6

1.11 (25)

0.125 (25)

14 (22)

102 (22)

57 (22)

4.72

2.04 (25°C, pH 2.1)

3.7 (20)

95 (20)

36 (25)

4.47

−0.06

2.1 (25)

4.2 (25)

22.1 (25)

12 (20)

3.3

−1.745

9.5 (pH 6.1)

7.3 (20)

121 (20)

36 (20)

4.6

−1.77

12

0.37

17.1

13.08

3.76

−0.21

4

180 (25)

160 (25)

4.1

−1.47

7.3 (25)

l.55 (25)

35.5 (25)

14.8 (25)

3.51

−0.77

1.63

0.33 (20)

4.35 (20)

0.7l (20)

4.0

−1.69

2.24 (25)

2.6 (25)

27.5 (25)

11.9 (25)

4.65

−0.96

0.3–l.5 (20)

3.4 (25)

15 (20)

16 (25)

5.0

−0.44

0.28 (pH 6)

3.39

4.4

0.96

0.11

70

Water

Methanol

43.8

580

120

At pH 7.
MW, molecular weight; DCM, dichloromethane.
a

A preconcentration step based on SPE was applied for the
simultaneous extraction of sulfonylureas (acidic in nature)
and phenylureas (neutral compounds) from water samples.
Different types of sorbents were evaluated: silica-based C18
and two polymeric sorbents, Oasis HLB and LiChrolut EN. The
best results were obtained with Oasis HLB, a co-polymer of
poly(divinylbenzene-co-N-vinylpyrrolidone) [71].

5.2.1.2 Extraction with Solid Phases
The use of off-line and online SPE, SPE with immunosorbents,
matrix solid-phase dispersion (MSPD), and solid-phase microextraction (SPME) have been reported for the analysis of urea pesticides in water and food. As can be seen in Tables 5.4 and 5.5,
SPE is largely preferred over extraction with solvents for water
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Table 5.3
Physical and Chemical Properties of Benzoylurea Insecticides
Compound
MW
Chlorfluazuron
540.66
Diflubenzuron
310.69
Flufenoxuron
488.80
Hexaflumuron
461.1
Lufenuron
511.20
Teflubenzuron
381.10
Triflumuron
358.70

IUPAC Name
Molecular Formula
1-[3,5-Dichloro-4-(3-chloro-5-trifluoromethyl-2-pyridiloxy)phenyl]3-(2,6difluorobenzoyl) urea C20H9Cl3F5N3O3
1-(4-Chlorophenyl)-3-(2,6-di-fluorobenzoyl)
urea C14H9ClF2N2O2
1-{4-[2-Chloro-4-(trifluoromethyl)
phenoxy]-2-fluorophenyl}-3-(2,
6-difluorobenzoyl)urea C21H11ClF6N2O3
1-[3,5-Dichloro-4-(1,1,2,2-tetrafluoroethoxy)phenyl]-(2,6-diflurobenzoyl)
urea C16H8Cl2F6N2O3
(RS)-1-[2,5-Dichloro-4-(1,1,2,3,3,3hexafluoropropoxy)phenyl]-3-(2,6-difluorobenzoyl)urea C17H8Cl 2F8N2O
1-(3,5-Dichloro-2,4-difluorophenyl)-3-(2,6difluorobenzoyl)urea C14H6Cl2F4N2O2
1-(2-Chlorobenzoyl)-3-(4-trifluoromethoxyphenyl)urea C15H10ClF3N2O3

log Powa
(Temp °C)

Solubility (g/L) (Temp °C)
Water

Methanol

DCM

Acetone

5.8

16 × 10−6 (25)

2.2

22 (25)

52.1 (25)

3.89 (22°C, pH 3)

0.0002 (20°C, pH 5.6)

1

<10 (20)

6.5 (20)

3.9

4 × 10−6 (25)

-

24

73.8 (25)

5.68

0.0007 (23)

11.3 (20)

14.6 (20)

>100 (20)

5.12

<60 × 10−6 (25)

45

-

400 (25)

4.56

20 × 10−6 (25)

0.6 (21)

1.8 (21)

10 (21)

4.91

25 × 10−6 (20)

20–50 (20)

At pH 7.
MW, molecular weight; DCM, dichloromethane.
a

analysis. Several sorbents [C8, C18, and PLRP-S (polystyrenedivinylbenzene)] have been compared for extracting PUHs from
water in an online SPE-LC process; PLRP-S was the best sorbent
when 200 mL of water was extracted [72]. An obvious solution to
the problem of interference originating in the sample is the use
of more specific sorbents for extraction; thus, immunosorbents
have been examined for the selective SPE of phenylureas from
water samples [73].
Evidently, as most foods are solid, the direct application of solid
phases for extraction is limited to liquid foods like wine [60,74]
and to the use of the MSPD technique [75–77]. It is remarkable
that countless methods of extraction performed with solid phases
do not require additional cleanup. The most popular solid-phase
sorbents for extraction are C8 [75–77], C18 [43,45,60,78–82],
graphitized carbon black [83–86], polystyrene/divinylbenzene
copolymers [44,88,89], and Porapak Rdx [90]. A reason for SPE
preference in water analysis is the possibility of automation by
coupling online extraction with LC [44,45,73,81,91] or SFC [92],
or to perform a large volume injection into the LC system [93].
Some sorbents like graphitized carbon black readily retain some
urea pesticides, which can be more easily eluted by backflushing,
the cartridge containing the solid phase [83–85].
In MSPD, the extractant solid phase is homogenized with
the sample, producing cellular disruption and extraction in a
simple process. Elution with a small volume of an appropriate
solvent or a sequence of them generally produces clean extracts.
If required, purification with simultaneous use of cocolumns of
Florisil retains polar materials such as chorophylls, triglycerides, and phytosterols, which are common components of fruits
and vegetables. An extensive literature exists describing the isolation of urea pesticides by solvent extraction. These methods
are often lengthy, involve multiple steps, and use large volumes
of solvent. Solvent disposal is becoming increasingly expensive and environmentally unsound. Therefore, methods such

as MSPD that use low solvent volumes are desirable. MSPD
reduces analysis time, reduces solvent consumption, requires
small sample sizes, and provides analytical results that are of
the same order as those of classical methods based on solvent
extraction. Using this technique, concerns about small sample
size and the corresponding decrease in sensitivity and homogeneity have been addressed. Sufficient sensitivity can be attained
by using sensitive methods for determination, and homogeneity
can also be reconciled by prior homogenization of an entire and
representative sample, taking sub samples of the homogenate
for MSPD. Extraction efficiencies of different SPE materials
(cellulose, silica, C8, C18) have been studied for MSPD of urea
pesticides in oranges [75].
SPME with coated fibers offers simplicity, speed of sample
preparation, and avoids the use of organic solvents. The fiber is
placed in contact with an aqueous sample and the recovered analyte is thermally desorbed directly into the injection port of a gas
chromatograph. To extract PUHs and SUHs from water, polyacrylate fibers should be preferred over poly(dimethylsiloxane)
(PDMS) ones. Increasing the ionic strength favors extraction
(except for linuron), and water must be acidified in order to facilitate SUHs extraction [94]. By indirectly determining PUHs in
the form of derived anilines and chlorsulfuron in the form of a
derived aminotriazine, limits of detection below 0.1 µg/L can be
reached with the NPD [94]. Flufenoxuron has been determined
by SPME (PDMS)-GC-ECD in a multi-residue method developed for wines with a limit of detection of 13 µg/L. Although
most work is performed by SPME coupled with GC, a SPME-LC
device is commercially available, allowing intact urea pesticide
determination as it has been already applied to PUHs [95].
Residues of metobromuron, monolinuron, and linuron herbicides and their aniline homologous were analyzed in carrots,
onions, and potatoes by solid-phase microextraction (SPME)
performed with a polyacrylate fiber [96].
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Table 5.4
Extraction with Solvents and Cleanup
Urea Pesticide
Diflubenzuron, flufenoxuron, Jufenuron, teflubenzuron,
triflumuron
Diflubenzuron, flufenoxuron, triflumuron

Sample (Weight/
Volume)

Extraction
100 mL ethyl acetate

Apples, tomatoes
(50 g)
Peppers, tomatoes,
cucumbers,
oranges,
eggplants (15 g)
Apples (50 g)

100 mL ethyl acetate

Diflubenzuron, teflubenzuron
Diflubenzuron, teflu benzuron

Fish feed (3 g)
Fish tissues (3 g)

Acetone/tetrahydrofuran (3:2)
Acetone/tetrahydrofuran (3:2)

Diflubenzuron, hexaflumuron, flufenoxuron, lufenuron,
triflumuron
Diflubenzuron

Tomato (50 g)

75 mL ethylacetate

Mushrooms (30 g)

100 mL acetone

Diflubenzuron, teflubenzuron, triflumuron

Apple, pear pulp
(25 g)
Apples (25 g)
Milk (2 mL)

100 mL methanol

Potatoes, carrots,
peas (5 g)

20 mL methanol

Carrots, celery,
grapes, potatoes,
strawberries, com,
onions (5 g)

20 mL methanol

Diflubenzuron, hexaflumuron, flufenoxuron, lufenuron,
teflubenzuron

Chlorfluazuron, diflubenzuron, flucycloxuron, flufenoxuron,
triflumuron

Diflubenzuron
Chlorbromuron, chlortoluron, chloroxuron, difenoxuron,
diuron, fluometuron, isoproturon, linuron, metobromuron,
metoxuron, monolinuron, monuron, neburon
Chlorbromuron, chlortoluron, isoproturon, linuron,
metobromuron

Chlorbromuron, chlortoluron, chloroxuron, diuron,
isoproturon, linuron, monuron

30 mL acetone

100 mL acetone + 10 g NaCl +
10 mL water

125 mL DCM
5 + 2 + 3 mL methanol

Isolute Silica cartridge, elute with DCM/
isopropanol (9:1)
Gel permeation chromatography Biobeads SX,
elute with ethyl acetate/ cyclohexane (1:1)
Re-extract 60 mL DCM/ petroleum ether (1:1),
SPE 1 g aminopropyl Mega Bond Elut cartridge,
rinse with 9 mL n-hexane + 8 mL methyl
tert-ether (2:8) (discard), elute with 5 mL acetone
Re-extract with 50 mL DCM, gel permeation
chromatography Biobeads SX3, elute with
cyclohexane/chloroform (3:2)
Re-extract with 5 mL DCM/ hexane (2:3), SPE 1 g
silica, elute with hexane/diethylether (3:2) SPE
0.5 g C8, elute with acetonitrile
SPE aminopropylsilica, elute with 3 mL DCM
Re-extract 200 mL cydohexane/DCM
(1:1) + 2 × 70 mL DCM, gel permeation
chromatography BioBeads SX3, mobile phase
cyclohexane/DCM (1:1)
SPE 0.5 g CI8 Sep Pak cartridge, elute with 20 mL
methanol
Dilute to 50 mL with water, Amberchrom CG-161
cartridge, elute with 6 mL DCM
Dilute with 25 mL saline phosphate buffer (SPB)
pH 7.2–7.4, 1 g anion-exchange resin Power
1 × 8 Dionex, rinse with 5 mL water + 5 mL 10%
methanol (discard), elute with 3 × 1 mL methanol
and dilute with SPB, SPE 2 g inmunosorbent
(silica based), elute with 2 × 1 mL SPB/ethanol
(1:1) pH 2
Dilute with phosphate-buffered saline solution,
SPE 0.5 g SAX, rinse with 4 mL water + 5 mL
10% methanol in 0.1 M buffer ammonium
acetate pH6 (discard), elute with 5 mL methanol/
water (7:3), SPE 1 g immunosorbent
antiisoproturon (silica based), elute with 5 mL
methanol/water (7:3)

Method of
Determination

Reference

LC

[60]

LC

[61]

LC

[54]

LC

[48]

LC
LC

[68]
[69]

LC

[63]

LC

[52]

SFC

[58]

GC
LC

[65]
[55]

LC

[56]

LC

[57]

(Continued)
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Grapes (50 g)

Cleanup
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Extraction with Solvents and Cleanup
Urea Pesticide
Diuron, linuron
Benzthiazuron, chlorbromuron, chloroxuron, diflubenzuron,
diuron, flucycloxuron, fluometuron, isoproturon, linuron,
metoxuron, monuron, neburon, triflumuron
Linuron, metobromuron, monolinuron, analogous anilines
Chlortoluron, diuron, isoproturon, linuron,
methabenzthiazuron, neburon
Tebuthiuron metabolites

Diuron
Linuron, metobromuron, monolinuron, teflubenzuron

Chlorbromuron, fluometuron, Iinuron, metobromuron,
monolinuron
Diuron
Tebuthiuron
Buturon, chlortoluron, diflubenzuron, diuron, fenuron,
fluometuron, isoproturon, linuron, methabenzthiazuron,
metoxuron, metobromuron, monuron, neburon
Bensulfuron methyl
Thifensulfuron methyl, tribenuron methyl

Chlorsulfuron, chlortoluron, diuron, flufenoxuron,
fluometuron, isoproturon, methabenzthiazuron,
metobromuron, monuron, triasulfuron
Chlorsulfuron, metsulfuron methyl, rimsulfuron,
thifensulfuron methyl, tribenuronmethyl

Sample (Weight/
Volume)

Extraction

Cleanup

Method of
Determination

Reference

Carrots, potatoes
(2 g)
Drinking water

3 mL methanol, acetonitrile, or
acetone
3 × 100 mL DCM

LC

[145]

LC

[42]

Tap water, surface
water (50 mL)
Ground water,
surface water (l L)
Milk (10 mL)

Adjust to pH 11, 3 × 20 mL
Benzene/ethyl acetate (l:1)
3 × 60 mL DCM

LC

[45]

LC

[43]

1 g neutral alumina, elute with 2 × 10 mL
methanol

GC

[62]

Dilute with 10 mL water at pH 9 (KOH),
re-extract with 2 × 50 mL hexane
Add 50 mL NaCl saturated water + 500 mL water,
Re-ex tract 2 × 100 mL DCM, gel permeation
chromatography (PSDVB Envirosep SX3),
mobile phase ethyl acetate/cyclohexane (1:1)
50 mg LiChrolut EN, elute with 100 µL ethyl
acetate
Adjust to pH 9 with 1 M NaOH, re-extract with
2 × 50 mL n-hexane

GC

[53]

GC

[47]

GC

[70]

GC

[53]

GC

[46]

GC

[44]

LC

[64]

LC

[66]

Sugarcane, oranges
(10 g)
Fruits, vegetables
(100 g)

Add 10 mL 12 N HCl (95°C,
2 h), add 10 mL 6 N NaOH,
adjust to pH 9, extract with
2 × 20 mL + 15 mL ethyl acetate
100 mL acetone/0.1 M HCl (7:3)
200 mL acetone

Radish, weed
plants (1 g)
Sugarcane, oranges
(10 g)
Drinking water
(100 mL)
Potable water
(500 mL)

10 mL water pH3

Rice, crayfish (5 g)

2 × 100 mL DCM

Cottonseed and
cotton gin trash
(5 g)
Tomatoes, oranges
(5 g)

2 × 50 mL acetonitrilej 0.1 M
ammonium carbonate (8:2)
5 mL methanol + 5 mL water

Adjust to 100 mL with water, SPE 1 g C8 in a
glass column, elute with 10 mL DCM

CE

[49]

Wheat, barley, corn
(10 g)

2 × 50 mL acetonitrile

2 × 20 mL hexane washing (discard), isolute 1 g
SCX cartridge, 0.1 M ammonium acetate, solvent
exchange 2 × 20 mL acetonitrile/DCM (5:95)

CE

[67]

100 mL acetone/0.1 M HCI (7:3)
Add 25 mL 4 M NaOH + 12 mL
DCM/isopropanol (9:1)
3 × 50 mL DCM

Bond Elut 2 g Silica cartridges, elute with
isopropyl Alcohol/hexane (1:9)

Urea Pesticide Residues in Food

Table 5.4 (Continued)

DCM, dichloromethane; PSDVB, polystyrene-divinylbenzene; SPE, solid-phase extraction.
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Table 5.5
Extraction with Solid Phases and Cleanup
Urea Pesticide
Diflubenzuron, flufenoxuron,
hexaflumuron
Diflubenzuron, flufenoxuron,
hexaflumuron
Diflubenzuron, flufenoxuron,
lufenuron, teflubenzuron,
triflumuron

Sample (Weight/
Volume)

Extraction

Cleanup

Method of
Determination

Reference

Oranges (0.5 g)

MSPD 0.5 g C8, 15 mL DCM

–

LC

[75]

Oranges (0.5 g)

MSPD 0.5 g C8, 10 mL DCM

–

LC

[76,77]

Wine (10 mL)

Dilute with 30 mL water, SPE
Isolute 0.5 g C18, rinse with
4 mL 2.5% ethanol in water,
elute with 2 mL methanol
SPME 100 µm polydimethylsiloxane, 12.5% ethanol (30 min,
45°C)
4.6 × 300 mm stainless steel SFE
cell, supercritical CO2

–

LC

[60]

–

GC

[74]

GC

[53]

Flufenoxuron

Wine (3 mL)

Diuron

Sugarcane,
oranges (3 g)

Buturon, chlortoluron,
diflubenzuron, diuron, fenuron,
fluometuron, isoproturon, linuron,
methabenzthiazuron, metoxuron,
metobromuron, monuron, neburon
Diuron, fluometuron, linuron,
siduron

Potable water
(200 mL)

Online SPE 30–40 mg PSDVB

LC

[44]

Drinking water,
well water, lake
water (1 L)

LC

[91]

Diuron

Drinking water,
HPLC water,
surface water
(2 mL)
Ground water,
surface water
(100 mL)
Drinking water,
ground water,
river water
(1–4 L)
Drinking water,
ground water,
river water (l L)

Online SPE 1 × 10 mm i.d.
Zorbax 3.5 µm SB-CI8, adjust to
pH 3, elute with mobile phase
acetonitrile/water
Large-volume injection 30 × 4.6
i.d. 5 µm Spherisorb ODS-2

LC

[93]

SPE 25 mm C18 Empore disk,
elute with 1.5 mL
Acetonitrile/methanol (1:1)
SPE 0.5 g Carbograph 4 cartridge,
backflush with 1.5 mL
methanol + 8 mL DCM/
methanol (9:1)
SPE 0.5 g Carbograph 4 cartridge,
backflush with 1.5 mL
methanol + 6 mL DCM

LC

[78]

LC

[84]

LC

[83]

Drinking water,
river water
(25–50 mL)

Online SPE 0.22 g inmunosorbent
(silica based) column, elute with
mobile phase (acetonitrile/
phosphate buffer, pH 7)

LC

[73]

Tap water, surface
water (10 mL)

Adjust to pH 7.8, online SPE
C18, backflush methanolwater + lithium chlorate
(0.5 g/L)
SPE 60 mg Oasis cartridge, rinse
with 1 mL water, elute with
2.5 mL acetonitrile/ DCM
(1:1) + 3.2 mL DCM
250 mg Carbopack cartridge,
elute with 1 mL
methanol + 6 mL DCM/methanol
(8:2)

LC-

[45]

GC

[125]

GC

[86]

Diuron and metabolites

Chlortoluron, diuron, isoproturon,
linuron, methabenzthiazuron,
monolinuron, neburon
Chlortoluron, diuron, isoproturon,
linuron, metoxuron,
metobromuron, monolinuron,
neburon
Buturon, chlorbromuron,
chlortoluron, difenoxuron,
diflubenzuron, fenuron, fluometuron, isoproturon, linur-on,
metoxuron, methabenzthiazuron,
monuron, neburon
Linuron, metobromuron,
monolinuron, analogous anilines

Linuron, monolinuron

Drinking water,
surface water
(200 mL)

Chlortoluron, diuron,
isoproturon

Drinking water
(1 L)

Dilute with 10 mL
water at pH 9
(KOH), re-extract
with 2 × 50 mL
hexane

Rinse with methanol/
water (3:7)

Derivatize SPME
polyacrylate 85 µm
(50 min, 50°C)

(Continued)
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Table 5.5 (Continued)
Extraction with Solid Phases and Cleanup
Urea Pesticide
Linuron, tebuthiuron
Fluometuron, linuron, monolinuron,
metobromuron
Chlortoluron, diuron, isoproturon,
linuron, metabenzthiazuron,
neburon metsulfuron methyl
Chlorsulfuron, metsulfuron
methyl, thifensulfuron methyl,
triasulfuron
Bensulfuron methyl, chlorimuron
ethyl, chlorsulfuron, metsulfuron
methyl, primisulfuron methyl,
sulfometuron methyl,
thifensulfuron methyl, tribenuron
methyl
Bensulfuron methyl, chlorimuron
ethyl, chlorsulfuron, metsulfuron
methyl, primisulfuron methyl,
sulfometuron methyl,
thifensulfuron methyl, tribenuron
methyl
Bensulfuron methyl, chlorimuron
ethyl, chlorsulfuron, halosulfuron
methyl, metsulfuron methyl,
nicosulfuron, primisulfuron
methyl, prosulfuron, sulfometuron
methyl, thifensulfuron methyl,
triasulfuron, triflusulfuron methyl
Bensulfuron methyl, chlorimuron
ethyl, chlorsulfuron,
ethametsulfuron, halosulfuron
methyl, metsulfuron methyl,
nicosulfuron, primisulfuron
methyl, sulfometuron methyl,
thifensulfuron methyl, triasulfuron,
triflusulfuron methyl
Bensulfuron methyl, chlorimuron
ethyl, chlorsulfuron, metsulfuron
methyl, sulfometuron methyl

Sample (Weight/
Volume)
Ground water
(1 L)
Ground water,
river water (1 L)
Ground water,
surface water
(1 L)
Ground water
(1 L)
Drinking water,
ground water
(2–4 L)

Extraction

Cleanup

SPE C18 column, elute with
hexane/2-propanol (3:1)
SPE 3 × Sep Pak C18 cartridges,
elute with 30 mL ethyl acetate
SPE C18 column, elute with
2 × 2 mL methanol, adjust to
pH 2
SPE 0.5 g Porapak Rdx cartridge,
elute with 5 + 5 mL methanol/
acetonitrile (1:1)
SPE 0.5 Carbograph 4 cartridge,
backflush 0.5 mL
methanol + 10 mL DCM/
methanol (8:2) with 10 mM
tetrabutylammonium fluoride

Method of
Determination

Reference

GC

[80]

GC

[79]

LC

[43]

LC

[90]

LC

[85]

Drinking water,
river water
(100 mL)

Online SPE 0.4 g C18, adjust to
pH 3, elute with mobile ph ase
methanol/100 mM acetic acid

LC

[81]

Ground water,
surface water
(l L)

SPE 0.5 g SAX-I g RP 102
tandem cartridges, adjust to pH
3, elute with 3 × 4 mL 1% acetic
acid in acetone

LC

[87]

Ground water,
pond water
(500 mL)

Add 5 mL acetic acid, SPE 0.5 g
RP-102 cartridge, elute with
10 mL methanol

CE and LC

[89]

Water (100 mL)

Online SFE Hypersil ODS CI8 +
Hypersil silica precolumns
supercritical CO2/methanol

SFC

[92]

Neutral alumina
Bakerbond
cartridges, elute
with 17 mL 0.5%
acetic acid in DCM,
Isolute 1 g SAX
cartridge + alumina
for nicosulfuron

MSPD, Matrix solid-phase dispersion; SFC, Supercritical fluid chromatography; SPE, Solid-phase extraction; SPME, Solid-phase micro-extraction.

SPME fibers coated with Carbowax–templated resin (CW–
TPR, 50 μm), polydimethylsiloxane (PDMS, 100 μm), PDMS–
divinylbenzene (DVB) (60 μm), and polyacrylate (PA, 85 μm)
were used by Lin et al. [220].

5.2.1.3 Supercritical Fluid Extraction
Supercritical fluid extraction (SFE) is an alternative method for
extraction of urea pesticides; it is fast, allows automation, can
be coupled with many sorbents, and obtains clean extracts that
do not require additional cleanup. SFE with supercritical carbon
dioxide shows greater extraction power (around 10%) for diuron
in sugarcane and orange samples than extraction with solvents
(acetone/water) [53]. The usual extractant is supercritical carbon
dioxide, although extraction conditions can be adjusted by addition of an organic modifier, most commonly methanol [93] or

acetonitrile [58]. Addition of modifier is sometimes essential for
quantitative recovery of phenylurea herbicides.

5.2.1.4 Accelerated Solvent Extraction
The parameters affecting ASE efficiency and application
advancement of ASE in the analysis of organic contaminants,
natural toxins compounds as well as bioactive and nutritional
compounds in animal origin food, plant origin food, and animal
feed are reviewed in detail [105].

5.2.2 Derivatization
The thermal instability of many urea pesticides makes GC analysis difficult; several derivatization procedures have been applied
to make PUHs amenable to GC analysis and thus exploiting the
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sensitivity of ECD and mass spectrometric detection (MSD).
Acylation with heptafluorobutyryl anhydride (HFBA) [44,65,98],
acetic anhydride [46], and N-methylbis(trifluoroacetamide)
(MBTFA) [62] have been reported for the analysis of substituted ureas. Ethylation of PUHs with iodoethane and NaH
allowed the differentiation between parent compounds and the
N-demethylated metabolites [86]. The trifluoroacetyl diflubenzuron derivative obtained when using trifluoroacetic anhydride
(TFAA) as reagent was inferior to the heptafluorobutyryl derivative with respect to stability [65].

5.3 Analysis Methods
The growth in techniques and ideas is evidence of the difficult
analytical problems related to the determination of urea pesticides. LC and GC are the major techniques for trace determination of urea pesticide residues in foods, whereas CE is an
alternative technique with great possibilities, but until now
scarcely applied to food analysis.

5.3.1 Liquid Chromatography
Liquid chromatography (LC) is the most preferred technique
for analysis of any class of urea pesticides (BUIs, PUHs, and
SUHs). In all the articles in which this technique was applied to
the analysis of extracts from food samples, a cleanup step was
performed whatever detector was used (UV [24,55,56,61,64],
DAD [48,54,57,60], fluorescence [63], or MS [52,66,76,77,99]).
For water analysis, LC easily allows automation by coupling
SPE with LC in an online process or with a direct injection of
the sample. Several LC methods for analysis of PUHs from
water including SPE-LC-LC-UV (244 nm), large-volume sample injection/LC-LC-UV, and large-volume sample injection/
LC-LC-APCI-MS have been compared [100]; good correlation between the methods was found. Most LC work has been
done on C18 and C8 phases; phenyl-bonded stationary phases
are less common [64,76,89]. Mobile phases used for separation of BUIs or PUHs are generally binary mixtures of acetonitrile/water [42–44,54,56,75,78,83,91] or methanol/water
[47,48,52,60,61,63,76,77,82,93,99,101–104] although the use of
ternary mixtures of acetonitrile/methanol/water has also been
reported [55]. Matrix interference from orange extracts has been
reported for diflubenzuron determination with DAD at 254 nm;
this problem was solved by adding 10% of dioxane to the acetonitrile/water mobile phase [54]. A normal phase has been also
utilized in the analysis of BUIs in fish tissues [68,69], with a
stationary phase consisting of Supelcosil LC-ABZ and a mobile
phase of acetonitrile/water/tetrahydrofuran [68] or dichloromethane/hexane [69].
In the LC separation of SUHs, the pH of the mobile phase
is controlled, to keep the SUHs in an undissociated form, with
phosphate buffer [64,88], ammonium formate/formic acid buffer [87], formic acid [85], or acetic acid [66,81,90]. An interesting eluent-switching system working with two columns has been
reported for minimizing matrix interference in the determination
of bensulfuron methyl in rice and crayfish extracts [64]. First,
bensulfuron is chromatographed in a phenyl LC column at low
pH in uncharged and relatively nonpolar form (ionic and polar
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matrix compounds soon elute). When bensulfuron elutes from
such a phenyl column, it is transferred to a second LC C8 column
where it concentrates onto the head column for a few minutes;
after that, a change in the pH of the mobile phase ionizes bensulfuron, which rapidly elutes to the UV detector [64].
A simple, fast, and sensitive method has been developed for
the determination of 37 LC-amenable pesticides in surface water
samples [71]. Online SPE coupled to ultra high performance liquid chromatography–tandem mass spectrometry (UHPLC–MS/
MS) was employed for preconcentration and analysis of all compounds in 16 min. Surface water samples were analyzed and, in
all cases, the pesticide concentrations were below than the allowable limit in water for human consumption.
Approximately, 15 g of chopped tomato was placed in a 50 mL
PTFE vessel, 15 mL of ACN (1% HAc) was added to the sample and the mixture was hand-shaken for 1 min. Then, 6 g of
anhydrous MgSO4 and 2.5 g of NaAc ⋅ 3H2O were added, and the
mixture was hand-shaken for another minute in such a way that
a well-defined phase separation was obtained after 5 min of centrifugation at 3500 rpm [106]. An aliquot (8 mL) was cleanedup with 400 mg PSA and then dried with 1200 mg MgSO4 by
mixing them in a Vortex. After centrifugation, 5 mL extract was
evaporated to dryness under a gentle N2 stream. The obtained
residue was redissolved in 1 mL MeOH:H2O (50:50, v/v) and
then filtered through a 0.2 μm PTFE filter before injection in
the chromatographic system. In order to avoid interferences,
the PTFE filter was cleaned with 1 mL MeOH:H2O (50:50, v/v)
before its use.
Approximately, 200 μL of MeOH:water (50:50, v/v) sample
solutions were analyzed by HPLC-CL. The mobile phase was
MeOH:water (75:25, v/v) isocratic at a flow rate of 1 mL min−1.
After separation of pesticides into the analytical column and
photochemical derivatization with a Mercury lamp (254 nm
low pressure mercury lamp), the resulting photoproducts were
mixed with luminol (0.1 mmol L −1)-NaOH (0.1 mol L −1) solution
pumped at a flow rate of 0.8 mL min−1. Before CL detection, the
eluent was mixed with permanganate solution (0.001 mmol L −1),
which was pumped at a flow rate of 0.6 mL min−1, inside the box
containing the reaction cell and the CL detector.
A 1290/6410 HPLC-MS/MS equipped with a Zorbax SB-C18
column (2.1 mm × 150 mm id, 3.5 μm) was used to simultaneously determine the concentrations of above 7 benzoylurea
insecticides [107]. Methanol and 0.002 mol/L of ammonium acetate solution were used as mobile phase. The following gradient
was employed: 70% (v/v) methanol linearly increased to 100%
(v/v) methanol within 7 min. The flow rate of mobile phase was
0.3 mL/min and the column temperature was 35°C.
The HPLC system was coupled online to triple quadrupole
mass spectrometer equipped with an ESI source operating in
negative-ion mode. For the fragmentation experiments with
ESI source, sample solutions eluted from HPLC column were
introduced into the ion source via a metal ESI needle set at high
voltage (±4.0 kV) and a heated capillary at 300°C. The other
instrument conditions were as follows: the nebulizer pressure is
50.0 psi, drying gas (N2) flow rate is 8.0 L/min, and drying gas
temperature is 350°C. The full MS2 scan mode was utilized in
the scan range of 100–550 m/z.
In Reference 108, the reader finds a review of post column
derivatization methods for LC.
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UHPLC analyses of pesticide residues in food plants were
performed using an Acquity Ultra-Performance LC system
equipped with an Acquity UPLC HSS T3 separation column
(100 × 2.1 mm i.d., 1.8 μm particle size) maintained at 40°C
[109]. The mobile phase consisted of methanol (A) and 0.005 M
ammonium formate (B). The Acquity UPLC operating pressure
was 8000 psi at initial gradient conditions and maximum pressure did not exceed 13,000 psi. Sample injection volume 2 μL
was used in all experiments and the sample temperature was
maintained at 10°C.
For pesticide residue analysis all UPLC separations were
carried out on Acquity UPLC using a reversed phase column
Acquity UPLC BEH C18 (100 × 2.1 mm) with 1.7 μm spherical
porous particles [110]. The elution was performed using gradient
between water and methanol. Separation time was 10 min and
additional 2 min post run time was required for recondition of
the column to initial conditions. Flow rate 0.3 mL min−1, column
and sample temperature 25°C, and the injection volume 5 μL
were used in all experiments.
HPLC separations were carried out on a 2695 Alliance module using a reversed phase column Discovery C18 (150 × 3 mm,
5 μm). The elution was performed using gradient between
methanol and water. Separation time was 15 min and additional
10 min post run time was required for recondition of the column
to initial conditions. Flow rate 0.3 mL min−1, column temperature 25°C, and the injection volume 5 μL were used.
A Quattro Premier tandem quadrupole instrument was used in
all UPLC–MS/MS and HPLC–MS/MS analysis. The instrument
was operated in positive ESI mode. ESI parameters as well as
selection and tuning of MS/MS transitions and analyte-dependent
parameters (collision energy and cone voltage) were performed
by direct infusion of individual pesticide standard solution (ca.
1 μg mL −1) into the mobile phase flow (methanol–water; 50:50,
v/v, 0.3 mL min−1) for all analytes. In all experiments, following
parameters were used: capillary voltage 3.5 kV, extractor voltage
4 V, source temperature 120°C, desolvation temperature 250°C,
cone gas flow 100 L h−1, and desolvation gas flow 700 L h−1 (both
gasses were nitrogen). Argon at pressure 3.3 × 10−3 mbar was
used as collision gas.
For monitoring multi-class pesticides in fruits a high-performance liquid chromatograph, composed of two Prostar
pumps, a 410 autosampler with a 10 μL sample loop, a column
oven, and a Polaris 3 μm C18-A (150 × 2.0 mm i.d., 5 μm particle size) reversed-phase column with a Meta-guard cartridge
30 × 2.0 mm Polaris 3 μm C18-A, were used [112]. The mobile
phase was methanol:buffer (2 mM ammonium formate, pH
2.8) at a flow rate of 0.2 mL min−1. The initial composition was
20% methanol held for 3.5 min, followed by linear gradient to
35% methanol from 3.5 to 4 min. This was held at 35% methanol from 4 to 5 min, then raised to 85% methanol in 20 min,
held at 85% methanol for 7 min, followed by a linear gradient
to 20% methanol from 32 to 33 min and then the system was
reequilibrate at initial conditions (20% methanol) from 33 to
40 min.
The triple quadrupole system used was a Quadrupole MS–
MS spectrometer fitted with an electrospray ionization (ESI)
interface. The ESI–MS interface was operated in the positive
ion detection mode. Calibration of the mass analyzer was performed by infusion (10 μL min−1) of a commercial mixture of

polypropylenglycol using a 1000 μL Hamilton syringe and monitoring eight mass-to-charge ratios (m/z) in the 55–2300 μm mass
range. The ESI source conditions were: capillary voltage, 5000 V
in positive-ion (PI) mode; drying gas temperature, 300°C; nebulizer gas pressure, 18 psi (both nebulizer and drying gas were
high-purity nitrogen; 1 psi = 6894.76 Pa); electron multiplier
voltage, 1800 V.
A LC–MS system equipped with a binary solvent pump,
an autosampler, with the volume injection set to 20 μL, and a
mass-selective detector with atmospheric pressure chemical
ionization (APCI) was used to determine pesticides in oranges
[113]. Operating conditions of the APCI interface in the positive ion mode were vaporizer temperature, 350°C; nebulizer gas
(nitrogen) pressure of 60 psi. (1 psi. = 6894.76 Pa); drying gas
(nitrogen) flow-rate, 4 L min−1; drying gas temperature, 350°C;
capillary voltage, 4000 V; and corona current, 4 μA.
Separation was performed on a Luna C18 column (150 × 4.6 mm
i.d., particle size 5 μm) protected by a Securityguard cartridge
C18 (4 × 2 mm i.d.) The mobile phase was methanol–water
(40:60, v/v) and a gradient was used (from t = 0–5 min, MeOH
was set at 40%, from t = 5–8 min MeOH was increased to 80%,
from t = 8–18 min MeOH was set at 80%, from t = 18–20 min
MeOH was increased to 90%, and then from t = 20–25 min
MeOH was set at 90%). The flow-rate was 0.8 mL min−1.
Full-scan LC–MS chromatograms were obtained by scanning
from m/z 50 to 400; with a scan time of 0.75 s. Time-scheduled
selected-ion monitoring (SIM) of the most abundant ions of each
compound was performed.
LC–QIT-MS was performed for the detection of nine pesticides in fruits [114]. The mass spectrometer was equipped with
an ESI source, and operated in positive polarity at a temperature
of 325°C. The mass spectrometer was run in full scan and multiple reaction monitoring (MRM) modes. Ions were detected in ion
charged control (ICC) mode. Full scan mode was performed with
a target of 10,000 ions and maximum accumulation time of 5 ms
at m/z range from 100 to 600 U. MRM was carried out setting the
target at 10,000 ions and maximum accumulation time at 5 ms.
Positive ions were detected at unit resolution (scan speed). Four
scans were summarized for one spectrum, resulting in a spectral
rate of 0.4 Hz. MS–MS was performed by selected product ion
monitoring, isolation of the parent ion, and collision-induced dissociation (CID) with helium.
The separation was achieved on an analytical column Luna
C18 (250 × 4.6 mm i.d., 5 μm) preceded by a Securityguard
cartridge C18 (4 × 2 mm i.d.). The mobile phase was methanol–
water at a flow-rate of 0.6 mL min−1. The initial composition was
70% methanol from 0 to 5 min, followed by a linear gradient to
90% of methanol from 20 to 40 min. An aliquot of 20 μL of the
final extract was injected into the LC apparatus.
Jansson et al. [115] developed a multi-residue method for analysis of pesticide residues in fruits and vegetables.
Separations were carried out using Genesis C18 (View the
MathML source mm, 4 μm) with a 1 cm long guard column with
the same packing material. Separation was performed using a gradient between methanol and 10 mM ammonium formate, pH 4.
LC–MS was carried out using a Quattro LC triple quadrupole mass spectrometer equipped with a standard pneumatically
assisted ES ion source, operated in both positive and negative
mode. Experimental conditions were as follows: nebulizing gas
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at a flow of about 90 L h−1, drying gas was heated to 400°C at a
flow rate of 600 L h−1, nitrogen was used as both nebulizing and
desolvation gas, the capillary voltage was switched between +4.0
and −3.5 kV for the positive and the negative ions, the source
block was held at 120°C, and the resolution was 15.0 (unit resolution) for both the first and the second quadrupole. The optimized
settings for cone voltage (CV) and collision energy (CE) were
tested for each compound by flow injection analysis.
Blasco et al. [116] determined fungicide residues in fruits and
vegetables by liquid chromatography with UV detection and liquid chromatography with mass spectrometry.
The LC–MS system was equipped with a binary solvent pump,
an autosampler, and a mass-selective detector coupled with an
analytical work station was employed. The mass-selective detector consisted of a standard atmospheric pressure ionization (API)
source configured as APCI. Typical operating conditions of
the APCI interface in the negative mode were: vaporizer temperature, 450°C; nebulizer gas, nitrogen at a pressure of 60 psi.
(1 psi. = 6894.76 Pa); drying gas, also nitrogen, at a flow rate of
4 L min−1 and temperature of 350°C; capillary voltage, 4000 V;
and corona current 25 μA.
Full-scan LC–MS chromatograms were obtained by scanning
m/z from 100 to 400. Time-scheduled selected-ion monitoring
(SIM) of the most abundant ion of each compound was used for
quantification.
Chromatographic conditions were the same for both setups.
The analytical column, a C18 (250 × 4.6 mm i.d., 5 μm) and a
Securityguard cartridge C18 (4 × 2 mm i.d.) were used. The isocratic mobile phase was methanol–water (85:15) with a flow rate
of 0.6 mL min−1.
Dagnac et al. [117] determined phenylureas and other pesticides by GC–MS/MS, LC–MS, and LC–MS/MS.
GC–MS/MS analyses were performed using a Trace GC 2000
gas chromatograph equipped with a PTV split–splitless temperature injector, an AS 2000 autosampler, and a POLARIS Q ion
trap mass spectrometer.
Compounds were separated on a 30 m × 0.25 mm i.d. column,
coated with 0.25 μm of 95% dimethyl–5% phenyl polysiloxane
phase. The temperature of the column was initially set at 55°C
for 1 min, then increased at a rate of 15°C/min to 120°C. Once at
120°C, the rate was increased to 3°C/min until it reached its final
temperature of 220°C, which was maintained for 3 min. Helium
was used as the carrier gas at a constant flow of 1 mL min−1. The
transfer line was set at 280°C with the external ion source at
280°C.
LC/MS analysis were performed by using a SSQ 7000 ThermoFinnigan instrument equipped with an atmospheric pressure
chemical ionisation source, APCI. The analytes were detected
in the positive ion mode as their protonated molecular ions
(M + H)+, with CID offset (15 V) in the API source. The reversed
phase column chosen for all experiments was an Omnispher C-18
150 × 3 mm i.d. and 3 μm particle size (Varian-Chrompack, Les
Ulis, France). A gradient of mobile phases constituted of acetonitrile and water at 0.4 mL/min was used in order to separate phenylureas and triazines by injecting 20 μL of sample. Acetonitrile
initially set to 85% was decreased to 40% and water initially set to
15% was increased to 100% in 32 min.
LC–MS/MS analysis were performed by using a DECA
XP + Thermo-Finnigan ion trap instrument equipped with an

Handbook of Food Analysis
atmospheric pressure chemical ionization source or an electro
spray ionization source. The analytes were first detected in the
positive ion mode as their protonated molecular ions (M + H)+
(or sodium induct)+ and the appropriate precursor ion was chosen to be isolated and fragmented in the MS/MS mode.
The reversed phase column chosen for all experiments was
the same as for LC–MS analyses previously described. However,
the operating conditions were modified and a gradient of mobile
phases constituted of methanol and water at 0.4 mL/min was
used in order to separate phenylureas and triazines by injecting
20 μL of sample. Methanol initially set to 85% was decreased
to 40% and water initially set to 15% was increased to 100% in
32 min.
Phenylureas were determined by photochemically induced
fluorescence detection. The analytical column used was aNovaPak C18 (150 × 3.9 mm) [118]. A post-column, consisting of a
PTFE tube network (5 m × 0.3 mm i.d. × 1.6 mm e.d.) knitted
around a 4 W xenon lamp, was placed between the column and
the detector.
The spectra were recorded with a luminescence spectrometer. The excitation and emission band widths were of 4 nm.
An unfiltered Osram 200 W HBO high-pressure mercury lamp
with an Oriel Model 8500 power supply was utilized for photolysis reactions. The photochemical setup included a lightbox consisting of a fan, a mercury lamp, and a quartz lens. A
standard Hellma 1-cm pathlengh quartz fluorescence cuvette
was placed on an optical bench at 30 cm from the mercury
lamp. The solutions were magnetically stirred during the UV
irradiation.
A multiresidue method to screen ultra traces of neutral pesticides from water samples in compliance with European Union
regulations is presented, using SPE followed by high performance liquid chromatography coupled to atmospheric pressure
electrospray ionisation (ESI) mass spectrometry, SPE/LC–
MS(ESI) [119].
Calibration conditions of LC–MS(ESI) in the SIM mode,
showed excellent linear response for the 12 pesticides studied
(carbaryl, carbofuran, methomyl, oxamyl, pirimicarb, chlortoluron, diuron, isoproturon, linuron, atrazine, propazine, and
simazine) in the range from 1 to 50 μg/L and precisions having
a relative standard deviation (RSD) below 4.9% (chlortoluron)
were achieved. Instrumental limits of detection of 0.10 μg/L were
found with the exception of chlortoluron, diuron, and methomyl,
for which 0.25 and 0.50 μg/L were measured.
The SPE assays using octadecilsilica cartridges are relatively
simple and highly reproducible, requiring low volume of water
sample (50 mL). For laboratory-spiked water samples having
0.10 μg/L of individual pesticides, good average recoveries were
obtained, within 65.0% and 97.8% with a relative standard deviation lower than 12.6% (methomyl). For real matrices, laboratoryspiked drinking and surface water samples at 0.05 μg/L level,
reasonable average recoveries were also achieved, ranging from
75.3% to 96.8% and 67.7% to 105.2%, respectively.
LC–DAD UV was performed for the simultaneous determination of phenyl- and sulfonylurea herbicides in water [120]. The
analytical column used was a Synergi 4 µ Max-RP View the
MathML source mm packed with 4 μm particles The detector
was set at 210 and 245 nm. The UV spectra were recorded in the
190–400 nm range.
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For LC–DAD UV analysis, the mobile phase consisted of an
acetonitrile (solvent A)–0.005 M phosphate buffer at pH = 7.2
(solvent B) linear gradient, from 5% to 45% of solvent A in
15 min and from 45% to 50% of solvent A in 15 min, with 10 min
for equilibrating the column. Flow rate was 1 mL min−1 and the
volume injected was 100 μL. The analytical column was thermostated at 25°C.
Liquid chromatography with mass spectrometric detection
(LC–MS) was carried with a ZQ 4000 quadrupole mass spectrometer with an ESI interface, which permitted acquisition in
the full scan and SIM modes at the same time. The MS parameters were as follows: capillary voltage, 3.5 kV; cone voltage,
25 V; source temperature, 120°C; the cone and desolvation
temperatures were set at 20°C and 200°C, respectively; the
desolvation gas flow was set at 400 L h−1 and the cone gas flow
at 60 L h−1.
The HPLC column used was a View the MathML source mm
XTerra MS C18, 3.5 μm particle size). The mobile phase was
acetonitrile (solvent A)–0.01 M ammonium formate at pH = 5
(solvent B). The elution gradient was as follows: the mobile phase
started with 20% of acetonitrile, which was increased linearly
to 26% in 4 min and to 50% in the next minute. Then, the percentage was changed to 85% over 10 min and returned to initial conditions in 2 min. The column was equilibrated for 5 min.
The column temperature was kept at 30°C and flow rate was
0.2 mL min−1. The volume injected was 20 μL.
Kuster et al. [121] describe the optimization of a fully automated
method based on online solid-phase extraction-liquid chromatography–electrospray-tandem mass spectrometry (SPE-LC–ESI-MS/
MS) for the simultaneous determination of 17 medium to polar
pesticides in water. The list of target analytes included organophosphates, triazines, phenylureas, anilides, chloroacetanilides, acidic
herbicides, and thiocarbamates.
A number of analytical methods based on LC techniques are
presented in Table 5.6.

5.3.2 Gas Chromatography
Many urea pesticides are thermally unstable or not volatile;
derivatization prior to gas chromatography (GC) [44,46,62,65,86,98]
or determination of the derived compounds formed by the action of
temperature [70,79,94,122,123] can be solutions to this problem.
Some urea pesticides can also be directly analyzed by GC
as intact compounds. When applicable, most analysts still prefer capillary GC because of its high separation efficiency, the
availability of a wide range of highly sensitive detectors, easier
maintenance and operation, and problem-free connection to a
mass spectrometer. An additional advantage is that the automated SPME technique is easily coupled with GC, whereas
SPME-LC coupling is at the moment less effective. On the
other hand, the thermal lability of urea pesticides clearly limits
the utility of GC.
Stationary phases of capillary columns used for GC of urea
pesticides have a wide range of polarities, from nonpolar (DBI; 100% dimethylpolysiloxane [84], DB-5, HP-5, BP-5, SPB5; 5% phenyl-95% dimethyl-polysiloxane [44,46,53,62,65,7
0,79,98,122,124,125]) and intermediate polarity (DBI7; 50%
phenyl-50% dimethylpolysiloxane [86]) to moderately polar
(HP-170 1, NB1701, BP-I0; 14% cyanopropylphenyl-86%

dimethylpolysiloxane [65,74,94,123], SPB-608; 35% phenylpolysilphenylene-siloxane [47]). The preferred detectors for frequent analysis are ECD [47,53,65,74,94] and NPD [94,123–124].
MSD is ordinarily used in the confirmation of urea pesticide
residues and, increasingly, in routine analysis [44,46,62,70,79,80,
86,98,122,123,125]. Table 5.7 summarizes some determination
methods for urea pesticides based on GC.
The behavior of several urea pesticides in GC has been investigated [123]. In PUHs, the urea bridge is broken by a temperature effect to form more thermostable derivative compounds that
are phenylcarbamic acid alkyl esters when an alcohol (ethanol
or methanol) is used for injection, or phenylisocyanates when
acetone, hexane, acetonitrile, dichloromethane, or ethyl acetate
are the solvents for injection. It is well known that phenylisocyanates are quickly hydrolyzed to anilines in the presence of
water when favored by temperature. For this, phenylamines are
detected instead of phenylisocyanates when SPME (a solventfree technique) is performed to extract PUHs from water [94].
Methabenzthiazuron forms a benzothiazolamine, and chlorsulfuron an aminotriazine plus a phenylsulfonamide, independently of the solvent used for injection. The use of a high injector
temperature (300°C) facilitated the thermal transformation of
the urea pesticide into their respective derived analogs. Such
chromatographic behavior can be reproduced in different GC
instruments and injection modes (split, splitless, and on-column).
Determining urea pesticides based on thermally formed derivatives is a very sensitive technique, reaching instrument detection limits of nanogram order with ECD and NPD and picogram
order with MS (SIM). Nevertheless, some PUHs with similar
structures cannot be unequivocally identified; for example, diuron and linuron give the same derivative [123].
GC conditions can be modified in order to determine PUHs as
intact compounds or to facilitate thermal degradation. A hightemperature inlet and addition of acids (acetic acid) facilitate
decomposition to phenylisocyanates, while a low-temperature
inlet and presence of basic additives (diethylamine) minimize
the thermal degradation of PUHs. The drawback of this last
approach is the appearance of a reaction product between phenylisocyanates and diethylamine [122].
Analysis time is one of the most important aspects that should
be considered in the choice of analytical methods for routine
application. With this fact, fast gas chromatography (GC) has
acquired a real importance in the pesticide residue analysis.
Reference [126] provides an overview of fast GC methods for
analysis of pesticide residues in variety of matrices at ultra-trace
concentration level from 2000 until 2006.
A gas chromatography with nitrogen–phosphorus detection direct method for methoxyurea herbicide determination in
powdered potato and fresh potato samples has been developed
[127]. The herbicides were extracted from the sample through
liquid–liquid extraction with dichloromethane–light petroleum
(1:1), followed by SPE in a C8 cartridge. The recoveries were
in the range 84%–95% for powdered potato and 86%–101% for
fresh potato. The RSD values were less than 10%, at 0.1 μg g−1
concentration level (n = 4) for both types of samples. Detection
limits of the method were 7.0–30 ng g−1 for powdered potato and
6.0–50 ng g−1 for fresh potato.
The chromatographic system consisted of the following components: a gas chromatograph, equipped with an NPD system and
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Table 5.6
Liquid Chromatographic Methods for Determining Urea Pesticides in Foods and Water for Human Consumption
Urea Pesticide

Matrix

Stationary Phase

Mobile Phase

Detection
(nm)

LOQ

Reference

Diflubenzuron,
flufenoxuron, triflumuron

Apples, tomatoes
(50 g)

4.6 × 250 mm, 5 µm
LiChrosorb RP-18

Methanol/water

UV (245)

0.5 mg/kg

[61]

Diflubenzuron,
flufenoxuron,
hexaflumuron
Chlorfluazuron,
diflubenzuron,
flucycloxuron,
flufenoxuron, triflumuron
Diflubenzuron,
flufenoxuron, lufenuron,
teflubenzuron, triflumuron
Diflubenzuron,
hexaflumuron,
flufenoxuron, lufenuron,
teflubenzuron
Diflubenzuron,
hexaflumuron,
flufenoxuron, lufenuron,
triflumuron
Diflubenzuron

Oranges (0.5 g)

4.6 × 250 mm, 5 µm
Kromasil C18

Gradient acetonitrile/
water

UV (200)

0.15–0.25 mg/
kg

[75]

Apples (50 g)

3 × 150 mm, 5 µm
Separon SGX C8

Methanol/water

DAD (260)

0.01–0.03 mg/
kga

[48]

Grapes (50 g)

2.1 × 250 mm, 5 µm
ODS Hypersil C18

Gradient methanol/
water

DAD (260)

0.04–0.05 mg/
kg

[60]

Fruit, vegetables
(15 g)

2.1 × 250 mm, 5 µm
Supelcosil LC-8-DB

DAD (254)

0.04–0.1 mg/kg

[54]

Tomatoes (50 g)

3.9 × 150 mm, 4 µm
ODS Waters C18

Acetonitrile/water,
acetonitrile/water/
dioxane
(diflubenzuron)
Methanol/water

Fluorescence
(λex 330, λem
410)

16–46 µg/L

[63]

Mushrooms (30 g)

4.6 × 250 mm,
S5ODS2

Gradient methanol/
water

APCI-MS

0.014 mg/kg

[52]

Diflubenzuron

Fruits, fruit drinks

4.6 × 250 mm,
S50DS2

Methanol/water

APCI-MS

0.014 mg/kg

[99]

Diflubenzuron,
flufenoxuron,
hexaflumuron
Chlorbromuron,
chlortoluron, chloroxuron,
difenoxuron, diuron,
fluometuron, isoproturon,
linuron, metobromuron,
metoxuron, monolinuron,
monuron, neburon
Chlorbromuron,
chlortoluron, isoproturon,
linuron, metobromuron
Chlortoluron, diuron,
isoproturon, linuron,
methabenzthiazuron,
monolinuron, monuron,
thiasulfuron
Diuron, linuron

Oranges (0.5 g)

4.6 × 30 mm, 5 µm
Kromasil C18

Gradient methanol/
water

APCI-MS

0.010 mg/kg

[99]

Milk (2 mL)

4.6 × 250 mm, 5 µm
Supelco C18

Gradient methanol/
Acetonitrile/water

UV (242)

0.5–1 µg/kga

[55]

Vegetables (5 g)

4.6 × 250 mm, 5 µm
ODS Hypersil C18

Acetonitrile/water

UV (244, 254)

5–20 µg/kga

[56]

Fruit

2.1 × 150 mm, 5 µm
Spherisorb ODS-2

Acetonitrile/water/
acetic acid/
ammonium acetate
(75.2:18.8:5:1)

ESI-MS–MS

Vegetables (2 g)

4.6 × 50 mm, 3.5 µm
Zorbax SB-C18

Methanol/
ammonium formate

ESI-MS–MS

0.5–2 µg/kga

[102]

Chlorbromuron,
chlortoluron, chloroxuron,
diuron, isoproturon,
linuron, monuron
Bensulfuron methyl

Fruits, vegetables

4.6 × 150 mm Supelco
C-18

Gradient methanol/
water

DAD (244)

2–5 µg/kg

[57]

Rice, crayfish (5 g)

4.6 × 150 mm, 5 µm
Zorbax SB-Phenyl
4.6 × 250 mm, 5 µm
Zorbax RX-Cs

Gradient phosphate
buffer, pH 7.6/
phosphate buffer,
pH 3.2/acetonitrile

UV (254)

8 µg/kg

[64]

Thifensulfuron methyl,
tribenuron methyl

Cottonseed (5 g)

4.6 × 250 mm, 5 µm
Zorbax
XDB-Cs

Gradient 0.01 M
acetic Acid/
acetonitrile

ESI-MS

20 µg/kg

[66]

Diuron and metabolites

Water (100 mL)

4.6 × 150 mm
Supelcosil LC-18-DB

Gradient acetonitrile/
water

UV (252)

2 µg/L

[78]

[144]

(Continued)
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Table 5.6 (Continued)
Liquid Chromatographic Methods for Determining Urea Pesticides in Foods and Water for Human Consumption
Urea Pesticide

Detection
(nm)

Matrix

Stationary Phase

Mobile Phase

Buturon, chlorbromuron,
chlortoluron, difenoxuron,
diflubenzuron, fenuron,
fluometuron, isoproturon,
linuron, metoxuron,
methabenzthiazuron,
monuron, neburon
Diuron

Water (25–50 mL)

4.6 × 30 mm, 5 µm
Supelcosil LC-18 DB

Gradient acetonitrile/
phosphate buffer
pH 7

UV (244 nm)

0.05–0.5 µg/L

[73]

Water (2 mL)

Gradient methanol/
water

UV
(250,277 nm)

0.1 µg/L

[93]

Benzthiazuron,
chlorbromuron,
chloroxuron, diflubenzuron,
diuron, flucycloxuron,
fluometuron, isoproturon,
linuron, metoxuron,
monuron, neburon,
triflumuron
Buturon, chlortoluron,
diflubenzuron, diuron,
fenuron, fluometuron,
isoproturon, linuron,
methabenzthiazuron,
metoxuron, metobromuron,
monuron, neburon
Buturon, chlorbromuron,
chlortoluron,
diflubenzuron,
fluometuron, isoproturon,
linuron, metoxuron,
monuron, neburon
Chlortoluron, diuron,
isoproturon, linuron,
metoxuron, metobromuron,
monolinuron, neburon
Diuron, fluometuron,
linuron, siduron
Chlortoluron, diuron,
isoproturon, linuron,
methabenzthiazuron,
monolinuron, neburon
Linuron, monolinuron

Water

4.6 × 30 mm, 5 µm
Spherisorb ODS-2
4.6 × 100 mm, 3 µm
Microsphere CIS
4.6 × 250 mm, 5 µm
Zorbax SB-C18

Gradient
acetonitrile/water

DAD
(240 nm)

1–7 ng/L

[42]

Water (200 mL)

250 mm TSK ODS
80TM C18

Gradient acetonitrile/
water

DAD
(220 nm)

0.05–0.1 µg/La

[44]

Water (50 mL)

46 × 250 mm, 5 µm
Baker C18

Methanol/water

DAD
(249 nm)

0.1 µg/La

[101]

Water (1 L)

4.6 × 250 mm, 5 µm
Alltima C18

Gradient acetonitrile/
water

ESI-MS

3–11 ng/L

[83]

Water (1 L)

2.1 × 150 mm, Zorbax
RX-CI8
4.6 × 250 mm, 5 µm
Alltima C18

ESI-MS

0.04 µg/La

[91]

ESI-MS

0.09–0.78 ng/La

[84]

1.0 × 100 mm, 5 µm
Spheri-5 C18
2.0 × 10 mm, 8 µm
Spark C18

Gradient acetonitrile/
water
Gradient methanol/
water both with
10 µM
trifluoroacetic acid
Gradient methanol/
Water/formic acid
Gradient methanol/
water

ISP-MS

108 pg, 58 pg

[146]

APCI-MS–MS

0.5-1 µg/La

[104]

Water (1 L)

4.6 × 250 mm, 5 µm
Hypersil ODS

Gradient acetonitrile/
water

APCI-MS–MS

0.2–0.5 ng/L

[43]

Water

4.6 × 250 mm, 5 µm
Alltima C18
4.6 × 200 mm, 5 µm
Spherisorb-ODS2

Methanol/water

APCI-MS

0.1–0.5 µg/La

[102]

Gradient methanol/
Water/0.1 M
ammonium acetate,
pH 4.5

APCI (+)
APCI(–)
PB-EI
PB-CI(+)
PB-CI(–)

2 ng/La
50 ng/La
20 ng/La

[103]

Chlortoluron,
chlorbromuron, diuron,
linuron, metoxuron,
monuron, neburon
Chlortoluron, diuron,
isoproturon, linuron,
methabenzthiazuron,
neburon
Diuron, isoproturon,
monuron
lsoproturon

Water (1–4 L)

Water (250 mL)
Water (4 mL)

Water (200 mL)

LOQ

Reference

(Continued)
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Table 5.6 (Continued)
Liquid Chromatographic Methods for Determining Urea Pesticides in Foods and Water for Human Consumption
Urea Pesticide
Bensulfuron methyl,
chlorimuron ethyl,
chlorsulfuron,
ethametsulfuron,
halosulfuron methyl,
metsulfuron methyl,
nicosulfuron, primisulfuron
methyl, sulfometuron
methyl, thifensulfuron
methyl, triasulfuron,
triflusulfuron methyl
Bensulfuron methyl,
chlorimuron ethyl,
chlorsulfuron, metsulfuron
methyl, primisulfuron
methyl, sulfometuron
methyl, thifensulfuron
methyl, tribenuron methyl
Bensulfuron methyl,
chlorimuron ethyl,
chlorsulfuron, halosulfuron
methyl, metsulfuron
methyl, nicosulfuron,
primisulfuron methyl,
prosulfuron, sulfometuron
methyl, thifensulfuron
methyl, triasulfuron,
triflusulfuron methyl
Bensulfuron methyl,
chlorimuron ethyl,
chlorsulfuron, metsulfuron
methyl, primisulfuron
methyl, sulfometuron
methyl, thifensulfuron
methyl, tribenuron methyl
Chlorsulfuron, metsulfuron
methyl, thifensulfuron
methyl, triasulfuron

Matrix

Stationary Phase

Mobile Phase

Detection
(nm)

LOQ

Reference

Water (500 mL)

4.6 × 250 mm, 5 µm
Zorbax SB-Phenyl

Gradient phosphate
buffer, pH 6.2/
phosphate buffer,
pH 2.7/acetonitrile

UV (245)

0.1 µg/L

[89]

Water (100 mL)

3 × 125 mm, 5 µm
LiChrospher 60
RP select B

Gradient methanol/
water/acetic acid

ESI-MS

0.05–0.1 µg/La

[81]

Water (1 L)

2 × 150 mm, 3 µm
Metasil basic

Gradient acetonitrile/
ammonium
formate-formic
acid buffer, pH 3.7

ESI-MS

10 ng/L

[87]

Water (2–4 L)

4.6 × 250 mm, 5 µm
Alltima C18

Gradient methanol/
water both with
10 mM formic acid

ESI-MS

1.2–4.5 ng/La

[85]

Water (1 L)

2.0 × 250 mm, 5 µm
ODS Hypersil Cl18

Gradient methanol/
water/acetic acid

ESI-MS-MS
ESI-MS

3–7 µg/La
0.4–0.5 µg/La

[90]

Limit of detection.
APCI, atmospheric-pressure chemical ionization; EI, electron impact; ESI, electrospray ionization; ISP, ionspray ionization; LOQ, limit of quantification; PB,
particle beam.
a

a standard injector. The carrier gas was nitrogen. The operating
conditions were: splitless injection through glass-liner; injection
volume, 1 μL. Temperature program: injector temperature, 220°C;
detector temperature, 300°C; initial oven temperature, 110°C
(2 min); gradient: 5°C min−1 to 140°C (2 min); 5°C min−1 to 210°C
(2 min); 7°C min−1 to 250°C (2 min). A semicapillary column
HP-5, 5% diphenyl–95% dimethylpolisiloxane (30 m × 0.53 mm,
2.65 μm) was used. Other columns HP-1, dimethylsilicone
(25 m × 0.25 mm, 0.25 μm), and OV-101, polidimethylsiloxane
(10 m × 0.53 mm, 2.65 μm), were also used for testing.
The GC–MS system used for identification purposes consisted
of a gas chromatograph, Hewlett-Packard 5890 II, equipped
with a split-splitless injector and a capillary column VA-5, 5%
diphenyl–95% dimethylpolisiloxane (30 m × 0.25 mm, 0.25 μm),
and a mass spectrometer with a quadrupole filter The operating conditions were: ionization source temperature, 220°C;

quadrupole filter temperature, 100°C; ionization energy, 70 eV;
the temperature program was the same as the one used in GC–
NPD, except that detector temperature was 280°C; scan mode
(20–550 u). An injection volume of 2 μL was used.

5.3.3 Supercritical Fluid Chromatography
Supercritical fluid chromatography (SFC) is a hybrid technique
of GC and LC. Advantages of SFC are that it can be used with LC
and GC detectors and offers the possibility of coupling SFE and
SFC. However, this technique has not gained wide acceptance as
an analytical tool, owing to its technical problems. Theoretically,
SFC could be applied in order to determine the thermolabile urea
pesticides as intact compounds, at the same time making profit
of the use of the highly selective and sensitive detectors used in
GC Nevertheless, thermal degradation of diflubenzuron in the
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Urea Pesticide

Matrix

Derivative Conditions
(Solvent of Injection)

Injector Temp
(°C)

Diflubenzuron

Apples (25 g)

Toluene/HFBA/ Pyridine

225

Flufenoxuron

Wine (3 mL)

Room temp/1.5–2 h (toluene)
(Solvent free)

240
250

Tebuthiuron

Milk (1 L)

250

Linuron, metobromuron,
monolinuron, teflubenzuron

Fruits, vegetables
(100 g)

MBTF A/toluene, 90°C/2 h
(toluene)
. (Acetone–hexane)

Diuron

Sugarcane,
orange, (3–10 g)
Plants (1 g)

(Acetone)

250

(Ethyl acetate)

250

Chlortoluron, diuron, isoproturon,
linuron

Water (500 mL)

HFBA/dichloro methane,
37°C/1 h (dichloromethane)

Programmed
35°C
(0.7 min),
12°C/s–300°C

Linuron, diuron, neburon,
isoproturon
Chlortoluron, diuron, isoproturon

Water (500 mL)

HFBA/pyridine, 37°C/1 h
(acetonitrile)
Iodoethane/NaH/DMSO

Tebuthiuron

Water (100 mL)

Chlorbromuron, diuron,
fluometuron, linuron,
metobromuron, monolinuron,
monuron

Water (1 L)

Acetic anhydride/toluene,
270°C/2 h (acetone)

250

280
240

Column

Detection

LOQ

25 m × 0.32 mm,
0.52 µm NB-1701,
25 m × 0.32 mm,
0.52 µm HP-5

ECD

0.03 rug/kg

25 m × 0.32 mm,
0.25 µm HP-1701
30 m × 0.25 mm,
0.25 µm DB-5
30 m × 0.25 mm,
0.25 µm SPB-608

ECD

13 µg/La

MS (SIM)

0.08 mg/L

ECD

6 µg/kga
3 µg/kga
10 µg/kga
10 µg/kga

30 m × 0.25 mm,
0.35 µm HP-5
30 m × 0.25 mm,
0.25 µm SPB-5

ECD

30 m × 0.25 mm,
0.25 µm DB-5 ms

MS-ITD
(SIM)

30 m × 0.25 mm,
0.25 µm DB-5
30 m × 0.25 mm,
0.25 µm DBI7 ms
30 m × 0.25 mm,
0.25 µm DB-5

MS-ITD

MS (SIM)

Determined
Compound
Heptafluorobutyryl
derivative

Reference
[65]

Urea Pesticide Residues in Food

Table 5.7

[74]
Trifluoroacetyl
derivative

[62]
[47]

[53]
1–5 µg/La
5 µg/La
1 µg/La
0.5 µg/La
0.5 µg/La
0.09 µg/L
0.09 µg/L
0.05 µg/L
0.15 µg/L

MS (SIM)

0.3–0.5 ng/
kga

MS (SIM)

<0.02 µg/L

Phenylisocyanates

[70]

Heptafluorobutyryl
derivative

[98]

Heptafluorobutyryl
derivative
Ethyl derivative

[44]

Acetyl derivative

[46]

[86]

(Continued)
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Table 5.7 (Continued)
Gas Chromatographic Methods for Determining Urea Pesticides in Foods andWater for Human Consumption
Urea Pesticide

Matrix

Derivative Conditions
(Solvent of Injection)

Injector Temp
(°C)

Column

Detection

Chlorsulfuron, fluometuron,
isoproturon, linuron,
metobromuron, monuron

Water (2 mL)

(Solvent free)

300

30 m × 0.25 mm,
0.25 µm BP-10

NPD
ECD

Chlortoluron, diuron, fluometuron,
isoproturon, linuron,
metobromuron, monuron
Chlorsulfuron

Standard and
water (100 mL)

(Methanol)

300

30 m × 0.25 mm,
0.25 µm BP-10

NPD
ECD
MS (SIM)

Metabenzthiazuron
Diuron, linuron, monuron

Determined
Compound

LOQ
0.08 µg/L
0.10 µg/La
0.06 µg/La
0.04 µg/La
0.08 µg/La
0.10 µg/La
0.05–3 ngb
0.01–5 ngb
0.1–1 pgb
a

Reference

Aminotriazine
Anilines

[94]

Carbamic acid
methyl esters

[123,124]

Aminotriazine +
phenylsulfon amide
Benzothiazolamine
Water (l L)

(n-Hexane)

Linuron, monuron

220

30 m × 0.32 mm,
0.25 µm DB-I

NPD

240

25 m × 0.25 mm,

MS (SIM)

Fenuron, monuron, isoproturon,
linuron
Linuron, monolinuron

Standards

(Dichloromethane)

280

Water (200 mL)

(Dichloromethane)

Linuron, tebuthiuron

Water (l L)

(Hexane-2-propanol)

–

Fluometuron, linuron,
metobromuron, monolinuron

Water (l L)

(Ethyl acetate)

230

30 m × 0.25 mm,
0.25 µm DB-5
30 m × 0.25 mm,
0.25 µm HP-5 ms

0.25 µm HP-5
MS
(SCAN)
MS (SIM)
MS

30 m × 0.25 mm,
0.25 µm DB-5 ms

MS-ITD
(SIM)

0.08 µg/La
0.002 µg/La
0.02 µg/La
0.01 µg/La
0.15–
0.35 mg/La
4.58 pgb
2.40 pgb
2 ng/La
10 ng/La
5 ng/La
50 ng/La
10 ng/La
5 ng/La

[124]

0.005 µg/La
Phenylisocyanates

[122]
[125]
[80]

Phenylisocyanates

[79]

Limit of detection.
Instrument detection limit.
HFBA, heptafluorobutyric anhydride; ITD, ion-trap detector; LOQ, limit of quantification; MBTFA, N-methylbis(trifluoroacetamide).
a

b

Handbook of Food Analysis

Free ebooks ==> www.ebook777.com
125

Urea Pesticide Residues in Food
restrictor, within the SFC-MS interface, at temperatures exceeding 170°C [128] has been reported. Also, the silica plug in the
restrictor has been pointed out as a possible cause of catalytic
decomposition of SUHs [92]. Despite its technical difficulties,
SFC with carbon dioxide modified with 10% acetonitrile has
been applied to the determination of BUIs in apple and pear pulp,
reaching limits of quantification of 0.01 mg/kg [58].

5.3.4 Capillary Electrophoresis
Capillary electrophoresis (CE) is an analytical technique based
on an old principle-charged molecules in buffered solution move
when an electric field is applied. Migration of a determined ion
depends on its charge-to-size ratio, the size being dependent on
the molecular weight, three-dimensional structure, and degree
of solvating. The most cited modes of CE are micellar electrokinetic chromatography (MEKC) in which surfactants (forming
micelles) are added to the buffer solution, and capillary zone
electrophoresis (CZE) in which a simple buffer salt solution is
used. MEKC can separate both ionic and neutral analytes while
CZE separates only ionic compounds.
The use of CE for the analysis of pesticides has been reviewed
by several researchers [4,30–32]. CE has been applied successfully for the analysis of pesticides in water [88,129,130] and standard solutions [131–133]; however, few articles focus on rea 1
samples of foods [49,67].
Table 5.8 lists the main characteristics of methods that use CE
for determination of urea pesticides.
Several advantages of CE over other analytical techniques
have been cited; it is fast and has a high efficiency in separation (high plate number), the volume of the injected sample
is reduced to a few picoliters, the sensitivity of the detection
is very good, conditioning the capillaries between samples is
easy, large consumption of organic solvents is avoided, and a
wide range of analytes can be determined. The major drawbacks are the low concentration sensitivity and poor selectivity, because of the limited system loadability (a few nanoliters)
and the universality of the UV absorbance-based detectors.
Coextracted matrix compounds became a limiting factor in the
analysis of some foods (e.g., oranges) [49]. SPE has been utilized to improve the poor sensitivity of CE for preconcentration
of urea pesticides from water [88,129,130].
A new method based on matrix solid phase dispersion-capillary electrophoresis with electrochemiluminescence detection
(MSPD-CE–ECL) has been developed for the simultaneous
determination of three kinds of phenylurea herbicides (PHUs).
Poly-β-cyclodextrin (poly-β-CD) was used as an additive in
the running buffer to improve the separation of three analytes.
The conditions for CE separation, ECL detection and effect of
poly-β-CD were investigated in detail. Under the optimal conditions, three kinds of herbicides (isoproturon, linuron and diuron) were well separated and detected within 8 min. The linear
ranges of the standard solution for isoproturon and linuron were
1–300 μg L −1 with a detection limit (S/N = 3) of 0.1 μg L −1, and
for diuron was 2–500 μg L −1 with a detection limit of 0.2 μg L −1.
The average recoveries were in the range of 86.9–102.8%, and
all relative standard deviation of the migration time and the
ECL intensity in intraday and interday were less than 9.0%. The
proposed method was also applied to the determination of three

kinds of herbicides in green vegetable and rice samples with
recoveries in the range from 78.1% to 93.8% [134].
A capillary electrophoresis method to determine four sulfonylureas in grain samples was developed using 10 mM of
1-butyl-3-methyl imidazolium tetrafluoroborate (bminBF4) as
electrophoretic buffer solution. 2 mg L −1 of Surfactant CoatedSingle Wall-Carbon Nanotubes (SC-SWCNTs) was added to the
buffer solution to improve the resolution. In this way, the separation of nicosulfuron, ethoxysulfuron, sulfometuron methyl and
chlorsulfuron was carried out in 16 min without using organic
solvents. A clean up-preconcentration procedure was done prior
to inject the sample into the CE instrument, in order to achieve
the established maximum residue limits (MRLs). So, the detection limits (LODs) for each analytes were between 16.8 and
26.6 μg kg−1. The relative standard deviations (RSDs) were in the
range 1.9%–6.7%. A recovery study using the so-called matrix
matched calibration demonstrates that no matrix interferences
were found throughout the determination. The recovery percentages were ranged between 80% and 113% [135].

5.3.5 Immunoassays
Immunoassays (IAs) are based on the antigen–antibody reaction.
In most IAs, antibodies (or antigens) are immobilized on a solid
support; the rate of sites occupied by the antigens reflects the concentration of analytes in the medium. Since the binding reaction
itself does not produce a signal, a fluorescent, chemiluminiscent
enzyme or radioisotope tracer is added which allows estimation
of the occupancy degree by measuring the tracer signal. The
main IA is the enzyme-linked immunosorbent assay (ELISA).
IAs are useful in first screening and quantitation (if possible),
when there are many samples to be analyzed. The manageability of the IA test kit, together with its sensitivity and speed of
analysis, allows the rapid determination in situ of many samples
simultaneously. Despite the advantages of the technique, applications to food analysis are scarcely referred to in the literature.
Immunosorbents can be used for enrichment of 
phenyl[56,57,101,136,137], sulfonyl-, and benzoyl-ureas [148]. Theo
retically, the high affinity and selectivity of the antigen-antibody
interactions should obtain clean extracts from complex food samples. Nevertheless, the limited commercially available IA (classspecific IAs are under development), matrix-effect problems, and
cross-reactivity are important limitant factors to be solved.
The presence in the samples of structurally related compounds
or other synthetic or natural compounds at high concentrations
that interact weakly with the antibody can lead to false positive
responses of the IA [6]. In order to reduce the matrix effect in the
determination of isoproturon from potatoes, an anti-isoproturon
antibody has been encapsulated in a silica-based sol-gel matrix;
in this way, selectivity is improved because the relative size of
the pores prevents the diffusion of macromolecules into the solgel matrix [138]. Another way to reduce matrix interference is by
performing an appropriate dilution of the extracts in the buffer
or by applying adequate cleanup procedures. PUHs have been
enriched and directly quantified from potato and carrot methanolic extracts using a polyclonal anti-isoproturon antibody, while
from grape, onion, celery, corn, and strawberries extracts, a further cleanup step was necessary [57]. Class extraction is possible
by bonding two or three different antibodies making profit of

www.ebook777.com

Free ebooks ==> www.ebook777.com
126

Handbook of Food Analysis

Table 5.8
Capillary Electrophoresis Methods for Determining Urea Pesticides
Matrix

CE-MEKC

Oranges,
tomatoes (5 g)

4 mM sodium borate/35 mM
SDS (pH 9.2),
60 cm × 75 μm, 50 cm effective
length, +25 kV, 25°C

DAD (240)

CE-MEKC

Wheat, barley,
corn (10 g)

25 mM sodium phosphate/50 mM SDS
(pH 6.15), 90 cm × 75 μm, 68 cm
effective length, +25 kV, 35°C

UV (234)

CE-MEKC

Water

UV (239)

CE-MEKC

Water

CE-MECK

Water (l00 mL)

CE-CZE

Water (500 mL)

50 mM sodium borate/22 mM
SDS/l0% methanol (pH 8.0),
60 cm × 75 μm, 50 cm effective
length, +25 kV, 25°C
4 mM sodium tetraborate, 12 mM
potassium phosphate/30 mM SDS
(pH 7), 85 cm × 50 μm, 70 cm
effective length, +30 kV
50 mM phosphoric acid, 15 mM
γ-cyclodextrin/50 mM SDS, 64.5 cm ×
7511 m, 56 cm effective length, +15 kV,
50 cm × 50 μm, 37.8 cm effective
length, +15 kV
50 mM ammonium acetate, 50 mM
acetic acid/12% acetonitrile (pH 4.75),
122 cm × 75 μm, 100 cm effective
length, +30 kV, 30°C, 104 cm × 75 μm,
95.5 cm effective length, +28 kV, 30°C

CE-MEKC

Standards

CZE
CE-MEKC

a

Standards

Analytical Conditions

Detection
(nm)

CE Method

25 mM sodium borate, 0.1 M SDS
(pH 8.5), 75 cm × 50 μm, 60 cm
effective length, +20 kV, 35°C
25 mM sodium borate, 10 mM SDS
(pH 8.5)
12.4 mM potassium dihydrogen
phosphate, 3.8 mM sodium borate,
50 mM SDS (pH 7.0), 75 cm × 50 μm,
55 cm effective length, +24 kV

Urea Pesticide

LOQ
(mg/kg)

Reference

Chlorsulfuron,
chlortoluron,
diuron,
flufenoxuron,
fluometuron,
isoproturon,
methabenzthiazuron,
metobromuron,
monuron,
triasulfuron
Chlorsulfuron,
metsulfuron-methyl,
rimsulfuron,
thifensulfuron,
tribenuron-methyl
Bensulfuron, chlorsulfuron,
chlorimuron, ethametsulfuron,
metsulfuron, rimsulfuron,
triasulfuron, tribenuron
Diuron, isoproturon, linuron,
monolinuron,
monuron

0.05
0.3
0.3
0.24
0.24
0.3
0.3
0.24
0.15
0.05
0.02a
0.02a
0.035a
0.02a
0.035a

0.02–0.1
mg/L

[129]

DAD (244)

Diuron, isoproturon, monuron

1 μg/L

[130]

UV (240)

Bensulfuron-methyl, chlorimuron-ethyl,
chlorsulfuron, ethametsulfuron,
halosulfuron-methyl,
metsulfuron-methyl,
primisulfuron-methyl,
sulfometuron-methyl,
thifensulfuron-methyl, triasulfuron,
triflusulfuron-methyl
Fenuron, metoxuron, linuron

0.1 μg/L

UV (244)

UV (230)

UV (254)

Chlorsulfuron, chlortoluron, diuron,
linuron, fenuron, fluometuron,
monuron, linuron

[49]

[61]

[131]

[89]

[132]

[133]

Limit of detection.

LOQ, limit of quantification; SDS, sodium dodecyl sulfate.

the cross-reactivity properties of immunosorbents. For example,
the combination of anti-isoproturon and antichlortoluron could
reach recoveries >80% for many phenylurea herbicides and
diflubenzuron from spiked water, but others such as buturon,
difenoxuron, fenuron, and rnethabenzthiazuron could not correctly be recovered [101,137].
The selectivity of these antibodies has been studied for online
enrichment of PUHs from water; a propioanilide pesticide (propanil) was also recovered together with the PUHs [136]. Some immunosorbents (anti-isoproturon) show low breakthrough volumes;
this fact limits the water volume that one can percolate through

them for improvement of LODs [139]. The usual immunosorbents
are only applied to aqueous extracts. However, many extracts from
foods are obtained by using organic solvents, and covalent immobilization of antibodies on polystyrene micro titerplates makes it
possible to detect PUHs in pure organic solvents [140].
In food analysis, positive samples should be analyzed by other
analytical methods, taking into consideration that some positive samples in which the analyte is detected at very low levels
lack relevance at the regulatory levels. To discard false negative
results, a fraction of the negative samples should be analyzed by
another technique. IA is not the best choice when only a small
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number of samples must be analyzed, when the matrix produces
important effects, or when transformation products must be identified. Obviously, IA cannot be used for quantitative purposes if
cross-reactants are present in the samples.

5.4 Detection Methods
5.4.1 Detectors for GC and SFC
NPDs and ECDs are widespread detectors for analysis of urea
pesticides by GC and SFC. All urea pesticides contain N atoms,
so producing a response in the selective NPD. Many urea pesticides are halogenated or contain electronegative atoms (S,O)
thus giving intense signals in the ECD. The ECD has been used
to quantify BUIs and PUHs in foods [47,53,65,74] and water
[94,123], and the NPD is an estimable tool for determining PUHs
and chlorsulfuron from water [94,123–124]. However, mass
spectrometric detectors are more specific and sensitive than the
ECD and NPD. Both quadrupole [46,62,70,80,86,122–125] and
ion-trap [44,98,79] mass spectrometric detectors have been utilized in food and water analysis.

5.4.2 Optical Detectors
Although UV and DADs are the most widely used detectors for
LC and CE, fluorescence has also been reported to determine
BUIs in tomato [63] and water [141], and SUHs in water [142]. As
BUIs and SUHs are not naturally fluorescent, fluorescence must
be induced either photochemically [141,142] or by photoirradiation [63]. Matrix interferences in the photoirradiated SUHs were
avoided using matrix-matched standards [63].
UV and DADs are universal, inexpensive, simple, easy to handle and maintain, and ideal for routine work. Nevertheless, since
they are operated at short wavelengths (below 277 nm), many
coeluting organic compounds could interfere in the determination. For this, exhaustive cleanup and confirmation are required.
Gamiz-Gracia et al. [111] gives an excellent review on chemiluminescence detection of pesticide residues.

5.4.3 LC-MS Techniques
The mass spectrometer is a favorite detector in urea pesticide
analysis. It can be stated that when there is a need for the development of a multiresidue method for urea pesticides, LC-MS
should be the technique of choice.
Distinct ionization techniques such as particle beam (PB),
electrospray (ESI), ion spray (ISP), and atmospheric-pressure
chemical ionization (APCI) have been used to determine urea
pesticides. Among the various interfacing systems developed in
the past years, ESI and APCI are well referenced.
APCI in negative mode has been used for BUIs [52,76,99].
The most abundant ions formed were the deprotonated quasimolecular ions [M-Hr [52,76] {[M-2Hr for hexaflumuron [76]}, and
{M-H-HF]−{[M-2H-FH]− for hexaflumuron [76]}. Nevertheless,
such BUIs are not detected with APCI in positive mode.
SUHs have been determined by LC-ESI either in positive
[59,66,81,85,87] and negative mode [90]. In the negative mode
the ion [M − H]− was always the base peak, even though such

an ion appears also as product ion in MS-MS. In the positive
mode, fragmentation was more intense and [M + H]+ was always
present as the base peak [66,81,85] or as an ion of minor relative abundance (e.g., 20% for nicosulfuron [87]). SUHs have also
been determined by LC-TSP [81], diverse fragments different
from [M + H]+ being produced.
PUHs have been studied by APCI in positive [43,102,103,143]
and negative modes [103,143], by ESI in positive [82–84,
91,104,144,145] and negative [82,145] modes, by ISP [146], and
by PB with electron-impact, positive and negative chemical ionization [103]. Whatever the interface used, the positive modes
[M + H]+ are present but sometimes with low relative abundance
(e.g., 10% for methabenzthiazuron [84], 20% for isoproturon, or
30% for monolinuron [83]). When MS-MS is performed in quantitative analysis, [M + H]+ is selected as precursor ion [43,102–
104,145], the m/z being 72 {corresponding to [(CH3)2NCO]+}, an
abundant product ion for many PUHs with some exceptions (e.g.,
chlorbromuron, linuron, and neburon [104,145]). In negative
modes, [M-Hr is generally formed but for some nonhalogenated
PUHs no sensitive response is obtained (e.g., fenuron in APCI
[81] and isoproturon in APCI and PB [103]).
Several problems associated with the use of LC–MS interfaces have been cited: the sensitivity of LC–MS is inferior to
that of GC–MS; adducts with Na+, K+, or solvents, and dimmers,
are frequently formed; the mass spectra obtained are different
from one researcher to another even when the same interface is
used; the structural information provided is scarce; and matrices
show sometimes positive or negative effects on quantification.
Some solutions to such problems have been proposed and successfully applied.
The notorious problem of insufficient sensitivity of most
LC– MS techniques can be solved by combining the techniques
with an adequate trace-enrichment procedure. Analyte responses
vary widely with the LC eluent composition [145]. The use of
acetonitrile instead of methanol in the mobile phase depresses
the signals for some PUHs [83,145]. The sensitivity of several
interfaces has been compared for the determination of diuron
and isoproturon. ESI, ISP, and APCI detected them at sub-ng
levels (0.1–0.05 ng), whereas PB was slightly less sensitive (4 ng)
[103,144].
Formation of adducts occurs with any interface: ESI
[81,82,84,85,91], ISP [146], and APCI [103]. The use of ions corresponding to adducts and dimers for quantification is frequent.
Nevertheless, formation of adduct ions other than [M + H]+ is
not a favorable condition because variations of the salt content
in organic solvents or in contaminated systems can lead to variations in the abundance of ions, making spectra unreproducible.
The addition of acids such as acetic [91], formic [83,85,146], and
trifluoroacetic [84] to the mobile phase suppressed production of
Na+ and K+ adduct ions. Distillation of organic solvents has been
utilized to achieve the same goal [84]. Concentrations of acids
must be optimized to obtain an enhancement of the [M + H]+ ion
signal. The effect of matrix ions (ammonium or sodium in the
form of citrate and acetate) and acids (acetic, trifluoroacetic) in
the mobile phase has been studied for PUHs [91].
Assays to obtain comparable spectral libraries for the identification of unknown substances by LC-APCI-MS have been done
[143]. Cone or fragmentor voltage may sometimes be used to
obtain structure-specific fragmentation (unfortunately at the cost
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of sensitivity). MS-MS is a good means to provide the structural
information required.
Unspecific matrix effects could be caused by large molecules
capable of removing multiple charges during desolvation in the
ESI; coupling a size-exclusion column with LC-ESI-MS provides an effective cleanup of extracts of SUHs before detection
[66]. For matrix-enhanced recoveries of SUHs from environmental water, this effect was decreased by performing an additional solvent-exchange cleanup step [87]. Several solutions to
avoid matrix effects in the determination of PUHs and thiasulfuron from fruits by LC-ESI-MS have been proposed [144].
First, a comparison of matrix and standard calibration should be
done, and size-exclusion cleanup could overcome such effects.
If matrix calibration cannot be avoided, it must be verified that
the matrix effect is constant for all the samples. When analyzing
some vegetables (potatoes and carrots) by LC-MS-MS (selected
reaction monitoring) no interferences appeared [145].
For more references on LC-MS techniques see Section 5.3.1.
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6.1 Introduction
Several hundred pesticides of different chemical nature are
widely applied to crops throughout the world. These pesticides
provide unquestionable benefits for increasing crop productivity
and improving product quality. The use of pesticides may lead
to traces of residues in food. Therefore, public concern about
the contamination of food by pesticides has been increasing
over the past few years due to the uncertainty about the adverse
effect of these residues that may pose over a long-time exposure. Most pesticides are toxic to human beings; WHO (World
Health Organization) has classified their toxic effects from class
Ia (extremely hazardous) to class III (slightly hazardous) (Table 6.1)
and then to active ingredients unlikely to prevent an acute hazard
(WHO 2004). In recent years, potential health risks from pesticides and other organic pollutant residues in foodstuffs have
become a main public concern.
The toxicity of most pesticides and the consumption of raw
fruit and vegetables reinforce the concern for contamination of
these food substances over other foods. As a result, levels of pesticides in different food items are regulated by international and
national organizations to protect human health. For the protection of the public against the toxic effects of pesticides, regulatory
agencies in many countries have established standards specifying the residue levels of each pesticide in various foodstuffs. At

an international level, the WHO, in conjunction with the Food
and Agriculture Organization (FAO), has been convening Joint
FAO/WHO Meetings on Pesticide Residues annually since
1961. At these meetings, the toxicological and related data are
evaluated for the establishment of an acceptable daily intake or
provisional tolerable daily intake. This chapter assesses the contamination status of persistent organochlorine pesticide (OCP)
residue levels in selected studies in food samples from various
parts of the world.

6.2 Organochlorine Pesticides
OCPs have been widely used worldwide since the 1940s because
of their strong effects in the control of pests and diseases.
Organochlorine residues and their metabolites are ubiquitous in
the environment because of their widespread use (Rodrigues et al.
2011). Thus, the risk for human exposure and contamination is
considerable. They undergo bioaccumulation in fatty tissues and
biomagnification through food chains as a result of their persistent and lipophilic nature. Their persistence and adverse effects
on human health and the environment have generated interest at
local, regional, and global levels. Consequently, the use of these
OCPs has been severely restricted or banned in many developed
countries as well as in some developing countries. Despite the
135
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Table 6.1
WHO Recommended Classification of Pesticides by Hazards
LD50 for the Rat (mg kg−1 Body Weight)
Oral
Class
Ia
Ib
II
III

Hazard Category
Extremely toxic
Highly toxic
Moderately toxic
Slightly toxic

Dermal

Solids

Liquids

Solids

Liquids

≤5
5–50
50–500
>500

≤20
20–200
200–2000
>2000

≤10
10–100
100–1000
>1000

≤40
40–400
400–4000
>4000

Source: WHO (World Health Organization). 2004. The WHO Recommended Classification of
Pesticides by Hazard and Guidelines to Classification: 2004, Switzerland.

ban and restriction on the usage of OCPs in developed countries
during the 1970s and 1980s, some developed countries are still
using them for agricultural and public health purposes because
of their effectiveness in controlling various insects (Ghabbour
et al. 2012). These compounds have been detected in the environment worldwide due to their persistent nature (Bempah et al.
2012a,b) and lack of regulatory enforcement. In view of the fact
that OCPs are persistent in the environment, it is necessary to
monitor them in the environment.

6.2.1 Characteristics of OCPs
OCPs are among the most important organotoxins and make
a large group of pesticides. Physicochemical properties of
these toxins are hydrophobic, lipophilic, and extremely stable.
Once in the environment, they are subject to global deposition
processes and bioaccumulate in food (Ashnagar et al. 2009).
The OCPs break down chemically very slowly and can remain
in the environment for long periods of time. The OCPs are
hydrocarbon compounds containing multiple chlorine substitutions. There are four main types of OCPs based on structural
classes: dichlorodiphenylethanes, cyclodienes, chlorinated
benzenes, and hexachlorocyclohexane (HCH) (Table 6.2). All
share a similar pair of carbon rings, and one of them is heavily
chlorinated.
Dichlorodiphenyltrichloroethane: Dichlorodiphenyltrichlo
roethane (DDT) is a commercial organochlorine insecticide that
has been widely used on agricultural crops as well as for vector
control (Hui et al. 2008). Technical-grade DDT is a mixture of up
to 14 compounds of which the isomer is p,p′-DDT (65%–80%).
The other compounds include 15%–21% of o,p′-DDT, up to 4%
of p,p′-DDD, and other substances (Wong et al. 2005). DDT is
the most popular example of organochlorine pollutants, characterized for long persistence in the environment after application
(Rodrigues et al. 2011).
Cyclodienes: Cyclodiene compounds are a collective group of
synthetic cyclic hydrocarbons, which includes aldrin, dieldrin,
endrin, endrin aldehyde, endrin ketone, heptachlor, heptachlor
epoxide, chlordane, α-endosulfan, β-endosulfan, and endosulfan
sulfate. They are particularly effective where contact action and
long persistence is required; for example, endosulfan acts as a
contact poison on sucking, chewing, boring insects of field crops,
and also for acarcidal action (Kafilzadeh et al. 2012). Aldrin is an

alicyclic chlorinated hydrocarbon and is rapidly converted into
the epoxide form: dieldrin (Bempah et al. 2011).
Hexachlorocyclohexane: HCH is an insecticide made up of
a mixture of eight isomers. The components are 58%–80% of
α-HCH, 5%–14% of β-HCH, 12%–14% of γ-HCH, 2%–10%
of δ-HCH, and 3%–5% of other isomers (Chen et al. 2007;
Devanathan et al. 2009). The γ-isomer of HCH, also known
as lindane, is widely used as an insecticide directly applied to
the body and scalp to treat head and body lice. The β-isomer of
HCH is the most persistent and bioaccumulative form (Salem and
Ahmed 2002; Ennaceur et al. 2007).

6.3 Methods of Analysis for OCPs
in Food Samples
An indispensable requisite to ensure quality and reliability of the
results in chemical analysis is method validation. The analyst
must produce information to demonstrate that a method intended
for this purpose is capable of offering adequate speciﬁcity,
accuracy, and precision, at relevant analyte concentrations and
in appropriate matrices. Sample preparation of multiresidues
analysis is normally required to isolate and concentrate compounds of interest from the sample matrix prior to chromatography analysis. The methodologies used in the analysis of the
different food samples involve—(i) homogenization of samples,
(ii) extraction of the samples into a suitable organic solvent, (iii)
cleanup of the solvent extract using chromatographic techniques,
and (iv) analysis of the cleaned-up extract with gas chromatography (GC) instrumentation, using specific detectors and GC–mass
spectrometry (MS). The general analytical procedure for OCPs
residue analysis in food is presented in Figure 6.1.

6.3.1 Sample Preparation
Analysis of OCPs in food, alone, or incorporated into a wider
target or nontarget multiresidue screening, is difficult because of
the matrix complexity and the low concentrations at which these
compounds are usually present (Lambropoulou and Albanis 2007;
LeDoux 2011). Sample preparation remains an important part
for obtaining accurate quantitative results. The detailed residue
analysis method must be reported including the sample extraction procedure, cleanup and analysis of food samples is dictated
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Table 6.2
Structural Classification and Physicochemical Properties of OCPs
Solubility
Molecular
Weight

Melting
Point (°C)

At 25°C in
Water (mg L−1)

I. Dichlorodiphenylethanes
354.51
p,p′-DDT
318.00
p,p′-DDE
320.00
p,p′-DDD
354.51
o,p′-DDT
318.00
o,p′-DDE
320.00
o,p′-DDD
Methoxychlor
345.65

108.5–109
88.4
112
73–75
88–90
76–78
87

0.025
0.12
0.12
0.085
0.14
0.1
0.1

770
Soluble
Soluble
Soluble
Soluble
Soluble
Soluble

500
Soluble
Soluble
Soluble
Soluble
Soluble
Soluble

–
Soluble
Soluble
Soluble
Soluble
Soluble
Soluble

40
Soluble
–
–
Soluble
Soluble
Soluble

6.19–6.91
5.69–6.09
6.02
5.75
5.63
5.87
4.7–5.1

II. Cyclodienes
Aldrin
Dieldrin
Endrin
α-Endosulfan
β-Endosulfan
Heptachlor
Kepone
Mirex

104–105
175–176
226–230
109.2
213.3
95–96
350
485

<0.05
0.19
Insoluble
0.32
0.33
0.056
2.70
Slightly soluble

3500
400
Moderate
–
–
750
Slightly soluble
Slightly soluble

1590
220
Moderate
–
–
1060
Slightly soluble
Slightly soluble

980
–
–
24
24
–
Slightly soluble
–

90
10
Slight
–
–
–
Slightly soluble
–

5.0–7.4
4.32–5.40
4.56–5.0
–
–
–
5.41
5.28

III. Chlorinated benzenes
HCB
284.81

226

Insoluble

Soluble

–

–

–

5.47–6.18

IV. Hexachlorocyclohexane
290.85
α-HCH
290.85
β-HCH
290.85
γ-HCH
290.85
δ-HCH

159–160
309–310
112–113
113–115

–
–
10
–

–
–
289
–

–
–
435
–

–
–
–
–

–
–
74
–

3.78–3.81
3.66–3.72
4.14
5.27–6.06

Pesticides

364.93
380.93
380.93
406.96
406.96
373.34
490.64
545.50

Benzene
(g L−1)

by both the analyte characteristics and the basic composition of
the food matrix, especially the fat content. Preliminary sample
preparation is inevitable for efficient separation from complex
matrices by chromatographic columns at low detection levels.
The choice of the solvent, extraction, and cleanup technique to
use depends on the kind of crop to be studied. Studies about
pesticide residues and analytical methods for extraction and
determination in food have been compiled. Table 6.3 outlines
a summary of the extraction procedures applied to determine
OCPs in food.
The most frequently used methodologies for the determination
of OCPs in food use solvent extraction procedures such as soxhlet
(Owago et al. 2009; Afful et al. 2010), sonication (Therdteppitak
and Yammeng 2003; Latif et al. 2011), supercritical fluid

Sampling

Sample

Determination
Figure 6.1

Acetone
(g L−1)

Methanol
(g L−1)

Hexane (g L−1)

Log Pow

extraction (Quan et al. 2004), pressurized liquid extraction
(Adou et al. 2001; Suchan et al. 2004; Tao et al. 2005; BarriadaPereira et al. 2008), and microwave-assisted extraction (Chen
et al. 2007; Barriada-Pereira et al. 2008) prior to determination.
Various organic solvents with different polarities are used to
extract residues from food: acetone (Kumari et al. 2006; Mandal
and Singh 2010), acetonitrile (Anastassiades et al. 2003; Charan
et al. 2010; Cieślik et al. 2011), ethyl acetate (Bempah et al.
2012a, b), dichloromethane (Benson and Olufunke 2011), hexane
(Pandit et al. 2002; Darko and Acquaah 2007; Gill et al. 2009),
hexane: acetone (Afful et al. 2010), petroleum ether (Ashnagar
et al. 2009; Ahmad et al. 2010; Bulut et al. 2010; Guler et al.
2010; Pandey et al. 2010), toluene (Wardani et al. 2012), and a
mixture of dichloromethane:acetone (Owago et al. 2009).

Sample

Clean

General steps in the analysis of pesticide residues from food substances.
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Table 6.3
Selection of Extraction and Detection Procedures for OCPs in Food
Pesticide

Matrix

13 OCPs
13 OCPs
14 OCPs
14 OCPs

17 OCPs
2 OCPs
16 OCPs
19 OCPs
4 OCPs

Vegetables
Fruits
Strawberry
Strawberry
jams
Rice
Milk, eggs,
and avocado
Cereals
Vegetables
Vegetables
Vegetables
Vegetables

4 OCPs
8 OCPs
1 OCP
9 OCPs
11 OCPs
21 OCPs

Vegetables
Vegetables
Vegetables
Fruits
Fruits
Fish

16 OCPs

Fish

7 OCPs
12 OCPs
16 OCPs
12 OCPs

Fish
Fish
Fish
Fish

QuEChERS
Solid-phase microextraction
Matrix solid-phase dispersion
Solid-phase extraction
Focused microwave-assisted
extraction, coupled with
solid-phase microextraction
Solid-phase extraction
Soxhlet
Shaking
Shaking
Sonication
Pressurized liquid extraction
Microwave-assisted extraction
Matrix solid-phase dispersionaccelerated solvent extraction
Pressurized liquid extraction
Solid-phase extraction
Ultrasonication
Soxhlet

7 OCPs
14 OCPs

Fish
Fish

Soxhlet
Soxhlet

21 OCPs
6 OCPs

Extraction Method
QuEChERS
QuEChERS
QuEChERS
QuEChERS
QuEChERS
QuEChERS

Detection Mode

LOQ

Reference

GC-ECD
GC–MS
GC-ECD, GC–MS
GC-ECD,
GC–MS/MS
GC–MS/MS
GC–MS/MS

0.001–0.009 mg kg
0.001–0.013 mg kg−1
–
–

Srivastava et al. (2011)
Cieślik et al. (2011)
Fernandes et al. (2011)
Fernandes et al. (2012)

0.01 mg kg−1
–

Ravikumar et al. (2013)
Lehotay et al. (2005)

GC–MS/MS
GC-ECD
GC-ECD
GC-ECD
GC–MS

0.01 mg kg−1
0.001 mg kg−1
0.001–0.005 mg kg−1
–
1.22–6.47 µg kg−1

Walorczyk (2004)
Kin et al. (2008)
Lozowicka et al. (2012)
Bempah et al. (2012a, b)
Guillet et al. (2009)

GC–MS
GC-ECD
GC–MS
GC-ECD
GC-ECD, GC–MS
GC–MS
GC–MS
GC-ECD, GC–MS

0.006–0.020 mg kg−1
–
0.006–0.013 mg kg−1
–

Osman et al. (2010)
Owago et al. (2009)
Chandra et al. (2012)
Pandey et al. (2010)
Latif et al. (2011)
Barriada-Pereira et al. (2008)

GC-ECD
GC-ECD
GC-ECD, GC–MS
GC-ECD

–
–
0.10–1.0 ng mL−1
–

GC-ECD
GC-ECD

6.3.2 Sample Cleanup
Sample cleanup is the most laborious step in most analytical procedures since OCPs have to be well separated from the various
food matrices that contain different chemical compounds that can
be coeluted with target pesticides. Therefore, a cleanup step is
usually necessary to decrease the presence of interferences in the
final extracts, which reduces the limit of detection and avoids inaccurate results in chromatographic determinations (Table 6.4). The
cleanup techniques include liquid–liquid partitioning (Kumari
et al. 2006; Pandey et al. 2010), soxhlet extraction (Dobrinas et al.
2011), solid-phase extraction (SPE) (Osman et al. 2010; Bempah
and Donkor 2011; Bempah et al. 2012a, b), gel permeation chromatography (Knežević and Serdar 2009; Bankar et al. 2012), dispersive solid-phase extraction (d-SPE) (Anastassiades et al. 2003;
Aysal et al. 2007; Nguyen et al. 2008; Srivastava et al. 2011), and
adsorption chromatography on neutral silica gel (Mandal and
Singh 2010; Benson and Olufunke 2011), Florisil (Kumari et al.
2006; Afful et al. 2010; Ahmad et al. 2010; Guler et al. 2010;
Bempah et al. 2012a, b), Florisil plus alumina (Bempah et al.
2011), Celite 545 plus active carbon (Wardani et al. 2012), and C18
cartridges (Darko and Acquaah 2007).

−1

0.08–0.736 mg kg−1
0.008–0.13 mg kg−1
–

–
–

Shen et al. (2011)
Suchan et al. (2004)
Sun et al. (2005)
Therdteppitak and Yammeng (2003)
Dhananjayan and Muralidharan
(2010)
Barasa et al. (2008)
Afful et al. (2010)

However, there is a clear trend to improve extraction techniques
minimizing the waste of solvents, avoiding as much as possible
cleanup procedures, and shortening the duration of analytical
procedures. An alternative technique is QuEChERS (quick, easy,
cheap, effective, rugged, and safe), developed by Anastassiades
et al. in 2003. The QuEChERS methodology deserves special
mention because it is the most widely used protocol in the determination of OCPs. QuEChERS sample preparation approach has
emerged as a versatile alternative method for analyte extraction
and this technique requires little organic solvent and can also
improve the limits of detection. QuEChERS is of increasing
interest in the analysis of pesticide residues and it is applied in
the determination of OCPs in food samples (Anastassiades et al.
2003; Cieślik et al. 2011; Srivastava et al. 2011; Fernandes et al.
2012) and it has been grown in popularity among pesticide residue scientists due to its inherent advantages such as speed, low
cost, and wide applicability.
QuEChERS method for pesticide residues analysis provides
high-quality results in a fast, easy, and inexpensive approach.
The method uses a single-step solvent extraction (acetonitrile/
ethyl acetate) while salting out water from the sample by using
anhydrous MgSO4 to induce liquid–liquid partitioning. For
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Table 6.4
Summary of Determination of OCPs in Food Samples
Pesticide

Matrix

18 OCPS
15 OCPs
4 OCPs
15 OCPs
7 OCPs

Vegetables
Vegetables
Vegetables
Vegetables
Fruits and
vegetables
Cucumber

8 OCPs
4 OCPs
15 OCPs
37 OCPs
5 OCPs
21 OCPs

Strawberry
Cereals and
food stuffs
Rice
Rice
Rice

17 OCPs

Tea

16 OCPs
22 OCPS
1 OCP
19 OCPs

Butter
Milk
Fish
Beef meat

Extraction Solvent

Cleanup Sorbent

LOQ

Reference

SPE-C18
Activated Al2O3 and silica gel
Silica gel cartridge
Florisil
SPE–Florisil

GC-ECD
GC-ECD
GC-ECD
GC–MS
GC-ECD

0.014–0.035 ng mL
–
0.003–0.009 μg mL−1
0.01–0.09 mg L−1
–

Hajisamoh et al. (2013)
Bankar et al. (2012)
Taha et al. (2013)
El-Saeid and Selim (2013)
Bempah et al. (2012a, b)

Acetone, ethylacetate/
cyclohexane
Acetonitrile
Acetone/methanol

Florisil

GC-ECD

0.04–0.1 μg kg−1

Stella et al. (2013)

Florisil
Silica gel

GC–MS
GC-ECD

0.01–0.09 μg mL−1
–

Ghabbaour et al. (2012)
Lazowicka et al. (2013)

Water/acetonitrile

Florisil

Toluene + 2-propanol
Water/acetonitrile

Celite 545 + active carbon (1:3)
–

0.008–0.02 mg kg−1
5.30–9.89 ng mL−1
0.01 μg kg−1

Munshi et al. (2011)
Wardani et al. (2012)
Ravikumar et al. (2013)

Ethylacetate–
cyclohexane
Petroleum ether
Hexane
Hexane and DCM
Petroleum ether

PSA + GCB + Florisil

GC-ECD
GC-ECD
GC–MS/
MS
GC–MS

2–20 ng g−1

Kanrar et al. (2010)

GC-ECD
GC-ECD
GC-ECD
GC–MS

0.1–0.3 ng g−1
0.02–0.62 µg L−1
–
0.005–0.005 mg kg−1

Bulut et al. (2010)
Yague et al. (2001)
Stoichev et al. (2005)
Stefanelli et al. (2009)

Florisil
Neutral alumina
Florisil
Extrelut NT3 with Sep-Pak C18
and Florisil

cleanup, a simple, inexpensive, and rapid technique called d-SPE
is conducted using a combination of primary–secondary amine
(PSA) sorbent to remove fatty acids among other components
and anhydrous MgSO4 to reduce the remaining water in the
extract. Then, the extracts are concurrently analyzed by liquid
and gas chromatography (LC and GC) combined with MS to
determine a wide range of pesticide residues. The flow chart for
the QuEChERS method is shown in Figure 6.2.

Weigh 10 g of sample (50 mL Teflon tube)

Add 10 mL of acetonitrile/ethyl acetate
Shake vigorously 1 min
Add 4 g MgSO4 plus 1 g NaCl
Shake vigorously 1 min
Add internal standard solution
Shake 30 s and centrifuge
Take aliquot and add MgSO4
(and PSA sorbent)
Shake 30 s and centrifuge
GC/GC-MS
Figure 6.2

Detector

Acetone/DCM
Petroleum ether
Acetone
Acetonitrile
Ethyl acetate

Flow chart for the QuEChERS sample preparation procedure.

−1

The QuEChERS method has several advantages over most
traditional methods of analysis in the following ways: (1) high
recoveries (>85%) are achieved for a wide polarity and volatility
range of pesticides, including the notoriously difficult analytes;
(2) very accurate (true and precise); (3) high sample throughput
of about 10–20 preweighed samples in ≈30–40 min is possible;
(4) solvent usage and waste is very small, and no chlorinated
solvents are used; (5) a single person can perform the method
without much training or technical skill; (6) very little glassware
is used; (7) the method is quite rugged because extract cleanup
is done to remove organic acids; (8) very little bench space is
needed; (9) solvent exposure to the worker is minimal; (10) the
reagent costs in the method are very inexpensive; and (11) few
devices are needed to carry out sample preparation.

6.3.3 Chromatographic Determination
6.3.3.1 GC-ECD and GC–MS
Analytical methods for OCPs are widely available in the literature. GC is the analytical technique mostly used to identify and
quantify OCP residues, because they have enough volatility and
high thermal stability. The detectors used for the analysis of OCP
residues at ultratrace levels, are gas chromatography with electron capture detector (GC-ECD) and gas chromatography–mass
spectrometry detector (GC–MSD). The ECD is a selective and
sensitive detector that enables simultaneous analysis of various
halogenated pesticides at very low detection levels. The MSD is a
universal detector that allows detection and quantification of the
analytes as well as their identification on the basis of their structure. GC-ECD is the most common detector for the determination of OCPs; however, it is subject to interference by the matrix.
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Thus, positive samples require a subsequent confirmation. This
confirmation can be carried out by GC–MS, as the MSD provides structural elucidation for analyte identification. This technique can quantify and confirm the results by operating in the
selective ion monitoring (SIM) or full scan mode, respectively.
Unfortunately, the full scan mode often does not provide enough
sensitivity, and SIM, which improves the sensitivity, reduces
spectral information. GC–MS–MS analysis allows measurement
of unequivocal mass spectral characteristics of the analytes.
This leads to a very important increase in the selectivity and
signal-to-noise ratio. In addition, the high selectivity of this technique allows simplifying or eliminating the cleanup step. The
two types of tandem mass spectrometers most frequently used
at trace concentration levels are triple quadrupole and ion trap,
both working in SIM or multiple reactions monitoring modes
(Beceiro-Gonzalez et al. 2012).
OCPs are usually present in µg kg−1 concentrations and, consequently, the procedures used to determine these residues must
be highly sensitive. In this sense, application of OCP residues
analysis in food has increased spectacularly in the last 10 years.
The methods proposed have been compiled in Tables 6.3 and 6.4.

6.3.3.2 High-Performance Liquid Chromatography
Few references using high-performance liquid chromatography
(HPLC) for analysis of these compounds are reported in the literature. Furusawa (2001) used HPLC with a photodiode array
(PDA) detector for the routine monitoring of residual aldrin,
dieldrin, pp′-DDT, op′-DDT, pp′-DDE, and pp′-DDD in eggs.
Chen et al. (2007) determined differential diagnosis (DDX)
(pp-DDT, op-DDT, pp-DDE, op-DDE, and op-DDD) in grain
samples (wheat, rice, corn, and bean) by HPLC with ultraviolet
(UV) detection at 238 nm. The stationary phase used was a C18
column and the mobile phase was acetonitrile–water (25:75, v/v)
at a flow rate of 1 mL min−1. Similar conditions were used by
Moreno et al. (2007) for the analysis of DDX (pp-DDT, op-DDT,
pp-DDE, and pp-DDD), aldrin, and dieldrin in seaweed samples.

6.4 OCP Residues in Food
The application of pesticides to agriculture has greatly improved
the food production worldwide. Pesticides are widely used to
ensure high crop yields. They are used during production and
postharvest treatment of agricultural commodities (Bankar
et al. 2012). This involves repeated application of pesticides for
the control of various insect pests, but their indiscriminate use
may create health hazards due to toxic residues that may persist in amounts above that prescribed maximum residue limits
(MRLs) (Kumari et al. 2002). The presence of pesticide residues
in food commodities has always been a matter of serious concern. The problem is especially serious when these commodities
are consumed.
The contamination level of pesticide residues could be considered as a possible public health problem. The results also
emphasize the need for regular monitoring of a greater number
of samples for pesticide residues, especially samples that are to
be exported. It is a global concern, as most of the vegetables produced are supplied to different states within a particular country
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and to different countries all over the globe; hence monitoring of
pesticides at the local level is very important (Bankar et al. 2012).

6.4.1 OCP Residues in Vegetables, Fruits,
and Cereals
Vegetables are an important group of crops and they constitute
a major part of the human diet contributing to humans who
required nutrients and vitamins. Pesticides are widely used in
vegetables because of their susceptibility to insect and disease
attacks. Farmers in general use many types of pesticides to control harmful insects to minimize crop losses; however, most of
them are illiterate and use pesticides indiscriminately (Bempah
et al. 2012a, b). It is reported that huge pesticides are used on
crops and vegetables and their irrational use is common with
applications being carried out on a periodic basis throughout the
growing season.
Vegetables were collected from different regions of India
(Agra, Bangalore, Punjab, and Rajasthan) (Bhanti and Taneja
2005; Charan et al. 2010; Mandal and Singh 2010; Goda and
Somashekar 2012), China (Deyang and Yanting) (Owago et al.
2009), Hungary (Debrecen) (Hovánszki et al. 2007), and Ghana
(supermarket, roadside, open market, and Kumasi) (Bempah
et al. 2011, 2012a, b). The results are not easy to compare with
those of many other studies, because of the differences in sampled species, analytical method employed, and to some extent,
differences in the expression of analytical results (wet weight vs.
lipid content basis). The residue levels of ΣHCH and ΣDDT in
vegetables ranged from 0.02 to 141 and <0.01–865 ng g−1 in vegetables from different regions of the world, whereas the residues
of Σendosulfan ranged between 1.1 and 1250 ng g−1 (Table 6.5).
In some of the samples of cauliﬂower, residues of endosulfan
(α-endosulfan, β-endosulfan, and endosulfan sulfate) were found
to be present. However, the levels of residues of these insecticides were found to be below the MRL of 2.0 µg g−1 (Mandal and
Singh 2010). Endosulfan residues (0.04–1.25 µg g−1) were found
in tomato, cabbage, brinjal, and cauliflower samples and the
cauliflower sample only exceeded the MRL value (1.25 µg g−1).
Therefore, periodic monitoring of farmgate vegetables must be
carried out to know the prevailing scenario of pesticide contamination of vegetables grown in the central Aravalli region (Charan
et al. 2010). Among 34 samples of 19 varieties of vegetables were
from Deyang city and Yanting County, Southwest China, indicated that all the vegetable samples had some levels of one or
more OCPs in them. Residues of DDTs were found in 94.12% of
the samples while HCHs were in 91.18% of all the samples analyzed indicating a high incidence of these xenobiotics (Owago
et al. 2009). OCPs residue levels in vegetables were generally
low (≤1.3 ng g−1 wet weight) except in one sample of green pepper (Capsicum annuum L.), in which the concentrations (ng g−1
wet weight) of o,p′-DDT (82.59), p,p′-DDE (61.41), and total DDT
(148.44), exceeded the Chinese extraneous MRL of 50 ng g−1 for
DDTs in vegetables according to the guidelines of the Chinesequality standard for food (GB 2763-2005).
A total of 120 samples of vegetables (cabbage, okra, tomato,
and brinjal) in Uttar Pradesh, India were analyzed (Bankar et al.
2012). Among these 120 samples, in 70 (58.33%), no pesticide
residues were detected. 34 (28.33%) samples contained pesticide residues at or below MRLs established by the European
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Table 6.5
Comparison of OCP Residue Levels in Some Vegetables (ng g−1)
Substrates
Brinjal

Cabbage

Cauliflower

Tomato

Lettuce

Carrot

a
b
c
d
e
f
g
h

Location

ΣHCH

ΣDDT

ΣEndosulfan

Reference

Agra, India
Rajasthan, India
Bangalore, India
Deyang, China
Yanting, China
Agra, India
Rajasthan, India
Bangalore, India
Deyang, China
Yanting, China
Debrecen, Hungary
Supermarket, Ghana
Roadside, Ghana
Supermarket, Ghana
Open market, Ghana
Kumasi, Ghana
Agra, India
Rajasthan, India
Punjab, India
Agra, India
Rajasthan, India
Supermarket, Ghana
Roadside, Ghana
Supermarket, Ghana
Kumasi, Ghana
Deyang, China
Yanting, China
Kumasi, Ghana
Supermarket, Ghana
Roadside, Ghana
Supermarket, Ghana
Supermarket, Ghana
Roadside, Ghana
Supermarket, Ghana
Kumasi, Ghana
Bangalore, India

6.40
–
28b
0.49a
0.02a
2.49a
–
23b
0.17a
0.29a
–
141c
141c
73c
107c
100c
3.8a
–
–
4a
–
45c
25c
12c
129c
0.35a
0.09a
40c
–
8c
4c
4c
–
4c
8c
29.1b

8.44
–
–
0.14d
<0.01d
2.3d
–
–
0.39d
0.15d
19.30d
212e
212e
564e
89e
40f
7.2d
–
–
5d
–
865e
506e
333e
196f
0.24d
0.01d
223f
104e
326e
130e
212e
212e
54e
9f
–

1.10
80h
6.6g
–
–
11.072g
80h
186g
–
–
–
–
–
–
–
–
3g
40–1250
50g
7g
28h
–
–
–
–
–
–
–
–
–
–
–
–
–
–
213g

Bhanti and Taneja (2005)
Charan et al. (2010)
Gowda and Somashekar (2012)
Owago et al. (2009)
Owago et al. (2009)
Bhanti and Taneja (2005)
Charan et al. (2010)
Gowda and Somashekar (2012)
Owago et al. (2009)
Owago et al. (2009)
Hovánszki et al. (2007)
Bempah et al. (2012a, b)
Bempah et al. (2012a, b)
Bempah et al. (2012a, b)
Bempah et al. (2012a, b)
Bempah et al. (2011)
Bhanti and Taneja (2005)
Charan et al. (2010)
Mandal and Singh (2010)
Bhanti and Taneja (2005)
Charan et al. (2010)
Bempah et al. (2012a, b)
Bempah et al. (2012a, b)
Bempah et al. (2012a, b)
Bempah et al. (2011)
Owago et al. (2009)
Owago et al. (2009)
Bempah et al. (2011)
Bempah et al. (2012a, b)
Bempah et al. (2012a, b)
Bempah et al. (2012a, b)
Bempah et al. (2012a, b)
Bempah et al. (2012a, b)
Bempah et al. (2012a, b)
Bempah et al. (2011)
Gowda and Somashekar (2012)

a

d

g

α-,β-,γ-,δ-HCH.
α-,β-,γ-HCH.
Lindane.
pp′-DDE, pp′-DDD, pp′-DDT, and op′-DDT.
op′-DDE, op′-DDD, op′-DDT, pp′-DDE, and pp′-DDT.
pp-DDE, pp-DDT.
α-,β-Endosulfan, endosulfan sulfate.
Endosulfan.

Union (EU). 16 samples (13.33%) contained pesticide residues
above MRL. The highest concentration of the pesticide residue
was 12.6 µg g−1 of α-HCH. MRL values were exceeded most often
in brinjal followed by cabbage, tomato, and okra. Cauliflower
and capsicum samples contain the residue of endosulfan that
ranged from within 0.001–0.003 to 0.002–0.027 µg g−1, respectively (Chandra et al. 2012).
In selected vegetables from West Bengal, OCPs were found in
concentrations of ∑OCPs ranging from <0.01 to 65.07 µg kg−1
with an average of 9.67 ± 2.34 µg kg−1 (wet wt.) (Mukherjee et al.

2011). The concentration of ∑DDT, ∑HCH, aldrin, dieldrin, and
heptachlor was 3.49 ± 0.93, 2.07 ± 0.53, 1.32 ± 0.65, 1.36 ± 1.18,
and 1.80 ± 0.4 µg kg−1 (wet wt.), respectively. Isomer composition was determined from the observed concentrations to identify
the possible contamination sources. The ratio of α-HCH/γ-HCH
varied in the range of 0–5.69 with a mean value of 0.76 that
reflects the usage of technical HCH and lindane. The ratio of
p,p′-DDT/∑DDTs, DDTs/∑DDT, DDE + DDD/∑DDT, and
DDT/DDE was 0.30, 0.50, 1.17, and 1.97 respectively, indicating
DDT contaminations from biotransformation and transported

www.ebook777.com

Free ebooks ==> www.ebook777.com
142
depositions. The observed residue levels of OCPs were below
MRLs indicating minimal risk to the consumers.
A high quantity of OCPs was present in Solanum lycopersicum and C. annuum from Nigeria (Benson and Olufunke 2011).
In the first case, the total quantity of ΣHCH (0.140 µg g−1), ΣHCB
(0.144 µg g−1), ΣDDT (0.572 µg g−1), Σdieldrin (0.073 µg g−1), and
Σtrans-nonachlor (0.117 µg g−1) were found, and in the second
case, the sum of HCH, hexachlorobenzene (HCB), DDT, dieldrin, and trans-nonachlor measured were 7.220, 0.096, 0.275,
0.037, and 0.117 µg g−1 respectively.
A total of 16 OCP residues in pawpaw and tomato samples
were monitored (Bempah et al. 2011). Heptachlor epoxide,
aldrin, γ-chlordane, and o,p′-DDD were not detected in any
of the pawpaw samples. Pesticide residues varied from below
the detection limit (BDL): <0.01–0.06 µg g−1 for δ-HCH,
0.02–0.04 µg g−1 for γ-HCH, 0.01–0.05 µg g−1 for p,p′-DDE,
0.01–0.03 µg g−1 for methoxychlor, <0.01–0.01 µg g−1 for endrin,
0.01–0.02 µg g−1 for endrin aldehyde, 0.01–0.02 µg g−1 for endrin
ketone, <0.01–0.01 µg g−1 for α-endosulfan, 0.01–0.02 µg g−1 for
β-endosulfan, 0.01–0.03 µg g−1 for o,p′-DDT, <0.01–0.02 µg g−1
for p,p′-DDT, and <0.01–0.01 µg g−1 for heptachlor. Pesticide
residues in tomato samples also ranged from <0.01 to 0.02 µg g−1
for γ-HCH, 0.01–0.02 µg g−1 for δ-HCH, <0.01–0.01 µg g−1
for p,p′- DDT, 0.02–0.04 µg g−1 for heptachlor epoxide, 0.01–
0.02 µg g−1 for heptachlor, <0.01–0.02 µg g−1 for endrin ketone,
and <0.01–0.01 µg g−1 for endrin aldehyde.
In another study from the Greater Accra region of Ghana,
OCPs were determined in 240 samples of vegetables. The most
frequently found and abundant pesticides were the metabolites of
DDT (o,p′-DDE, p,p′-DDE, and o,p′-DDD), followed by lindane
and then o,p′-DDT. The residue levels and the detection rate of the
OCPs indicate that vegetables from the supermarket had higher
OCP levels, followed by roadside grocery stores and open markets.
The OCPs found in 71.9% of all the vegetable samples analyzed
indicated a high incidence of these xenobiotics in the vegetables
from the markets and 31.48% samples were above the maximum
residue levels (MRLs). The results recommend the need for regular monitoring of a greater number of samples for long periods
for pesticide residues especially in fruits and vegetables to protect
consumers’ health (Bempah et al. 2012a, b).
Srivastava et al. (2011) analyzed 13 OCPs in 20 vegetables from
Lucknow City, India. The presence of pesticides in vegetables such
as bitter gourd were dicofol (BDL—0.005 μg g−1), Σendosulfan
(0.174–0.189 μg g−1), and in French bean Σendosulfan (ND—
0.021 μg g−1), but none of these pesticides was >MRL. In okra,
two samples contained ΣHCH (0.323–1.235 μg g−1), where one
sample contained –HCH > MRL (1 μg g−1); in leafy vegetables
such as spinach and cabbage, ΣHCH (BDL—0.048 μg g−1),
in radish ΣHCH (0.025–12.35 μg g−1). None of the vegetable
samples have shown the presence of aldrin and DDT residues.
However, the absence of these two pesticides in vegetables seems
to be due to their banned or restricted use. Aldrin, dieldrin, heptachlor, and lindane pesticides were analyzed in selected root
and leaf vegetables (Kumar et al. 2012). The concentration of
total OCPs ranged between <0.01 and 6.00 μg g−1, with an average of 2.16 ± 0.21 μg g−1 (wet wt.). The concentration of individual aldrin, dieldrin, heptachlor, and lindane was 0.48 ± 0.06,
0.13 ± 0.02, 1.03 ± 0.11, and 0.52 ± 0.06 μg g−1 (wet wt.), respectively. The selected vegetables had residue levels, much below
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the recommended MRLs set by the European Commission and
Indian government.
A market-based survey was carried out to evaluate the level of
26 pesticides in some commonly used fruits in Hyderabad region,
Pakistan (Latif et al. 2011). Out of the total 131 analyzed samples,
53 (40%) were found to be contaminated with pesticide residues
while only three (2%) samples were exceeding the MRLs of some
pesticides. Dieldrin was detected in almost all analyzed samples.
Residues of endosulfan sulfate (1236 µg kg−1) were found higher
in apple samples. Endosulfan was determined in the quantity of
0.774 and 0.004 µg g−1 in apple and peach, respectively (Anwar
et al. 2011). Of a total of 120 samples of different fruits procured
from different selling points of Karachi, Pakistan during 2008–
2009, 10 samples were found to contain endosulfan in the range
of 0.018–13.3 µg g−1with an average value of 2.18 µg g−1 (Parveen
et al. 2011). The residues of total HCH, total DDT, and endosulfan
in dry fruits are shown in Table 6.6.
The residues of total HCH were found to be maximum
(1.328 µg g−1) in Chironji and minimum in apricot, resins, and
Makhana (0.007 µg g−1). In the rest of the dried fruits, the residues were below 0.2 µg g−1. The residues of total DDT were
below 0.1 µg g−1 in all the nuts analyzed except for cashew nut
(0.140 µg g−1). Residues of DDT were absent in resins. Endosulfan
was found at 0.091 µg g−1 level (highest) in cashew nut and was
lowest in date palm (0.004 µg g−1). Makhana did not contain
residues of endosulfan. There are no MRL values established
for nuts in India. This finding is based on a smaller number of
samples, which however suggest that the presence of a low level
of DDT, HCH, and endosulfan might be due to environmental
rather than direct exposure (Pandey et al. 2010).
A total of 320 fruits were analyzed for pesticide residues,
mainly organochlorines and the data revealed that 32.8% of the
fruit samples contained residues of the monitored insecticides
above the accepted MRL whereas 48.7% were below the MRL
(Bempah and Donkor 2011). Pesticide levels in imported apple
samples, varied from <0.01 to 0.02, 0.01–0.01, <0.01–0.01, 0.01–
0.05, 0.03–0.11, 0.03–0.09, and <0.01–0.01 µg g−1 for γ-HCH,
δ-HCH, p,p′-DDE, heptachlor epoxide, endrin aldehyde, p,p′DDT, and endrin ketone, respectively (Bempah et al. 2011).
Table 6.6
Levels of OCP Residues Detected in Dry Fruit Nuts (μg g−1)
Dry Fruit
Nuts
Cashew
Walnut
Almond
Pistachio nut
Coconut
Chilgoza
Chironji
Apricot
Date palm
Resins
Makhana
a
b

ΣHCHa

ΣDDTb

Endosulfan

Reference

0.123
0.166
0.073
0.153
0.099
0.106
1.328
0.007
0.027
0.007
0.007

0.140
0.045
0.004
0.022
0.047
0.041
0.001
0.036
0.007
ND
0.002

0.091
0.021
0.032
0.014
0.017
0.034
0.079
0.037
0.004
0.011
ND

Pandey et al. (2010)

α-, β-, γ-, δ-HCH.
pp′-DDE, op′-DDT, op′-DDD, pp′-DDT, ND, not detected.
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Kumari et al. (2006) monitored 15 OCP insecticide residues in
fruit samples. Among the tested fruits, the total HCH varied from
0.017 to 0.034, DDT varied from 0.030 to 0.075, and endosulfan varied from 0.021 to 0.082 μg g−1. γ-HCH among HCH analogs, was the dominant contaminant followed by α- and δ-HCH
whereas in DDT analogs, the concentration level of p,p′-DDT
was maximum followed by p,p′-DDE, p,p′-DDD, and o,p-DDT.
Residues of α-endosulfan were higher than β-endosulfan and
endosulfan sulfate in all the samples. Residues of HCH and DDT
were maximum in beer followed by grapes and guava whereas
residues of endosulfan were higher in guava followed by beer and
grapes. Besides these, some other organochlorines such as heptachlor, aldrin, and chlordane were also detected in measurable
amounts in some samples. Heptachlor was detected in the range
of 0.005–0.036, aldrin was detected in the range of 0.023–0.038,
and chlordane was detected in the range of 0.009–0.031 μg g−1.
Residues of heptachlor and aldrin were maximum in guava
whereas residues of chlordane were maximum in beer. Residues
of none of the OCP insecticides exceeded their respective MRL
values ﬁxed by FAO/WHO in 1996. DDT and its metabolites
in Nigerian cocoa beans showed that 70% of cocoa beans from
Ondo State had DDT residue (total DDT: 0.44 µg g−1) while 10%
of cocoa beans from Cross River (total DDT: 0.99 µg g−1) and
10% of cocoa from Ogun State had DDT residue (total DDT:
0.24 µg g−1). However, the concentrations of DDT in most of the
beans were below the MRL of DDT in cocoa beans set by the EU
(Paul et al. 2012).
Among the various OCPs, lindane is the predominant compound in fruit samples. The detected levels of it varied greatly.
For instance, the minimum value was detected in watermelon
(0.004 µg g−1) and the maximum of 0.133 µg g−1 was found in
pineapple. Minimum values for methoxychlor were detected
in mango (0.004 µg g−1) and the maximum of 0.031 µg g−1 was
found in pineapple. 0.004 µg g−1 of aldrin was detected in papaya
and the maximum of 0.007 µg g−1 was found in pear. The minimum value of 0.012 µg g−1 of dieldrin was found in pineapple and
the maximum value of 0.090 µg g−1 was detected in banana while
0.004 µg g−1 of endrin was found in pineapple and a maximum of
0.006 µg g−1 was found in banana. Moreover, p,p′-DDE was having a minimum value of 0.004 µg g−1 in watermelon and maximum value of 0.010 µg g−1 in mango while p,p′-DDT recorded a
minimum value (0.008 µg g−1) in watermelon and a maximum
value of 0.038 µg g−1 was found in banana (Bempah et al. 2011).
Levels of 16 OCPs were investigated in 39 composite samples
of agricultural crops, related by-products, and foodstuffs collected in Vojvodina, Serbia, in 2002 through 2004 (Skrbić and
Predojević 2008). OCP levels were well lower than the respective MRLs set by the current European and Serbian regulations. Mean OCP levels were low (<1 ng g−1 ww) for all types
of samples. The highest mean level of 0.971 ng g−1 whole weight
(ww) was found for α-HCH in wheat flour samples. The most
frequently determined residue was 4,4′-DDT (identified in 76.9%
of all samples analyzed), followed by γ-HCH (66.7%), β-HCH
(48.7%), and endosulfan II (41.0%). Calculated daily intakes of
OCPs by way of consumption of the crop products included in
this study according to the data of the Serbian National Institute
for Statistics were compared with the acceptable daily intakes
established by the FAO/WHO. A total of 49 samples of seven
wheat varieties were collected during the 2004 harvest in two

regions of the Vojvodina Province in Serbia. In addition, a composite sample of cultivated wheat varieties was prepared from
36 samples coming from the same regions harvested in 2003
for comparison. The ranges of mean values for organochlorine
residues were 32–47 ng g−1 for β-HCH; 28–41 ng g−1 for γ-HCH;
<1–61 ng g−1 for aldrin; 5–132 ng g−1 for dieldrin; 15–111 ng g−1
for endrin ketone; and <1–77 ng g−1 for endrin aldehyde. The
mean levels of residues were compared with the regulated maximum levels according to the European Commission and Serbian
national regulation, and the average intake of residues from
wheat-based products was estimated for the Serbian population
(Skrbic 2007).
Residues of DDT (p,p′-DDT, o,p′-DDT, p,p′-DDE) have been
detected in 59.4% of 1080 samples of wheat grain, in 78.2% of
632 samples of wheat flour, and different isomers of HCH were
present in about 45%–80% of the samples of wheat grain/flour.
19 samples of wheat grain from urban and rural areas in different geographical regions of India, constituting only 1.7% of
the total samples analyzed were found to be contaminated with
DDT above MRL recommended by the Codex (Toteja et al.
2006). Endosulfan residues of organochlorine in wheat have
been reported in all market samples in India but pesticide residues were well below the MRLs (Rekha et al. 2006). Wheat
samples of Konya region were found to be contaminated by OCP
residues of cis-chlordane and methoxychlor. The mean concentration of aldrin and dieldrin, Σchlordane, ΣDDT, Σendosulfan,
ΣHCH (except γ-HCH), Σheptachlor, and heptachlor epoxide
were 0.0014, 0.0211, 0.0048, 0.0005, 0.0022, and 0.0020 µg g−1,
respectively. Chlordane isomers, methoxychlor, DDT, and its
metabolites, aldrin, β-HCH, heptachlor, and lindane have been
found to be the highest OCP residues (Guler et al. 2010).

6.4.2 OCP Residues in Honey Samples
OCPs residue-monitoring studies have been reported in honey
samples. The contamination levels of OCPs in honey samples
from the central zone of Portugal and Valencian community in
Spain were evaluated (Blasco et al. 2004). In Spanish samples,
concentrations range from nd to 0.03 µg g−1 for HCB, and nd to
2.24 µg g−1 for HCH total. The mean concentration and standard deviation (SD) were 0.017 ± 0.011 µg g−1 for HCB, and
0.579 ± 0.747 µg g−1 for HCH total (the γ-isomer had the highest
values, 0.72 ± 0.76 µg g−1). Mean levels of α- and β-HCH isomers
were 0.055 ± 0.035 µg g−1, and 0.175 ± 0.078 µg g−1, respectively.
Samples from Portugal showed higher levels. Levels of HCB
ranged from nd to 0.39 µg g−1. HCH total ranged from nd to
4.86 µg g−1. Mean concentration and SD were 0.09 ± 0.116 µg g−1
for HCB, 1.357 ± 1.30 µg g−1 for HCH total (the γ-isomer with
the highest values: 1.30 ± 1.117, 0.656 ± 1.05 µg g−1 for β-HCH,
and 0.141 ± 0.072 µg g−1 for α-HCH). p,p′-DDT is released into
the environment and starts to degrade and can be found in isomers, o,p′-DDT, and the analogous p,p′-DDE, its main metabolite and the most persistent one, and p,p′-DDD. DDT total ranged
from nd to 0.658 µg g−1 and its mean concentration and SD were
0.143 ± 0.193 µg g−1, presenting DDE the highest mean level,
0.186 ± 0.25 µg g−1. Both p,p′-DDD and p,p′-DDT were found at
0.065 µg g−1, with SD 0.007. o,p′-DDT was at 0.06 µg g−1.
A total of 109 different honey samples were analyzed in
Konya, Turkey (Yavuz et al. 2010). Aldrin, cis-chlordane,
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trans-chlordane, oxychlordane, 2,4′-DDE, and 4,4′-DDE were
found in all honey samples. The mean concentration of aldrin
and dieldrin, Σchlordane, ΣDDT, Σendosulfan, ΣHCH (except
γ-HCH), and Σheptachlor and heptachlor epoxide were 0.0066,
0.0715, 0.1079, 0.0033, 0.1157, and 0.0379 µg g−1, respectively.
In 55 samples of 109, levels of OCP residues of oxychlordane
were determined as higher than those of Turkish Alimentarius
Codex maximum residual limits (MRLs). Other OCP residues
also exceeded MRLs except for cis-heptachlor epoxide and
α-HCH (Yavuz et al. 2010). Among the pesticides analyzed in
honey in Himachal Pradesh, India, 18 honey samples (35.29%)
were contaminated with the residues of organochlorine and
cyclodiene pesticides. HCH and its various isomers were found
to be the major contaminant (17.64%) followed by DDT and its
isomers (13.72%). Residues of endosulfan and its isomers were
present in 7.84% honey samples (Choudhary and Sharma 2008).
Concentrations of α-endosulfan (0.17 µg g−1), β-endosulfan
(0.22 µg g−1), and endosulfan sulfate (0.11 µg g−1) in honey
samples varied from 0.12 to 0.958 µg g−1 (Mukherjee 2009).
More honeys were contaminated with organochlorines and the
most common contaminants were HCH (detected in 83.3% of
samples), endosulfan (69.4%), aldrin (36.1%), and quinalphos
(33.3%). Overall, mean residue levels (µg kg−1) in honey from
all species and samples combined were: aldrin (1.4), DDT (0.6),
endosulfan (2.5), HCH (84.9), and heptachlor (1.3) was detected
in one honey sample each of Apis mellifera (901.8 µg kg−1) and
Apis florea (800.0 µg kg−1) (Khan et al. 2004).

6.4.3 OCP Residues in Chicken, Eggs,
and Meat Samples
A total of 519 samples (eggs, chicken, and meat [lamb and beef]),
collected from Jordan were analyzed of which 192 samples were
found to be contaminated with different OCP residues (Ahmad
et al. 2010). The results indicated that 28% (38/134), 20% (23/115),
and 49% (131/270) of the examined eggs, chicken, and meat samples, respectively, were contaminated with OCP residues. HCHs
and DDTs are the most prominently noticed compounds, as they
were detected at a high incidence. On the other hand, heptachlor,
heptachlor epoxide, HCB, aldrin, and endrin compounds were
only present in <7% of the analyzed samples. These residues
are present despite a complete ban on the use of OCPs for agricultural purposes in Jordan. No residues of op′-DDD, op′-DDT,
dieldrin, α-endosulfan, and β-endosulfan were detected. DDT
is usually not detected anymore or only at trace level in commercial eggs, as observed in Spain (Fontcuberta et al. 2008), in
Belgium (17.30 ng g−1 fat) (Van Overmeire et al. 2009), and in
Sweden (6.6 ng g−1 fat) (Darnersud et al. 2006). Egg samples from
Tamil Nadu, India, contain HCH (from BDL to 31 ng g−1), endosulfan sulfate (8 ng g−1), op-DDT (BDL—46 ng g−1), and dieldrin
(25 ng g−1) (Suganthy et al. 2009).
In China (Beijing), the concentrations of HCHs and DDTs
were found in the chicken muscles in the range of 0.122 ± 0.061
and 0.051 ± 0.038 ng g−1, respectively (Tao et al. 2009). Few samples of chicken fat collected from Qatif, Dammam, and Al-Ahsa
(Eastern region of Saudi Arabia) were found to contain residues
of endosulfan and hepatochlor below the MRLs for fat tissues
(Homeida 2008). In all beef samples from the Kumasi and Buoho
abattoirs in Ghana, organochlorine residues were found in all the
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samples (Darko and Acquaah 2007). The average concentration of lindane in beef fat samples from Kumasi was 4.03 and
1.79 µg kg−1 in beef fat from Buoho. The average levels of lindane
were 2.07 µg kg−1 for lean meat samples from Kumasi abattoir
and 0.60 µg kg−1 in lean meat samples from Buoho. Endosulfan
concentration in meat samples from Buoho was 2.28 µg kg−1 in
the fat and 0.59 µg kg−1 in the lean beef. The mean concentration
of DDE in beef fat samples from Kumasi abattoir and Buoho
was 118.45 and 31.89 µg kg−1, respectively. Whereas in lean beef
sample, it was 42.93 and 5.86 µg kg−1, respectively. The average
concentration DDT recorded in beef fat from Kumasi abattoir
and Buoho was 545.22 and 403.82 µg kg−1 and in lean beef, it
was 8.85 and 10.82 µg kg−1, respectively. Although, most of the
organochlorine residues detected were below the maximum
limits set by the FAO/WHO, bioaccumulation of these residues
is likely to pose health problems in higher organisms such as
human beings.
A total of 90 meat samples collected from the nine locations
of Trivandrum, Kollam, and Pathanamthitta districts of Kerala
(India), were analyzed for the contamination with traces of OCPs
(0.01–0.22 µg g−1) (Vijayan et al. 2006). Seven different kinds of
buffalo and sheep meat products were analyzed for OCP residues
from Punjab, India (Shrestha et al. 2011). DDT and endosulfan
residues were found in all kinds of products, whereas HCH was
only encountered in samples of sheep meat balls. The highest
level of DDT was found in mutton kababs (0.186 µg g−1), followed by buffalo patties (0.179 µg g−1). Similarly, the highest
amount of endosulfan (1.022 µg g−1) was found in sheep patties.
OCP residues were determined in a total of 270 meat samples; comprising the muscle, liver, and kidney collected from
90 carcasses (30 each of camel, cattle, and sheep) slaughtered
in Sharkia Province, Egypt (Sallam and Morshedy 2008). The
results indicated that 54.4% (49/90), 51.1% (46/90), 47.8% (43/90),
44.4% (40/90), 33.3% (30/90), and 15.6% (14/90) of the examined
carcasses were contaminated with DDTs, HCHs, lindane, aldrin,
dieldrin, and endrin, respectively. The other contaminants
(HCB, toxaphene, and chlordane) were only present in <10% of
the analyzed carcasses. Among the three meat animal species
examined, the incidence of contamination as well as the residual
concentrations of all the pesticides detected in camel carcasses
were lower than those detected for cattle and sheep. The contamination level of the studied organochlorines followed the order:
DDTs > HCHs > lindane > dieldrin > aldrin > endrin > toxaphene > HCB > chlordane; while the order for the contamination
in the analyzed organs was liver > kidney > muscle. Heat treatment of some selected samples (boiling for 1.5 h) produced overall reductions of 40.4%, 55.0%, 32.4%, 33.5%, 29.2%, 42.7%, and
38.2% in DDTs, lindane, dieldrin, aldrin, endrin, toxaphene, and
HCB contents, respectively. The residual contents of the organochlorines detected in all the contaminated samples analyzed from
the three different species were well below the respective maximal permissible limits set by local or international organizations.

6.4.4 OCP Residues in Milk and Milk Products
Milk and milk products are mostly contaminated with OCP
residues, as reported in a number of studies carried out in various parts of the world. Among OCP residues, DDT, HCH, heptachlor, chlordane, aldrin, and dieldrin are detected in most of
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the cases. A total of 325 bovine milk samples were analyzed
of which 206 (63.38%) samples were found to be contaminated
with different OCP pesticide residues. The mean total HCH
concentration was found to be 0.162 µg g−1. Whereas the total
endosulfan 89 samples (27.38% detection frequency) were contaminated with the mean total level of 0.0492 µg g−1. Total DDT
composing of DDT, DDE, and DDD was present in 114 samples
having mean concentration of 0.1724 µg g−1. Dicofol was positive in 17 samples (Nag and Raikwar 2008). Around 35 milk
samples marketed in the city of Ahwaz, Iran were analyzed
for the presence of seven important organochlorine insecticide
residues. Lindane was found in concentrations of 0.042 µg g−1,
whereas DDT was found in concentrations of 0.28 µg g−1 exceeding the standard limits recommended by FAO/WHO (Ashnagar
et al. 2009). Trace levels of DDT and HCH were found in milk
and milk product samples from Maharashtra in India (Pandit
et al. 2002). Concentrations of total HCH varied from 0.009 to
0.169 µg g−1. Total DDT in milk samples varied from 0.016 to
0.338 µg g−1, which was almost twice the variation of concentration of total HCH (Pandit et al. 2002).
Commercially available butter samples from Punjab region
showed detectable levels of HCH (0.092–0.645 µg g−1) and
total DDT residues (0.469 µg g−1). The HCH residue includes
α-, β-, γ-, and δ-HCH, and the DDT residue includes pp′-DDD,
pp′-DDE, and pp′-DDT (Gill et al. 2009). All samples of butter had ΣDDT residue below MRL of 1.25 µg g−1 but 53% butter
samples had γ-HCH residue more than that MRL of 0.2 µg g−1 as
prescribed by India. Butter (45) and ghee (55) samples, collected
from rural and urban areas of the cotton-growing belt of Haryana
were also contaminated with OCP residues. Butter samples were
comparatively more contaminated (97%) than ghee (94%), showing more contamination with organochlorine insecticides from
urban samples. About 11% samples of butter showed endosulfan residues above MRL value. In ghee, residues of both HCH
and DDT and of endosulfan exceeded the MRL values in 5%
and 20% samples, respectively. More extensive studies covering
other agricultural regions/zones of Haryana have been suggested
to know the overall scenario of contamination of milk products
(Kumari et al. 2005).
Buffalo’s and cow’s milk samples from different animal farms
in Egypt, during the years 2008 and 2009, were also contaminated
with OCP residues: HCB, aldrin, heptachlor, heptachlor epoxide,
chlordane, DDT, and its derivatives. The concentration of HCB residue in buffalo’s milk was 0.162 µg g−1 fat and that in cow’s milk was
0.150 µg g−1 fat. The concentrations of aldrin were 0.066 µg g−1 fat
and 0.05 µg g−1 fat in cow’s and buffalo’s milk, respectively (Abou
Donia et al. 2010). In Argentina, buffalo’s milk samples were contaminated with heptachlor and heptachlor epoxides, γ-HCH, and
γ-chlordane (Lenardon et al. 2004). Fresh and pasteurized milk
samples from Kampala markets were analyzed for five OCPs,
namely aldrin, dieldrin, endosulfan, lindane, DDT, and its metabolites (Kampire et al. 2011). The mean concentration in the fresh
milk (n = 54) was: 0.026 ± 0.003 µg g−1 mf; 0.002 ± 0.0003 µg g−1,
BDL; 0.007 ± 0.003 µg g−1; and 0.009 ± 0.002 µg g−1 milk fat
for lindane, endosulfan, dieldrin, and aldrin, respectively. The
mean concentrations of p,p′-DDE; p,p′-DDT; and o,p′-DDT were
0.009 ± 0.002; 0.033 ± 0.007; and 0.008 ± 0.001 µg g−1 mf, respectively in the fresh milk samples. In the pasteurized milk samples
(n = 47), the mean concentrations recorded were: 0.008 ± 0.003,

0.025 ± 0.004, and 0.007 ± 0.001 µg g−1, respectively for p,p′DDE; p,p′-DDT; and o,p′-DDT. α- and β-endosulfan recorded the
concentration BDL and the mean of 0.022 ± 0.001, 0.005 ± 0.002,
and 0.006 ± 0.0002 µg g−1 mf, respectively for lindane, dieldrin,
and aldrin.

6.4.5 OCP Residues in Fish Samples
Level and distribution patterns of some OCPs were monitered in
fish samples of the Gomti River, India, collected from three sites.
In the fish muscles, OCPs ranged between 2.58 and 22.56 ng g−1
(mean value: 9.66 ± 5.60 ng g−1). Neither spatial nor temporal
trends could be observed in the distribution of the OCPs. Aldrin
was the predominant OCP, whereas HCB and methoxychlor
could not be detected. α-HCH and β-HCH among the isomers of
HCH and pp-DDE among the metabolites of DDT were the most
frequently detected OCPs (Malik et al. 2007). The average concentration of ΣHCH and ΣDDT ranged from 2.1 to 51.7 µg kg−1
and below detection level to 12.3 µg kg−1, respectively reported
in inland wetlands in Karnataka, India (Dhananjayan and
Muralidharan 2010). The maximum levels of total HCH
(0.007 µg g−1) and DDT (0.014 µg g−1) were detected in common
carp. DDTs were the predominant organochlorine contaminants
in all species and common carp had maximum levels of OCPs
as 0.021 µg g−1 followed by rohu (0.019), grass carp (0.019), catla
(0.017), and silver carp (0.017) (Kaur et al. 2008).
Among the 16 OCPs considered, 11 were present in the samples analyzed at various concentrations ranging from 0.4 to
14.4 μg kg−1 in fish sold in markets and fishing sites in Abidjan,
Côte d’Ivoire. Fresh product samples were mostly contaminated by
DDD. The catfish, with a total average concentration (27.2 μg kg−1
of the fresh product) was the most contaminated species. Heads
(27.8 μg kg−1 of the fresh product) and viscera (17.5 μg kg−1 of the
fresh product) were, respectively, the most contaminated parts of
the fish species analyzed. The fishing port of Vridi was the most
contaminated site. The species collected on this site presented a
total average concentration of 24.4 μg kg−1 of the fresh product.
The comparison of total concentration mean of OCPs in the species collected, with the MRLs set for the fishery products, suggests that health risks faced by populations in Abidjan through
fish consumption are currently low (Biego et al. 2010).
A 100% incidence was recorded for γ-HCH, delta-HCH,
heptachlor, aldrin, γ-chlordane, α-endosulfan, dieldrin, and
p,p′-DDT, while 75% incidence was recorded for the metabolites, p,p′-DDE, and endosulfan-sulfate residues in the Densu
basin fish samples (Afful et al. 2010). The mean concentrations of the banned organochlorines detected range from 0.30
to 35.2 µg kg−1 with the highest concentration of 35.2 µg kg−1
recorded for δ-HCH in the Channa obscura sp. sampled from
Nsawam. The lowest mean concentration of 0.30 µg kg−1 was
recorded for endrin, aldrin, and endrin aldehyde in the species
Clarias gariepinus, and C. obscura respectively. The metabolites, namely p,p-DDE and endosulfan sulfate were also detected
in six of the eight fish species. The concentrations of OCPs
ranged from 0.3 to 71.3 µg kg−1 and were however, below the
Australian MRL of 50–1000 µg kg−1 for fresh water fish. Pazou
et al. (2006) assessed the contamination levels of different OCP
pesticides in the Ouémé River catchment area, and different fish
species were from different geographical areas along the river.
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All fish samples contained DDT, its metabolites, and isomers.
The total DDT concentrations ranged from 129 to 1642 ng g−1
lipid, with the lowest concentration in Oreochromis niloticus
(129 ng g−1) and the highest in C. gariepinus (1642 ng g−1).
Dieldrin was found in the concentrations of 4.1–6.9 ng g−1 lipid.
A high level of total endosulfan (215 ng g−1 lipid) was found in
the Streptococcus intermedius fish and was lowest in O. niloticus fish (16 ng g−1). Pesticide intake by people consuming fish
from the river, however, is still low and no immediate risk is
present.
The levels of 14 OCPs were measured in 18 fish species from
Konya markets, Turkey (Kalyoncu et al. 2009). These residues
were detected in all fish species, except in trout, horse mackerel,
and bonito. DDT and its metabolites and HCH were the predominant contaminants in fish muscles. The mean concentrations of
∑DDT were in the range between 0.0008 and 0.0828 μg g−1.
DDT was the predominant residue in Sparus aurata. Detectable
levels of HCH, aldrin, and heptachlor were found in most samples. However, dieldrin, endrin, β-endosulfan, p–p′-DDT, and
p–p′-DDD were not found in Salmo trutta. The mean of endrin
ranged from 0.0040 (Triglia lineate) to 0.0326 μg g−1 (Trachurus
trachurus). Some investigations have been done on OCP residues
in fish muscle tissue samples of Lake Parishan (Kafilzadeh et al.
2012). The mean concentration of organochlorine residues such
as DDT, DDE, chlordane, lindane, heptachlor, and endosulfan in
fish samples were found to be 4.112, 4.862, 0.024, 0.138, 0.041,
and 0.816 ng g−1 respectively.
OCP residues were analyzed in samples of fish taken from
four different locations along the Indian Ocean coast of Kenya
(Barasa et al. 2008). Considering all the four sampling sites in
the two sampling seasons, the ranges of concentrations of residues detected in the fish samples (in µg g−1 wet weight) were lindane 16.1 (in the sample from Mombasa)-1445 (Sabaki), aldrin
1.55 (Kilifi)-323 (Kilifi), dieldrin 4.81 (Ramisi)-109 (Sabaki),
endosulfan 5.91 (Mombasa)-54.6 (Sabaki), p,p′-DDT 9.11
(Mombasa)-29.3 (Kilifi), p,p′-DDE 1.94 (Kilifi)-97.5 (Sabaki),
and p,p′-DDD-1.68 (Mombasa)-98.9 (Kilifi). This seasonal
variation was particularly observable in p,p′-DDT residues that
were only detected in samples taken in the rainy season but none
of them were observable in the dry season in all the sampling
sites. The residues of DDT and heptachlor were analyzed in 20
samples of five different fish species (Bhuiyan et al. 2009). The
concentrations of DDT in the samples of Bombay duck, ribbon, shrimp, Chinese pomfret, and Indian salmon were 97.0195,
36.563, 12.617, 712.155, and 737.238 ng g−1, respectively. The
concentrations of heptachlor in the samples of Bombay duck,
ribbon, shrimp, Chinese pomfret, and Indian salmon were 1.237,
1.208, 44.806, 5.318, and 4.834 ng g−1, respectively (Bhuiyan
et al. 2009).

6.5 Conclusions
This chapter reveals the frequent residues in OCP pesticide
use over the past few decades. Many research has been done
to determine their amount, fate and toxicity, or hazard of the
pesticide and the likelihood of exposure via foodstuffs in the
world. Furthermore, the presence of these toxicants in the commercially available, foodstuff samples underline the need for
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routine analysis and assessment of pesticides in market foods to
reduce their presence, or completely discourage their usage in
agriculture (Benson and Olufunke 2011). In general, people must
be aware that food substrates might substantially contribute to
the intake of OCPs through consumption (Ahmad et al. 2010).
The residual contents of the OCP detected in all the contaminated samples analyzed from different countries were in most
cases below the respective MRLs but some countries reported
that residues were above the MRL regulatory. These recommend
the need for regular monitoring of a greater number of samples
for long periods for the pesticide residue to protect consumer
health. Monitoring studies are essential to know the actual levels
of contamination for future policies as well as to strengthen the
confidence of the consumer in the quality of food.
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7.1 Introduction

7.1.1 Physical–Chemical Properties and Degradation
of Carbamate Pesticides

The extensive use of pesticides at various stages of plant growth
to improve agricultural productivity has raised concerns among
consumers about its potential contaminating effects on food.
Carbamates are one of the major classes of synthetic pesticides
and are used on a large scale worldwide on the grounds of their
broad biological activity (Li et al., 2004). Some carbamate pesticides are extremely toxic to the central nervous system, suspected carcinogens, or mutagens.
The European Commission (Kristoffersen et al., 2008) and
the Codex Alimentarius Commission (2013) have set maximum
residue levels (MRLs) to ensure that pesticide residues are never
present in food or feed at levels posing potential risks on human
or animal health. Thus, a need exists for effective methods to
determine pesticides at levels below MRLs with adequate accuracy and precision.
This chapter examines various aspects of the physical and
chemical properties, toxicology, and regulations of carbamate
pesticides in food, with emphasis on the existing analytical
methods and techniques for their determination (sample preparation, chromatographic, and recent determination methods
included).

The simplest way of characterizing carbamate p esticides is by their
N- or S-substitution of carbamic acid. Their general formula is
depicted in Figure 7.1, where R1 and R2 denote aromatic or aliphatic
moieties. There are nine principal groups of carbamates, namely:
N-methylcarbamates, aminophenyl N-methylcarbamates, oxime Nmethylcarbamates, N,N-dimethylcarbamates, N-phenylcarbamates,
benzimidazole carbamates, thiocarbamates, dithiocarbamates,
and ethylenebisdithiocarbamates.
Table 7.1 shows the carbamates dealt with in this chapter listed
by their accepted common names. Many of them are better known
by other common or trade names. The table also shows the chemical names and molecular formulae of the principal carbamate
pesticides. Chemical names begin with the aliphatic, oxime, enol,
or aromatic ester root, which is followed by the N- of S-carbamate
substitution (Ballesteros Tribaldo, 2006; Tomlin, 1994).
Table 7.1 also shows the selected physical and chemical properties of the carbamates, including the physical form, melting
point, vapor pressure, and solubility in different solvents. In general, carbamate pesticides in a pure state are virtually odorless,
white, crystalline solids of a high melting point and a low vapor
151
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General structure of carbamate pesticides.

pressure that exhibit variable—usually low—water solubility.
However, most carbamate pesticides are highly soluble in polar
organic solvents (e.g., methanol, ethanol, and acetone), moderately soluble in intermediate polarity solvents (e.g., benzene,
toluene, xylene, chloroform, dichloromethane, and 1,2-dichloroethane), and poorly soluble in nonpolar organic solvents (e.g.,
n-hexane, petroleum ether) (Tomlin, 1994).
Once applied for pest control at a site, a pesticide is exposed to
many agents capable of transforming it into various other forms.
After entering both target and nontarget biota, pesticides are subjected to attack by detoxification. However, most of the applied
pesticide does not immediately enter any organism; rather, it
remains in soil, water, and air, where it undergoes further transformation and transport to different locations as well as uptake
by organisms at the site (Fong et al., 1999).
Broadly, the factors responsible for pesticide degradation can
be (i) chemical, (ii) physical, or (iii) biological. Under field conditions, breakdown of pesticides is caused by a combination of
these factors, and their relative significance strongly depends on
the use pattern of the chemical, its physical properties, and its
chemical structure. Carbamate metabolism, whether chemical
or biochemical (via enzyme-catalyzed reactions), mainly occurs
through hydrolysis, oxidation, and conjugation. The mechanism
of hydrolysis is different for N-methyl and N-dimethyl derivatives. Thus, that of N-methylcarbamates involves an isocyanate
intermediate, whereas that of N-dimethylcarbamates involves the
formation of an addition product with a hydroxyl ion that yields
the corresponding alcohol and N-dimethyl-substituted acid. The
rate of hydrolysis by esterase is faster in mammals than in plants
and insects (Ballesteros Tribaldo, 2006).
Although carbamates are not frequently encountered in routine monitoring studies on environment samples, residues are
persistent enough to be found in soil and crops after application,
as well as in the environment following point source events such
as accidental spills, land runoff, aerial spray applications, or fires
in pesticide warehouses. There is only a small body of literature
on studies of carbamate persistence (relative to other types of
pesticides), most of which are concerned with water (Ballesteros
et al., 1996). Carbamate insecticides are not very stable on plants,
where they rapidly decompose through oxidation and conjugation. Carbaryl dissipation on sprayed fruit occurs to an extent
dependent on the type of fruit; half-lives of 28 days on lemon
peels and 42 days on oranges (Gunther et al., 1962), and 7–10
days on apples, peaches, and plums (Polizu et al., 1971) have been
reported. Pérez Clavijo et al. (1996) found ethiofencarb applied
to apple to be degraded faster in the peel than on the inside of
the fruit. The effects of γ-irradiation on pesticides in the solution or in food have been reviewed (Lépine, 1991). Pesticide residues in food are influenced by storage, handling, and processing
that is postharvest of raw agricultural commodities but prior to
consumption of prepared foodstuffs. Food-processing treatment

such as washing, peeling, canning, or cooking leads to a significant reduction of pesticide residues (Kaushik et al., 2009).

7.1.2 Toxicology of Carbamate Pesticides
Carbamate and organophosphate pesticides owe their toxicity
mainly to the accumulation of acetylcholine following the inhibition of neuronal acetylcholinesterase (AChE). The inhibition
of AChE in the nervous system leads to an accumulation of the
neurotransmitter acetylcholine at the nervous terminal, with the
potential to alter neurological development and cause subtle and
long-lasting neurobehavioral impairments in humans (Caldas
et al., 2006). The carbamylated form of the AChE enzyme is
unstable, and the regeneration of this enzyme is relatively rapid
compared with a phosphorylated enzyme. As a result, carbamate
pesticides are less hazardous to human health than are organophosphorus pesticides. The ratio of the dose required to cause
death to that resulting in the smallest symptoms of poisoning is
substantially higher for carbamates than for organophosphorus
compounds.
On the other hand, carbofuran has been shown to be a potential genotoxic agent in several studies. Thus, Gentile et al. (1982)
described that carbofuran is responsible for unscheduled deoxyribonucleic acid (DNA) synthesis in human lung fibroblast.
Also, the carbofuran administration induces genotoxic effects
in epithelial cells across crypt-villus axis in rat intestine (Gera
et al., 2011).
The acute effects of carbamates range from highly toxic to only
slightly toxic or virtually nontoxic. LD50 for the rat (Table 7.1)
ranges from <0.9 (aldicarb) to over 15,000 mg/kg body weight
(carbendazim). A dose–effect relationship with the severity of
symptoms and the degree of cholinesterase inhibition has been
found. Because most carbamates have a low volatility, inhalation
studies are usually conducted on dust or mist. In these studies,
toxicity is strongly dependent on the size of the particles or droplets and is hence difficult to evaluate. The acute dermal toxicity
of carbamates is generally low to moderate; by exception, aldicarb is highly toxic. Carbamates cause slight-to-moderate skin
and eye irritation, depending on the particular vehicle used, the
duration of the contact, and whether the substance is applied to
injured or intact skin (Tomlin, 1994).

7.1.3 Regulations
Human dietary intake of pesticide residues comes from four
identifiable sources, namely: (i) on-farm use, (ii) postharvest use,
(iii) use on imported foods, and (iv) banned pesticides present
in the environment. Sources (i) to (iii) represent contamination
mainly due to residues of “modern” pesticides and can classified
as “from intentional use,” whereas source (iv) represents residues
of banned pesticides “from unintentional use” (Hajslová, 1999).
The current extensive use of pesticides has led many governments
to enforce regulations on the sale and use of these compounds to
protect users, consumers of treated foodstuffs, domestic animals,
and the environment from their deleterious effects.
The levels of pesticide residues in food are controlled in terms
of the maximum residue limits (MRLs), which are based on good
agricultural practices and are designed to ensure that the amount
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Table 7.1
Names and Selected Physical and Chemical Properties of Carbamate Pesticides

No.

Common Name
Trade Name
Other Names

N-methylcarbamates
1.
Bendiocarb
Bendiocarbe
Ficam

Chemical Name
Molecular Formula

Physical Form
Melting Point (°C)
Vapor Pressure
(25°C)

2,3-Isopropylidenedioxiphenyl
N-methylcarbamate
C11H13NO4

Colorless crystals
124.6–128.7
4.6 mPa

Yellow amber solid
26–39
4.0 mPa (at 30°C)

2.

Bufencarb
Bux
Metalkamate

3.

Carbanolate
Banol
Chlorxylam

3:1 Mixture of
3-(1-methylbutyl)phenyl and
3-(1-ethylpropyl)phenyl
N-methylcarbamates
C13H19NO2
2-Chloro-4,5-dimethylphenyl
N-methylcarbamate
C10H12ClNO2

4.

Carbaryl
SevinR, Dicarbam
Carbicide

1-Naphthyl
N-methylcarbamate
C12H11NO2

Colorless crystals
142
41 µPa (23.5°C)

5.

Carbofuran
FuradanR
NIA-10242

2,3-Dihydro-2,2dimethylbenzofuran-7-ylN-methylcarbamate
C12H15NO3

Colorless crystals
153–154
0.031 mPa

6.

LandrinR

4:1 Mixture of
3,4,5-trimethylphenyl and
2,3,5-trimethylphenyl
N-methylcarbamate
C11H15NO2

Buff crystals
105–114
5 × 10−5 mmHg
(23°C)

7.

Methiocarb
MesurolR
Metmercapturon,
Mercaptodimethur

4-Methyl-3,5-xylyl
N-methylcarbamate
C11H15NO2S

Colorless crystals
119
0.015 mPa

8.

Metolcarb

3-Methylphenyl
methylcarbamate

Colorless solid
76–77
145 mPa (20°C)

9.

Moban
MCA-600

4-Benzothienyl
N-methylcarbamate
C10H9NO2S

White crystals
128
1 × 10−8 mmHg
(25°C)

10.

Propoxur
BaygonR
Blattanex, Unden,
and Sendran

2-Isopropoxyphenyl
N-methylcarbamate
C11H15NO3

Colorless crystals
90
2.8 mPa

White crystals
130–133
–

Solubility at 25°C
Water
Acetone
Benzene
Ethanol/Methanol
n-Hexane
0.28 g/L (20°C)
150–200 g/L
40 g/L
40/75–100 g/L
0.225 g/L
<0.005%
–
–
–/Very high
–
–
–
–
–/–
–
120 mg/L (20°C)
200–300 g/kg
–
–
Readily soluble
–
320 mg/L (20°C)
15%
4%
4%/–
–
60 mg/L (23°C)
–
–
–
–/–
–
27 mg/L (20°C)
–
–
–
–/–
1–2 g/L (20°C)
2.6 g/L (30°C)
–
–
–/880 g/kg
–
<0.1%
–
–
–
–/–
–
1.9 g/L (20°C)
Soluble
–
Soluble
1–2 g/L (20°C)

Toxicity to Mammals,
LD50 (Acute) (mg/kg)

Activity

Oral
(Rat)

Dermal
(Rat)

Insecticide

40–156

566–600

Insecticide

87

680 (rabbit)

Insecticide

30–55

Insecticide

500–850

>4000
>2000
(rabbit)

Insecticide
Nematicide

8–14

>3000

Insecticide

208

2500
(rabbit)

Insecticide
Molluscicide
Acaricide
Bird repellent

100

350–400

Insecticide

498–580

–

Insecticide

20–125

–

Insecticide

128

–

>5000

(Continued)
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Table 7.1 (Continued )
Names and Selected Physical and Chemical Properties of Carbamate Pesticides

No.

Common Name
Trade Name
Other Names

Chemical Name
Molecular Formula

Aminophenyl N-methylcarbamates
11.
Aminocarb
4-Dimethylamino-m-tolyl
MatacilR
N-methylcarbamate
C11H16N2O2

12.

Mexacarbate
ZectranR

4-Dimethylamino-3,5-xylyl
N-methylcarbamate
C12H18N2O2

Oxime N-methylcarbamates
13.
Aldicarb
2-Methyl-2-(methylthio)
TemikR
propionaldehyde
UC-21149
o-methylcarbamoyloxime
C7H14N2O2S

Physical Form
Melting Point (°C)
Vapor Pressure
(25°C)
Tan crystals
93–94
Nonvolatile

Dermal
(Rat)
275

Insecticide

24

>500

6 g/L
350 g/kg
150 g/kg
–/–
–
57.9 g/L
730 g/kg
–
420/1000 g/kg
sparingly
280 g/L
670 g/kg
–
330/1440 g/kg
–
35 mg/L
8 g/kg
–
5 g/kg

Insecticide
Acaricide
Nematicide

0.9

20 (rabbit)

Insecticide
Acaricide

17–24

>5000
(rabbit)

Insecticide
Acaricide
Nematicide

5.4

>2000
(rabbit)

Insecticide
Molluscicide

66

>2000
(rabbit)

Colorless crystals
56.5–57.5
22.6 mPa

5.2 g/L (22°C)
Soluble
Soluble
–/–
–

Insecticide
Acaricide

8.5

39 (rabbit)

Colorless crystals
68–71
1 × 10−4 mmHg
(20°C)

24%
Readily
soluble
Readily/readily
–
3.0 g/L (20°C)
4.0 g/kg
Readily
2.5 g/kg/readily
–

Insecticide

<50

>2000

Insecticide

147

>500

Herbicide

5000

2000 (dog)

White crystals
85
< 0.1 mm Hg
(139°C)

Colorless crystals
98–100
13 mPa (20°C)

Colorless crystals
78–79
6.65 mPa

15.

Oxamyl
Vydate
DPX-1410

2-Dimethylamino1-(methylthio)glyoxal
o-methylcarbamoyloxime
C7H13N3O3S

Colorless crystals
100–102
31 mPa

16.

Thiodicarb
Larvin

Colorless crystals
173–174
5.7 mPa (20°C)

17.

Thiofanox
Dacamox
Thiofanocarb

3,7,9,13-Tetramethyl-5,11dioxa-2,8,14-trithia-4,7,9,12tetra-azapentadeca-3,12diene-6,1-dione
C10H18N4O4S3
3,3-Dimethyl-1-(methylthio)2-butanone
o-methylcarbamoyloxime
C9H18N2O2S

N-phenylcarbamates
20.
Chlorprophan
CIPC
Chloro-IPC

Oral
(Rat)
30

1-(Methylthio)acetaldehyde
o-methylcarbamoyloxime
C5H10N2O2S

Pirimicarb
Pirimor
Aphox, Fernos

Activity
Insecticide

Methomyl
Lannate
Methavin

19.

Toxicity to Mammals,
LD50 (Acute) (mg/kg)

Slight
Moderate
–
Soluble
–
–
–
–
–/–
–

14.

N,N-dimethylcarbamates
18.
Dimetilan
1-Dimethylcarbamoyl-5Snip
methylpyrazoyl-3-yl-N,Ndimethylcarbamate
C10H16N4O3

Solubility at 25°C
Water
Acetone
Benzene
Ethanol/Methanol
n-Hexane

2-Dimethylamino-5,6dimethylpirimidin-4-yl-N,Ndimethylcarbamate
C11H18N4O2

Colorless crystals
90.5
0.97 mPa

Isopropyl-3-chlorocarbanilate
(isopropyl
m-chlorocarbanilate)
C10H12ClNO2

Colorless solid
38.5–40
10−5 mm Hg (25°C)

89 mg/L
Soluble
Soluble
Readily soluble
–

(Continued)
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Table 7.1 (Continued)
Names and Selected Physical and Chemical Properties of Carbamate Pesticides

No.

Common Name
Trade Name
Other Names

Chemical Name
Molecular Formula

Physical Form
Melting Point (°C)
Vapor Pressure
(25°C)

21.

Prophan
IPC
Banhoe, Tuberit

1-Methyl phenylcarbamate
(isopropyl carbanilate)
C10H13NO2

Colorless crystals
87–87.6
–

22.

Swep

Methyl 3,4-dichlorophenyl
carbamate (methyl
3,4-dichlorocarbanilate)
C8H7Cl2NO2

White solid
112–114
–

Benzimidazole Carbamates
23.
Benomyl
Methyl 1-(butylcarbamoyl)
Arylate, Benlate,
benzimidazol-2-yl-carbamate
and Tersan
C14H18N4O3

24.

Carbendazim
Carbendazime,
Derosal,
Carbendazol,
Bavistin

Thiocarbamates
25.
Butylate
Sutan

Colorless crystals
140
<4.9 µPa

Solubility at 25°C
Water
Acetone
Benzene
Ethanol/Methanol
n-Hexane

Toxicity to Mammals,
LD50 (Acute) (mg/kg)

Activity

Oral
(Rat)

Dermal
(Rat)

250 mg/L (20°C)
Soluble
Soluble
Soluble
–
–
Soluble
–
–/–
–

Herbicide

5000

6800
(rabbit)

Herbicide

552

4 mg/kg (pH 3–10)
18 g/kg
–
4 g/kg/–
–
29 mg/L (pH 4)
0.3 g/L
0.036 g/L
0.3 g/L/–
0.0005 g/L

Fungicide

>10,000

>10,000
(rabbit)

Fungicide

>15,000

>2000

–

Methyl benzimidazol-2-ylcarbamate
C9H9N3O2

Crystalline powder
302–307
0.09 mPa (20°C)

S-ethyl
di-isobutylthiocarbamate
C11H23NOS

Colorless liquid
–
1.73 Pa

36 mg/L (20°C)
Miscible
Miscible
Miscible
–

Herbicide

5366

>5000
(rabbit)

26.

Cycloate
Ro-Neet
Hexylthiocarbam

S-ethyl cyclohexyl(ethyl)
thiocarbamate
C11H21NOS

Colorless liquid
11.5
2.13 mPa

75 mg/L (20°C)
Miscible
Miscible
Miscible
–

Herbicide

3160

>5000
(rabbit)

27.

Diallate
Avadex

S-2,3-dichloroallyl di-isopropyl
(thiocarbamate)
C10H17Cl2NOS

Yellowish oily liquid
–
1.5 × 10−4 mmHg

14 mg/L
Soluble
Soluble
Soluble

Herbicide

395

>2000
(rabbit)

28.

EPTC
Eptam

S-ethyl dipropyl thiocarbamate
C9H19NOS

Colorless liquid
−30
0.01 mPa

375 mg/L
Miscible
Miscible
Miscible
–

Herbicide

1367

>2000

29.

Molinate
Ordram

S-ethyl N,N-hexamethylene
thiocarbamate
C9H17NOS

Clear liquid
–
746 mPa

88 mg/L (20°C)
Miscible
Miscible
Miscible
–

Herbicide

369–450

>4640
(rabbit)

30.

Pebulate
Tillan

S-propyl
butylethylthiocarbamate
C10H21NOS

Colorless or yellow
liquid
–
9 Pa (30°C)

60 mg/L (20°C)
Miscible
Miscible
Miscible
–

Herbicide

1120

4640
(rabbit)

–

(Continued)

www.ebook777.com

Free ebooks ==> www.ebook777.com
156

Handbook of Food Analysis

Table 7.1 (Continued)
Names and Selected Physical and Chemical Properties of Carbamate Pesticides

Physical Form
Melting Point (°C)
Vapor Pressure
(25°C)

No.

Common Name
Trade Name
Other Names

31.

Tiocarbazil

S-benzyl di-secbutylthiocarbamate
C16H25NOS

Colorless liquid
–
93 mPa (50°C)

32.

Triallate
Triallate
Avadex BW

S-2,3,3-trichloroallyl
di-isopropylthiocarbamate
C10H16Cl3NOS

Oily, amber liquid
29–30
16 mPa

33.

Vernolate
Vernam

S-propyl
dipropylthiocarbamate
C10H21NOS

Clear liquid
–
1.39 Pa

Ferric dimethyldithiocarbamate
C9H18FeN3S6

Black powder
decomposes >180°C
Negligible (20°C)

Dithiocarbamates
34.
Ferbam
Fermate

Chemical Name
Molecular Formula

35.

Thiram
Thirame
Thiuram, TMTD

Tetramethylthiuram disulfide
C6H12N2S4

Colorless crystals
155–156
2.3 mPa

36.

Ziram
Milbam
Zerlate

Zinc dimethyldithiocarbamate
C6H12N2S4Zn

White powder
246
<1 µPa

Solubility at 25°C
Water
Acetone
Benzene
Ethanol/Methanol
n-Hexane
2.5 mg/L (30°C)
Miscible
Miscible
Miscible
Miscible
4 mg/L
Readily soluble
Readily soluble
Readily soluble
Soluble
90 mg/L (20°C)
Miscible
–
Miscible
–
130 mg/L
Soluble
–
–
–
18 mg/L
80 g/L (20°C)
–
< 10 g/L/–
0.04 g/L
0.03 mg/L (20°C)
Moderately soluble
–
Insoluble
–

Toxicity to Mammals,
LD50 (Acute) (mg/kg)

Activity

Oral
(Rat)

Dermal
(Rat)

Herbicide

>10,000

>1200

Herbicide

1100

8200
(rabbit)

Herbicide

1500–
1550

>5000
(rabbit)

Fungicide

>4000

Fungicide

780

>1000

Fungicide
Repellent

320

>6000

Fungicide

>5000

>10,000
(rabbit)

Fungicide

6750

>5000

Fungicide
Algicide

395

–

Fungicide

>5200

>6000

–

Ethylenebisdithiocarbamates
37.

Mancozeb
Dithane M-45
Manzeb

Manganese ethylenebisdithiocarbamate (polymeric)
complex with zinc salt
–

Grayish-yellow
powder decomposes
without melting
Negligible

38.

Maneb
Dithane M-22
Manzate

Manganese ethylenebisdithiocarbamate (polymeric)
C4H6MnN2S4

39.

Nabam
Dithane D-14
Parzate, nabame

Disodium
ethylenebisdithiocarbamate
C4H6N2Na2S4

Yellow crystalline
solid
Decomposes without
melting
Negligible
Colorless crystals
Decompose without
melting
Negligible

40.

Zineb
Dithane Z-78
Parzate

Zinc
ethylenebisdithiocarbamate
(polymeric)
C4H6N2S4Zn

Light-colored
powder
Decomposes without
melting
<0.01 mPa (20°C)

6–20 mg/L
–
–
–
–
Slightly soluble
Insoluble
Insoluble
Insoluble
Insoluble
200 g/L
Insoluble
Insoluble
Insoluble
Insoluble
10 mg/L
Insoluble
Insoluble
Insoluble
Insoluble
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of pesticide residues in foods is maintained as small as practically possible. During the approval process, the potential exposure of consumers to residues in food is carefully assessed and
MRLs are established that, although not directly associated with
safety criteria, are considered to be toxicologically acceptable
with respect to the general population and to result in theoretical or measured exposures compatible with the acceptable daily
intake (ADI). ADI is an estimate of the amount of a chemical
that can be ingested daily over a lifetime without producing an
appreciable health risk and has been successfully used for over
three decades to ensure safety in the food supply (Fong et al.,
1999; MacLachlan and Hamilton, 2010).
Differences in MRLs between countries, with the potential
to cause trade problems, have promoted international harmonization of MRLs in the framework of the Codex Alimentarius
Commission (2013), a joint Food and Agriculture Organization/
World Health Organization (FAO/WHO) organization in charge
of setting standards for major food products with the aims of
promoting fair international trade and protecting human health.
FAO/WHO have established the MRLs for some carbamate pesticides listed in Table 7.1. The limits depend on the particular
pesticide and food, and range from 0.01 (aldicarb in meat, milk,
and other foods) to 100 mg/kg (carbaryl in various types of animal forage).
The European Community (EC) has established MRLs for
about 500 specific pesticides and set a default value of 0.01 mg/
kg for all pesticides not mentioned by name in the applicable
EC Regulations. Some European Union (EU) member countries
have set their own MRLs for pesticide residues in food. This
has frequently led to trade problems between member states that
have been addressed in several EC harmonization directives.
For example, EC Regulation 39/2008 has simplified the existing
legislation by harmonizing pesticide MRLs in products of plant
and animal origin, making them directly applicable (EC, 2008).

7.2 Sample Preparation
There has been unprecedented growth in measurement techniques
over the last few decades. Despite the sophisticated arsenal of analytical tools, complete noninvasive measurements are still not possible in most cases. More often than not, one or more pretreatment
steps are necessary (Mitra, 2003). Sample preparation is often the
bottleneck in a measurement process, as it tends to be slow and
labor intensive. In general, food samples cannot be analyzed without some preliminary sample preparation because contaminants
are too dilute and the matrix is rather complex. Therefore, sample
pretreatment is an essential part of the whole chromatographic
procedure. This pretreatment, which can be implemented in several steps, involves (i) modifying the sample matrix, (ii) extracting
traces of the analytes of interest for the food sample, (iii) removing
coextracted and coconcentrated components from the matrix to
avoid potential interferences with the analysis (i.e., cleanup), and
(iv) derivatizing pesticides to aid separation and/or detection.

7.2.1 Matrix Modification
Various matrix pretreatment methods are employed for foods containing pesticide residues to ensure correct sampling according

to the heterogeneity of the matrix. Representative portions of
the solid sample (e.g., fruit, vegetable, or meat) are weighed and
chopped or homogenized in a mortar, blender, shaker, or stirrer—
or, alternatively, in a sonicator containing a solvent or sorbent—to
disintegrate the matrix. Thus, blending has also been used with
solids such as fruits and vegetables (Botitsi et al., 2007; Soler
et al., 2007).

7.2.2 Extraction and Cleanup
The specific procedure to be used for the isolation, cleanup, and
analysis of food samples is dictated by the composition of the
food matrix (particularly, its fat content). One other variable to
be considered for the purpose of pretreating samples is polarity, which varies among pesticide families and influences their
extraction efficiency. The major techniques for extraction and
preconcentration of carbamate pesticides from food include: liquid–liquid extraction (LLE), solid-phase extraction (SPE), solidphase microextraction (SPME), matrix solid-phase dispersion
(MSPD), and pressurized liquid extraction (PLE). In addition,
several other techniques have been applied in recent years to the
pretreatment of food samples, including liquid-phase microextraction (LPME), stir bar sorptive extraction (SBSE), microwaveassisted extraction (MAE), and single-drop microextraction
(SDME) (Santaladchaiyakit et al., 2012). This section is divided
into two subsections dealing with solvent-based extraction and
sorbent-based extraction.

7.2.2.1 Solvent-Based Extraction
7.2.2.1.1 Liquid–Liquid Extraction
LLE is based on the partitioning of pesticides between the aqueous sample and an immiscible organic solvent. The efficiency of
an extracting solvent depends on the affinity of the compound for
it as measured by the partition coefficient, on the ratio of volumes
of each phase, and on the number of extraction steps. The liquid
solvents used for this purpose include n-hexane, benzene, and
ethyl acetate among nonpolar solvents, and dichloromethane,
methanol, acetonitrile, acetone, and water among polar solvents
for the extraction of residues from high-moisture commodities;
solvents are often combined to achieve the desired viscosity and
solvency strength for the particular extraction. A total of 13 carbamate pesticides were extracted from apple-based infant foods
by adding acetonitrile to the sample, centrifuging for 15 min,
and passing the supernatant through an Oasis HLB cartridge
for cleanup (Wang et al., 2005). Tables 7.2 through 7.4 list other
methods using LLE to determine carbamate pesticides in food
samples. This technique, however, is usually time consuming,
uses large amounts of toxic or flammable solvents, and is somewhat difficult to automate (Santaladchaiyakit et al., 2012).
QuEChERS, which stands for “quick, easy, cheap, effective,
rugged, and safe,” is the newest-generation methodology for the
analysis of pesticide residues in food matrices and provides an
expeditious, convenient replacement for LLE that furnishes highquality results in a minimum number of steps and with modest
requirements as regards glassware and solvents. The original
procedure, which was developed to extract pesticides from fruits
and vegetables, involves acetonitrile extraction/partitioning and a
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Table 7.2
Analytical Methods for the Pretreatment of Food Samples and Gas-Chromatographic Determination of Carbamate Pesticides
Pesticidesa

Food Samples

Extractionb

Cleanup/Derivatizationc

Determinationd

Chromatographic
Column

Fruits and
vegetables

LLE
Ethyl acetate

GPC-graphitized carbon
column

GC–MS

DB-5 MS
(30 m)

4, 7, 19, and others

Honeybees

SPE
Extrelut

GPC
Bio Beads SX-3

GC–NPD

SPB-608
(30 m)

4, 5, 7, 10, 13, 14, 21,
and metabolites

Potatoes

SPE
C8 column

GC–NPD
GC–FID

HP-5 (30 m)
OV-101 (10 m)

19, 21, 29, and others

Celeriac extract

LLE
CH2Cl2-light
petroleum
LLE (ethyl acetate)

19, and others

Honey

MSPD
Florisil

–

GC × GC–MS (TOF)
PTV
GC–NPD
GC–MS

CP-Sil 5 CB
(15 m)
–

10, 19, and others

Vegetables

LLE (CH2Cl2)

–

LP–GC–MS/MS (IT)

CP-Sil 8 CB
(10 m)

26, 27, 32, and others

Vegetables, fruits,
and baby food
Fruit

SBSE

–

HP-5MS (30 m)

LLE (ethyl acetate)

GPC

GC–MS (sQ)
(thermal desorption)
GC × GC–MS (TOF)

Cereal infantbased foods
Vegetables, fruits,
and green tea
Olive and
olive-pomace
oils
Avocado

LLE (ethyl acetate)

GPC (cyclohexane–ethyl
acetate)
–

4, 7, and others
4, 7, and others
1, 7, 19, 20, and others
4, promecarb, and
others
1, 7, 19, 20, and others
10, and others
1, 7, 19, 20, and others

Brewed tea and
river water

SBSE

–

LLE (n-hexane–
acetonitrile)

GPC

LLE (ethyl acetate–
cyclohexane)
PLE
Dual SBSE

GPC

–

GC–MS (TOF)

DB-XLB (30 m)
DB-17 (1 m)
DB-5MS (20 m)

GC–MS (sQ) (thermal
desorption)
GC–MS/MS (IT)
(PTV)

HP-5MS (30 m)

LP–GC–MS/MS (IT)

CP-Sil 8 CB
(10 m)

GC–MS (sQ) (thermal
desorption)

DB-5 (10 m)

HP-5 (30 m)

Reference

DL: 4–41 ng/g
Rec: 78%–103%
RSD: 2%–7%
DL: 1–62 mg/L
Rec: 38.7–97.5
RSD: 3.3%–6.8%
DL: 50–210 µg/kg
Rec: 50%–115%
RSD: 2%–8%
DL: 3–23 pg
RSD: 5%–11%

Obana et al. (1999)

DL: 6–15 µg/kg
Rec: 60%
RSD: <10%
DL: 0.02–10 µg/kg
Rec: 70%–130%
RSD: <25.6%
Rec: 43%–100%

Sánchez-Brunete et al.
(2002)

Rossi et al. (2001)

Santos Delgado et al.
(2001)
Dallüge et al. (2002)

Arrebola et al. (2003)

Sandra et al. (2003)

DL: 0.2–100 pg
RSD: 4.2%–6.6%
QL: 0.5–25 µg/kg
RSD: 2.7%–8.1%
DL: 0.63–26 µg/kg

Zrostlíková et al (2003)

DL: 0.1–1.5 µg/kg
Rec: 84%–110%
RSD: 3.0%–7.8%
DL: 0.01–2.5 µg/kg
Rec: 70%–110%
RSD: <19%
DL: 0.6–100 ng/L
Rec: 5.3%–72%
RSD: 4.1%–14.0%

Ballesteros et al. (2006)

Cajka and Hajslová
(2004)
Ochiai et al. (2005)

Fernández-Moreno
et al. (2006)
Ochiai et al. (2006)
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Analytical Methods for the Pretreatment of Food Samples and Gas-Chromatographic Determination of Carbamate Pesticides
Pesticidesa

Food Samples

Extractionb

19 and others

Tomato, onion

LLE (ethyl acetate),
centrifugation

4, 7, 20, 21, and
promecarb

Tap and
wastewater

LPME

1, 7, 19, 20, and others

Brewed green tea

SBSE (PDMS)

4, 7, 19, 20, 21, and
others

Fruit-based baby
food

7, 19, 20, 21, and
others
4, 5, and others

Apples

QuEChERS
LLE (ethyl acetate)
PLE
QuEChERS

Cleanup/Derivatizationc

RSD: 2.0%–4.8%

Sasamoto et al. (2007)

Rtx-5 Sil MS
(10 m)

Rec: 70%–120%
RSD: ≤20%

Cajka et al. (2008)

GC–MS
(PTV)
GC–NPD, GC–ECD

CP-Sil 8 CB
(15 m)
SPB-5 (30 m)
HP-1 (10 m)

DL: 0.15–6.5 ng/mL
RSD: <11%
DL: 1–9 µg/kg
Rec: 72%–106%

Húsková et al. (2008)

GC–MS/MS (IT)
(PTV)

VF-5MS (30 m)

García-Rodríguez et al.
(2010)

Derivation
on-column:trimethylphenylammonium hydroxide
–

GC–MS (sQ)

DB-5MS (30 m)

GC–MS

HP-5MS (30 m)

–

GC–MS (sQ)

DB-5MS (30 m)

DL: 0.3–23.1 pg/g
Rec: 82%–111%
RSD: ≤8%
DL: 0.05–0.1 µg/L
Rec: 81%–125%
RSD: <6.0%
DL: 0.5–2.9 ng/g
Rec: 81%–113%
RSD: 1.6%–13.2%
DL: 0.050–0.50 μg/kg
Rec: 72%–110%
RSD: <7.1%

GPC

–

PLE

–

4, 7, 11, and promecarb

Environmental
water

LPME

4, 10, and others

Seaweeds

MSPD
Florisil

Isoprocarb and others

Ginseng

Microwaveaccelerated selective
Soxhlet extraction

c
d

e

Reference

DB-17(10 m)
DB-5 (10 m)

Derivation on-column:trimethylphenylammonium hydroxide
and trimethylsulfonium
hydroxide
–

–

b

Analytical Figures
of Merite

Walorczyk and
Gnusowski (2006)

MSPD
Florisil, GCB

a

Chromatographic
Column

DL: 0.3–2.5 µg/kg
Rec: 84%–124%
RSD: <16.6%
DL: 0.2–0.8 µg/L
Rec: 91%–128%
RSD: 4.9%–7.8%

–

Tea, milk, snacks,
sweet dish, and
so on
Seaweeds

4 and others

Determinationd
LP–GC–MS/MS
(QqQ)

DB-5 (10 m)

GC–MS (sQ)

DB-5 (30 m)

Dual LTM–GC–MS
(sQ) (PTV)
Dual LTM–GC–PFPD
LP–GC–MS (TOF)
(PTV)

Zhang and Kee Lee
(2006)

Determination of Carbamate Pesticides in Foods

Table 7.2 (Continued)

Kumari and Kathpal
(2009)

Lee and Kee Lee (2011)

García-Rodríguez et al.
(2012)
Zhou et al. (2012)

Number of carbamate pesticides (see Table 7.1).
CW-TP, carbowax-templated resin; DLLME, dispersive liquid–liquid–liquid microextraction; LLE, liquid–liquid extraction; MSPD, matrix solid-phase dispersion; PDMS-DVB, polydimethylsiloxane divinylbenzene fiber; SBSE, stir bar sorptive extraction; SPE, solid-phase extraction; SPME, solid-phase microextraction.
GPC, gel permeation chromatography; LLE, liquid–liquid extraction; PLE, pressurized liquid extraction; SPE, solid-phase extraction.
APCI, atmospheric pressure chemical ionization; ECD, electron capture detector; FID, flame ionization detector; GC, gas chromatography; GC × GC, two-dimensional gas chromatography; IT, ion trap mass
spectrometer; PFPD, pulsed-flame photometric detection; LP, low pressure; LTM, low thermal; MS, mass spectrometry; MS/MS, tandem mass spectrometry; NPD, nitrogen–phosphorus detector; PTV, programmed temperature vaporization; QqQ, triple quadrupole; TOF, time of flight.
DL, detection limit; LR, linear range; QL, quantification limit; Rec, recovery; RSD, relative standard deviation.
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Table 7.3
Analytical Methods for the Pretreatment of Food Samples and Liquid-Chromatographic Determination of Carbamate Pesticides
Pesticidesa

Food Samples

Extractionb

4, 5, 7, 10, 13, 14, 15,
and metabolites

Green peppers

LLE (toluene-modified
acetonitrile)

5

Raw milk

4, 5, 10, 13, and 14

Potatoes and carrots

LLE (CH2Cl2)

1, 4, 5, 7, 10, 14, 15,
19, and others

Fruits and vegetables

PLE
Acetonitrile

4, 5, 11, 13, 19, and
others

Lettuce and blueberry

SPE (C18 cartridges)

4, 5, and 7

Cucumbers and
strawberries

LLE (light petroleum
and CH2Cl2

23

Oranges

LLE
Ethyl acetate

10, 19

Eggs

4, 5, 7, 10, 15, 19, and
others

Cleanup/Derivatizationc

Chromatographic
Column/Mobile Phasee

Analytical Figures
of Meritf

Reference

RP-C18
(25 mm)
MP: methanol–water

Rec: 56%–99%

Sojo (1997)

LC/UV

HSA-C8 (ISPR) (100 mm)

SPE columns (silica gel,
alumina, Florisil, and
silanized Celte charcoal)
and cartridges (C8, C18,
and CN)
SPE
carboxylic acid minicolumn
Derivatization: OPA/
mercapto-propionic acid
Photolysis reactor coupled
with LC–MS

LC/UV (195 nm)

RP-C18 (125 mm)
MP: acetonitrile–water

Rec: 98%–103%
RSD: 2.0–3.4%
DL: 0.5–7.5 ng
Rec: 79%–93%
RSD: 2.3%–8.0%

Menezes et al.
(1998)
Nunes et al.
(1998a)

LC/FL

RP-18 (150 mm)
(STR-ODS II)

Rec:70%–100%
RSD: <10%

Okihashi et al.
(1998)

LC–MS/MS (QqQ)
ESI

ODS 30 (150 mm). MP:
methanol–water

DL: 0.5–1 pg
RSD: 3%–10%

Volmer (1998)

LC/
FL(λexc = 339 nm;
λem: 445 nm)
ELISA
LC/FL

RP-C18
(150 mm)

Rec: 50%–90%
RSD: 2.1%–25.4%

Abad et al.
(1999)

RP-C18

Soxhlet
n-Hexane

SPE (Bond-Elut aminopropyl-bonded silica column)
Derivatization: OPA–NaOH
postcolumn
SPE
Anion-exchange column
Derivatization: OPA
Membrane separation:
Online

LC/UV

RP-C18
(250 mm)

Oranges, grapes,
onion, and tomatoes

MSPD
C8

SPE
Silica

LC/MS

RP-C8
(150 mm)

Yamazaki and
Ninomiya
(1999)
Carabias-
Martínez et al.
(2000)
Fernández et al.
(2000)

13 and metabolites

Potatoes, oranges, and
tomatoes

LLE
Liquid petroleum

LC/FL
LC/MS (APCI)

Supelcosil RP-18
(250 mm)

7, 24

Peaches and nectarines

LLE
Ethyl acetate

SPE
CN–SPE cartridges
OPA/mercaptoethanol
postcolumn
–

DL: 0.05 µg/g
Rec: 64%–97%
RSD: 1.6%–15.5%
DL: 5–11 µg/L
Rec: 95%–102%
RSD: 3.9%–5.9%
DL: 1.0–10.0 µg/kg
Rec: 64%–106%
RSD: 5%–15%
DL: 0.2–1.3 ng
Rec: 68%–100%
RSD: 4.0%–18.4%

LC/MS (APCI)

RP-18
(150 mm)

QL: 0.02 mg/kg
Rec: 64%–77%
RSD: 9%–10%

Blanco et al.
(2002)

Nunes et al.
(2000)

(Continued)
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(λexc = 340 nm;
λem: 455 nm)

–

Online cleanup with SPE
cartridge (activated carbon
membrane)
Derivatization: OPA–NaOH
postcolumn
–
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Analytical Methods for the Pretreatment of Food Samples and Liquid-Chromatographic Determination of Carbamate Pesticides
Pesticidesa

Food Samples

Extractionb

Cleanup/Derivatizationc

7, 24, and others

Oranges

SBSE, MSPD
LLE (ethyl acetate)

–

LC–MS (sQ)
(APCI)

24

Coconut water

SPE
C18 cartridge

–

LC/UV

4, 7, 20, 21, and
others

Wine and water

SPME- automated
in-tube SPME

–

LV–UV (225 nm)
LC–MS (sQ) ESI

4, 5, 8, 15, and
dioxacarb

Food (pears, apples, and
cucumbers) and soil

4, 5, and 10

Fruit juices

Food: LLE (water)
ultrasonic probe
Ultrasound-assisted
extraction–SPE
LLE (cyclohexane–ethyl
acetate–acetone)

5, 7, 10, 13, 14, 15,
24, and others

Apple, avocado, carrot,
orange, and wheat

5, 7, 10, 14, 15, 16,
24, and others

4

Fruits (lemon, mandarin,
apple, etc.) and
vegetables (carrots,
melon, pepper, lettuce,
spinach, etc.)
Fruits (lemon, grape,
strawberry, apple, etc.)
and vegetables
(cucumber, carrot,
tomato, etc.)
Cucumbers and water

7, 24, and others

Oranges and peaches

PLE
LLE (ethyl acetate)

4, 7, 13, 14, 15, 19,
and others

Wine and juice

Centrifugation
(8000 rpm)

1, 4, 5, 7, 10, 13, 14,
15, 19, 24, and
others

Chromatographic
Column/Mobile Phasee

Determinationd

Derivatization: OPA
postcolumn

LC/FL

Hydrolysis, dansylation
(dansyl chloride)

LC/
chemiluminiscence
detector

RP-C18
(150 mm)
MP: methanol–water
LiChrospher 100
RP-18
(125 mm)
RP-C18 (50 mm)
MP: formic solution in
acetonitrile–formic
solution in water
RP-C18
(250 mm)
MP: methanol–water–
acetonitrile
RP-C18
(250 mm)
MP: methanol–water–
acetonitrile
RP-C18
(100 mm)
MP: methanol–ammonium
acetate–acetic acid in water
RP-C18
(100 mm)
MP: formic solution in
methanol–formic solution
in water
RP-C18
(70 mm)
MP: formic solution in
methanol–formic solution
in water
–

LLE–ultrasonic
(methalonic ammonium
acetate/acetic acid
buffer)
LLE (ethyl acetate +
sodium sulfate)

–

LC–MS/MS (QqQ)
ESI

–

LC–MS/MS (QqQ)
ESI

LLE (ethyl acetate),
centrifugation

–

LC–MS/MS (QqQ)
ESI

LLE (ethyl acetate)

Derivatization: OPA–sodium
borate/photodecomposition
the continuous system
postcolumn
–

LC/
chemiluminiscence
detector
LC
IT–triple-stage MS

RP-C18 (150 mm)
MP: methanol–water

–

LC–MS–MS (QqQ)
ESI

RP-C18 (10 mm)
MP: methanol–water

Reference

QL: 0.001–0.05 m/kg
Rec: 8%–96%
RSD: 1%–16%
DL: 0.2 mg/kg
Rec: 70%–93%
RSD: 7.3%–8.3%
DL: 0.01–1.2 µg/L
(MS); DL:
0.38–8.2 µg/L (UV)
Rec: 95%–104%
RSD: 2.1%–6.3%
DL:12 ng/g3 g/g
(carbaryl)
Rec: 77%–101%
RSD: 3.1%–7.6%
DL:2–3 µg/g
Rec: >93%
RSD: 6.1%–7.6%

Blasco et al.
(2002)

DL:2–57 µg/kg
Rec: 70%–120%

Granby et al.
(2004)

QL: 0.01 mg/kg
Rec: 70%–100%
RSD: 3%–82%

Jansson et al.
(2004)

QL:10 µg/kg
Rec: 6%–153%
RSD: 9%–48%

Ortelli et al.
(2004)

DL: 9 ng/L
Rec: 81%–106%
RSD: 2.8%

Soto-Chinchilla
et al. (2004)

QL:0.025–0.25 mg/kg
Rec: 58%–97%
RSD:5%–19%
Rec: 60%–127%
RSD: 0.4%–22.6%

Blasco et al.
(2005)

Brito et al.
(2002)
Wu et al. (2002)

Caballo-López
and Luque de
Castro (2003)
Orejuela and
Silva (2003)

Goto et al.
(2005)
(Continued)
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Table 7.3 (Continued)
Analytical Methods for the Pretreatment of Food Samples and Liquid-Chromatographic Determination of Carbamate Pesticides
Pesticidesa

Food Samples

Extractionb

Cleanup/Derivatizationc
–

Determinationd

Cabbage, tomato, carrot,
and apple

MSPD (acetonitrile,
primary– secondary
amine)

4, 5, 7, 10, 13, 15, 24,
and others

Apple-based infant foods

LLE (acetonitrile),
centrifugation

4, 7, 13, 14, 15, 19,
and others

LLE (ethyl acetate)

–

LC–MS/MS (QqQ)
ESI

5, 7, 10, 13, 14, 15,
24, and others

Fruits (apple, mandarin)
and vegetables
(cucumber, spinach,
tomato, and potato)
Tomato, lemon, raisin,
and avocado

SPE (Oasis HLB)

–

LC–MS/MS (QqQ)
ESI

7, 8, 12, 13, 16, 23,
24, 26, and others

Maize, wheat, oat, rice,
and barley

PLE, SPE (Envi-18)

–

GC–MS
LC–MS/MS (QqQ)

5, carbosulfan, and
metabolites

Oranges

LLE (CH2Cl2)

–

LC–MS/MS (QqQ)
ESI

4, 5, 7, 10, 13, 14, 19,
20, 23, 24, and
others

Fruit (apple) and
vegetables (peas,
tomato, and lettuce)

LLE (ethyl acetate),
ultrasonic bath

–

LC–MS/MS (QqQ)

1, 4, 5, 7, 8, 13, 14,
24, 29, and others

Food (pepper, tomatoes,
cucumber, and orange)
and water

QuEChERS
SPE–C18 cartridges

–

LC–MS (TOF)

24 and others

Fruit-based baby food

QuEChERS
SPE (Oasis HLB)

–

LC–MS (TOF)
ESI

1, 4, 5, 7, 8, 13, 14,
15, 24, and others

Olive oil

QuEChERS

–

LC–MS/MS
(QTRAP)

5, 19, and others

Fruit juices (orange,
strawberry, cherry, and
apple)

SPME (CW-TP,
PDMS-DVB, and
polyacrylate fibers)

–

LC–MS (sQ)
LC–MS/MS (QqQ)

SPE (Oasis HLB cartridge)

LC–MS (sQ)
ESI

LC–MS/MS (QqQ)
ESI

Analytical Figures
of Meritf

Reference

Pack WP-ODS (150 mm)
MP: formic solution in
methanol–formic solution
in water
YMC ODS-AQ
S-3 (50 mm)
MP: acetonitrile–water
RP-C18
(10 mm)
MP: methanol–water

DL: 0.5–10 µg/L
Rec: 70%–110%
RSD: <8%

Liu et al. (2005)

DL: 0.06–0.2 µg/kg
Rec: 68%–127%
RSD: < 25%
DL: 5 µg/kg
Rec: 68%–119%
RSD: 0.2%–18.4%

Wang et al.
(2005)

RP-C18 (100 mm)
MP: formic solution in
methanol–formic solution
in water
RP-C18 (150 mm)
MP: acetonitrile–water

Rec: 70%–110%
RSD: ≤15%

Hernández et al.
(2006)

DL: 0.5–300 µg/kg
Rec: 42%–132%
RSD: <38%
DL:0.4–3 µg/kg
Rec: 60%–94%
RSD: 3%–15%
DL: 2–7 µg/kg
Rec: 65%–94%
RSD: 6.1%–20%

Pang et al.
(2006)

Zorbax Bonus-RP (150 mm)
MP: water, acetonitrile, or
ammonium acetate
RP-C18 (150 mm)
MP: formic solution in
methanol–formic solution
in water
RP-C8 (150 mm)
MP: formic solution in
acetonitrile–formic solution
in water
RP-C8 (150 mm)
MP: acetonitrile–formic
solution in water
RP-C8 (100 mm)
MP: formic solution in
acetonitrile–formic solution
in water
RP-C18 (150 mm)
MP: methanol–water

Goto et al.
(2006)

Soler et al.
(2006)
Botitsi et al.
(2007)

DL: 0.04–150 µg/kg
RSD: 0.9%–9%

Ferrer and
Thurman
(2007)

DL: 0.1–40 µg/kg
Rec: 78%–105%
RSD: 6.2%–11.9%
QL: 0.03–10 µg/kg
RSD: ≤15%

Gilbert-López
et al. (2007)

QL: 5–50 µg/L
RSD: 1%–17%
Rec: 25%–82%

Sagratini et al.
(2007)

Hernando et al.
(2007)

(Continued)
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Analytical Methods for the Pretreatment of Food Samples and Liquid-Chromatographic Determination of Carbamate Pesticides
Pesticidesa

Food Samples

Extractionb

Cleanup/Derivatizationc

Determinationd

Chromatographic
Column/Mobile Phasee

Analytical Figures
of Meritf

Potatoes

MSPD

–

LC-differential pulse
voltammetric
detection

RP-C18 (250 mm)
MP: acetonitrile–water
(phosphoric acid)

5, carbosulfan, and
metabolites

Oranges, rice, and
potatoes

PLE

–

LC–MS/MS
(QqTOF)

Zorbax Bonus-RP (150 mm). DL: 3–18 µg/kg
MP: water, acetonitrile, or
Rec: 55%–94%
ammonium acetate
RSD: 5%–13%

1, 4, 5, 7, 10, 13, 14,
15, 16, 19, and
others

Raisin, prune, mango,
turmeric, masala, sage,
thyme, and red pepper

PLE

LC–MS/MS (QqQ)

RP-C18 (100 mm)
MP: acetonitrile–water

DL: 1–50 µg/kg
Rec: 50%–150%

Terada et al.
(2008)

4 and triazophos

Fruit juices and water

DLLME

LC–FL
(λexc = 274 nm;
λem = 335 nm)

RP-C8 (150 mm)
MP: methanol–water

DL: 12.3–16 pg/mL
Rec: 80%–118%
RSD:1.4%–2.7%

Fu et al. (2009)

14, 15, and others

Corn, lemon, pecan, and
tap water

LLE (acetonitrile–water)

LC–MS/MS (QqQ)
ESI

MP: methanol–water

DL: 3 µg/kg (food)
and 0.03 µg/L
(water)

Nanita et al.
(2009)

23, 35, and others

Tap water and beetroot
juices

–

LC-amperometric
detector

RP-C16 (150 mm)
MP: acetonitrile–water
(phosphoric acid)

DL: 0.6–81 ng/L
Rec: 85%–99%
RSD: 2%–9%

Shapovalova
et al. (2009)

4, 5, 7, 8, 10, 13, 14,
15, 24, 29, and
others

Fruit- and vegetablebased infant food

QuEChERS

–

LC–MS/MS
(QqTOF)

RP-C18 (100 mm)
MP: acetonitrile–ammonium
acetate in water

RSD: ≤ 50%
Rec : 81%–110%

Wang and Leung
(2009)

5, 10, and others

Corn

Cloud-point extraction

Derivatization (4-(aminoantipyrene)

LC–VIS (510 nm)
LC/MS (sQ)

RP-C18 (250 mm)
MP: acetonitrile– Na2HPO4–
NaH2PO4 buffer in water

DL: 0.2–0.5 µg/L
Rec: 85%–93%

Zhou et al.
(2009)

4, 5, 7, 13, 14, 15, 16,
19, 23, 25, 26, 28,
29, 30, 32, and
others

Beef, cake, cheese,
chicken meat,
chocolate, potato chips,
walnut, broccoli,
chestnut, coffee, egg,
juice, and others

QuEChERS
SPE–C18

–

LC–MS/MS (QqQ)
ESI

RP-C12 (50 mm)
MP: ammonium formate in
methanol–ammonium
formate in water

QL: 10 µg/kg
Rec: 70%–120%
RSD: <20%

Chung and Chan
(2010)

1, 5, 7, 8, 13, 14, 19,
and others

Olive oil

QuEChERS,
MSPD

–

LC–MS (TOF)
ESI

RP-C18 (50 mm)
MP: formic solution in
acetonitrile–formic solution
in water

DL: <10 µg/kg
Rec: 70%–130%

Gilbert-López
et al. (2010a)

GPC

–

–

SPE (ENV Bond-Elut)
cartridges

Rec: 68%–98%

Reference

21 and others

Sánchez Arribas
et al. (2007)
Soler et al.
(2007)
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Table 7.3 (Continued)
Analytical Methods for the Pretreatment of Food Samples and Liquid-Chromatographic Determination of Carbamate Pesticides
Pesticidesa

Food Samples

Extractionb

Cleanup/Derivatizationc

Determinationd

Chromatographic
Column/Mobile Phasee

Analytical Figures
of Meritf

Reference

4, 5, 13, 14, 15, 19,
24, and others

Olives

QuEChERS,
MSPD

–

LC–MS–MS (QqQ)
ESI

RP-C18 (50 mm)
MP: formic solution in
acetonitrile–formic solution
in water

DL: <10 µg/kg
Rec: 50%–70%

Gilbert-López
et al. (2010b)

8

Cabbage, cucumber, and
pear

SPE (molecularly
imprinted polymer)

–

LC–UV (210 nm)

RP-C18 (250 mm)
MP: methanol–water

DL: 6.4–13.5 µg/kg
Rec: <3.8%
RSD: 69%–101%

Qian et al.
(2010)

4, 5, 7, 8, 10, 12, 13,
14, 15, 16, and
others
4, 10, and others

Orange, onion, and pea

QuEChERS

–

LC–MS/MS
(QqQ, QqTOF)

PLE

LR: 5–500 µg/kg
Rec: 81%–110%
RSD: ≤40%
QL: 3.6–31.5 µg/kg
Rec: 87%–120%
RSD: 6.1%–14.3%

Wang et al.
(2010)

Seaweeds

4, 5, 7, 10, 13, 14, 15,
16, 19, 24, and
others

Vegetables and fruits

QuEChERS

–

LC–MS (Orbitrap)
ESI

DL: 0.01–0.20 mg/kg
Rec: 70%–120%
RSD: <25%

Mol et al. (2012)

24 and others

Rice

QuEChERS

–

LC–MS/MS (QqQ)
ESI

Wine

QuEChERS

DL: 5 µg/kg
Rec: 31%–127%
RSD: 0.3%–21%
DL: 0.01–0.04 ng/mL
Rec: 82%–112%
RSD: <10.8%

Pareja et al.
(2012)

24 and others

RP-C18 (200 mm)
MP: acetonitrile–ammonium
acetate in water
Hypersil ODS (100 mm)
MP: ammonium acetate in
acetonitrile–ammonium
acetate in water
Atlantis T3 (100 mm). MP:
ammonium formate in
methanol–ammonium
formate in water
RP-C8 (150 mm)
MP: acetonitrile– formic
solution in water
RP-C18 (100 mm)
MP: formic solution in
methanol–formic solution
in water

a
b

c
d

e

SPE

LC–MS/MS (QqQ)
ESI

GC–MS (sQ)
LC–MS/MS (QqQ)
ESI

Lorenzo et al.
(2012)

Wang and
Telepchak
(2013)

Number of carbamate pesticides (see Table 7.1).
CW-TP, carbowax-templated resin; DLLME, dispersive liquid–liquid–liquid microextraction; GCB, graphitized carbon black; LLE, liquid–liquid extraction; MSPD, matrix solid-phase dispersion;
PDMS-DVB, polydimethylsiloxane divinylbenzene fiber; PLE, pressurized liquid extraction; SPE, solid-phase extraction; SPME, solid-phase microextraction; SBSE, stir bar sorptive extraction.
GPC, gel permeation chromatography; OPA, ophthaldehyde; SPE, solid-phase extraction.
APCI, atmospheric pressure chemical ionization; FL, fluorescence detector; GC, gas chromatography; LC, liquid chromatography; MS, mass spectrometry; MS/MS, tandem mass spectrometry; QqQ, triple
quadrupole; QTRAP, hybrid triple quadrupole linear ion trap mass spectrometer; sQ, single quadrupole; TOF, time of flight; UV, ultraviolet detector.
MP, mobile phase; RP, reversed phase.
DL: detection limit; LR, linear range; QL, quantification limit; Rec, recovery; RSD, relative standard deviation.
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Other Methods for the Pretreatment of Food Samples and Determination of Carbamate Pesticides
Pesticidesa

Food Samples

Extractionb

Cleanupc

4, 5

Tobacco leaves

LLE
Acetone

SPE
Florisil cartridge

39, methane

Cereal grains

NaOH
Centrifugation

5

Fruit juices

5

Fruits and vegetables

LLE
Ethyl acetate

4

Fruits and vegetables

LLE
Petroleum ether
CH2Cl2

SPE
Silanized Celite
charcoal column

4, 5, and 7

Cucumbers and
strawberries

LLE
Light petroleum–
CH2Cl2

4

Fruits and vegetables

4, 5, 10, 13, and
15

Fruits and vegetables

4, 5

Apple and orange
juices, and tap water

36, 40

Wheat

4, 10

4

Reagentd

Determinatione

Analytical Figures of
Meritf

Reference

Borate buffer
Fused-silica
column (60 cm)

CZE/UV

DL: 10–20 ppb
Rec: 64%–94%
RSD: 2.2%–5.3%

Lancas et al. (1996)

–

Thallium (III)
HCl

Spectrofluorimetry
FI

LR: 0.25–2.65 µg/mL
Rec: 96%–104%
RSD: 0.5%–1.4%

Pérez-Ruiz et al.
(1996)

–

–

ELISA

DL: 0.2 ng/mL
Rec: 107%–115%
RSD: <15%

Abad et al. (1997)

Biosensor/cyclic
voltammetry

DL: 2 µg/L

Palchetti et al. (1997)

–

ELISA

DL: 3.9–5.7 µg/mL
Rec: 82%–96%
RSD: 5.7%–12.1%

Nunes et al. (1998b)

SPE
Bond-Elut aminopropylbonded silica column

–

ELISA

I50: 0.044–0.79 ng/mL
Rec: 62.2%–90.7%
RSD: 2.1%–25.4%

Abad et al. (1999)

LLE
Petroleum ether

SPE
Cyanopropyl-bonded
silica column

–

ELISA

DL: 0.13–6.05 µg/L
Rec: 85%–108%
RSD: 2.7%–12.0%

Nunes et al. (1999a)

LLE/methanol,
petroleum ether
CH2Cl2

SPE
Cyanopropyl-bonded
cartridge

AChE, BChE
inhibition

Biosensor
DDP, CA

LR: 0.01–5000 µg/L
Rec: 60%–125%
RSD: 2.3%–12.0%

Nunes et al. (1999b)

–

AChE inhibition
FIA

Biosensor
Photothermal detection

DL: 1–4 ng/mL

Pogacnik and Franko
(1999)

NaOH (0.1 M),
centrifugation

–

Sodium tetraborate
(75 cm)

CE–UV (254 nm)

DL: 0.57–0.68 µg/mL
Rec: 96%–99%
RSD: 3.9%–5.6%

Kumar Malik and
Faubel (2000)

Onion and lettuce

Phosphate buffer
Ultrasound extraction

–

AChE inhibition
FIA

Biosensor
FOS

DL: 0.008–0.5 mg/L
Rec: 75%–95%
RSD: 5.0%–8.5%

Xavier et al. (2000)

Fruits and vegetables

LLE

ELISA

Rec: 59%–120% (SPE)
Rec: 70%–138%
RSD: 12.0%

Abad et al. (2001)

–

–

–

SPE

AChE inhibition

–
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Table 7.4 (Continued)
Other Methods for the Pretreatment of Food Samples and Determination of Carbamate Pesticides
Pesticidesa

Food Samples

Extractionb
LLE (methanol)

Cleanupc

Fruit and vegetables

SPE (C8)

1, 4, 5, 7, 10, 11,
13, 14, and 15

Tap water

4, 10, 24, and
others

Carrots and drinking
water

LLE (acetone–
petroleum ether–
CH2Cl2)

19 and others

Grapes and orange
juice

SPME

5

Fruit and vegetables

Phosphate buffer,
ultrasound extraction

14 and others

Tea, orange juice,
milk, champagne,
and water

–

4 and chlorpyrifos

Cigarette tobacco

4 and parathion

Water

4, 5, 10, 14, 19,
and others

Juice and water

Centrifugation

13

Meat

LLE
Methylene chloride

–

24 and others

Fruits and vegetables

LLE (acetone–water)

SPE (C18)

–

Analytical Figures of
Meritf

Reference

Borate–sodium cholate
(50 cm)

MEKC–DAD

DL: 0.1–1 mg/kg
Rec: 30%–105%
RSD: 1%–13%

Rodríguez et al.
(2001)

NaH2PO4 or ammonium
acetate

CEC–UV

DL: 2 × 10−5 M
RSD: 1.5%–6.8%

Tegeler and El Rassi
(2001)

–

Phosphate buffer, SDS,
and methanol (50 cm)

CE–DAD
SRMM

DL: 2–46 µg/L

Da Silva et al. (2003)

–

Acetic acid
(pH 4)
(87 cm)

CE–MS (ESI)
CE–UV

DL: 0.09–0.30 µg/mL
(MS)
Rec: 12%–66%
RSD: 4%–37%

Hernández-Borges
et al. (2004)

AChE inhibition
FIA

Biosensor

LR: 10−7–10−9 M
Rec: 96%–106%

Nikolelis et al. (2005)

–

AChE inhibition

Biosensor

DL: 2 µg/L
RSD: 4.7%

Hildebrandt et al.
(2008)

–

AChE inhibition

Biosensor

RSD: 5.6%

Mavrikou et al. (2008)

–

Single-layered enzyme
membrane (BPPO film)

Biosensor

DL: 0.01–10 µg/L

Shim et al. (2009)

–

HPTLC–EI
HPTLC–MS

Rec: 71%–112%
RSD: 2.0–18.3%

Akkad and Schwack
(2010)

–

ELISA

Rec: 98%–110%
RSD: 4.4%–23.3%

Duarte Sabino et al.
(2010)

MEKC–DAD

DL: 0.002–0.03 mg/L
Rec: 70%–100%
RSD: 10%–18%

Juan-García et al.
(2010)

Tris-HCl buffer

LLE (water–acetone)

Determinatione

–

Phosphate buffer, SDS,
and methanol (50 cm)

(Continued)
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Other Methods for the Pretreatment of Food Samples and Determination of Carbamate Pesticides
Pesticidesa

Food Samples

Extractionb

Cleanupc

Reagentd

–

–

Sun et al. (2010)

MEKC–DAD

DL: 2–3 ng/g
Rec: 85%–113%
RSD: 3.0%–8.3%

Zhang et al. (2010)

FI–MS

DL: 0.01–0.03 mg/kg
Rec: 62%–114%
RSD: 4%–18%

Nanita et al. (2011)

AChE inhibition
(polyaniline–carbon
nanotubes)

Biosensor

DL: 0.95–1.4 M
RSD: 2.6%–3.2%

Cesarino et al. (2012)

–

NaH2PO4–Na2B4O7 buffer
Fused-silica
column (40 cm)

CE–IA/laser-induced
fluorescence detector

DL: 0.07 µg/L
Rec: 79%–89%
RSD: 2.9%–4.7%

Liu et al. (2012a)

LLE (methanol)

–

AChE, RB-AuNPs, and
ATC

Biosensor
HPLC–UV

DL: 0.1–1 µg/L

Liu et al. (2012b)

Vegetable-edible oils
and table olive
extracts

QuEChERS

–

Automated optosensor

DL: 1 mg/kg
Rec: 85%–115%
RSD: <4.0%

Ruiz-Medina et al.
(2012)

Vegetables

Phosphate buffer

AChE-based kit

Rec: 15%–140%
RSD: 1%–43%

Xu et al. (2012)

LLE (methanol),
centrifugation

4, 7, and others

Apples

DLLLME

14, 15, and others

Lemon, pecan, corn
meal, and soybean
oil

LLE (methanol)

4, 14

Fruit and vegetables

Phosphate buffer

–

8

Rice, cucumber

LLE (methanol)

4, and others

Apple juice and river
water

4

5, 13, and others

c
d

e

f

Reference

DL: 0.15–1.2 µg/L
Rec: 79%–110%
RSD: 2.6%–12.5%

Apple juice,
cucumber, and
cabbage

b

Analytical Figures of
Meritf

ELISA

4, 8

a

Determinatione

Phosphoric acid–SDS–
methanol buffer (50 cm)

–

AChE; ATC

Determination of Carbamate Pesticides in Foods

Table 7.4 (Continued)

Number of carbamate pesticides (see Table 7.1).
DLLLME: dispersive liquid–liquid–liquid microextraction; LLE, liquid–liquid extraction; SPE, solid-phase extraction.
SPE, solid-phase extraction.
AChE, acetylcholinesterase enzyme; ATC, acetyl thiocholine; BChE, butyrylcholinesterase enzyme; BPPO, bromomethylated poly(2,6-dimethyl-1,4-phenylene) oxide; FIA, flow-injection analysis; RB-AuNPs,
rhodamine B-covered gold nanoparticles; SDS, sodium dodecyl sulfate.
CA: chronoamperometry; CE, capillary electrophoresis; CEC, capillary electrochromatography; CZE, capillary zone electrophoresis; DAD, diode array detector; DDP, differential pulse; EI, enzyme inhibition
assays; ELISA, enzyme-linked immunosorbent assay; ESI, electrospray interface; FI, flow injection; FOS, fiber-optical spectrophotometer; HPTLC, high-performance thin-layer chromatography; MEKC,
sweeping micellar electrokinetic chromatography; MS, mass spectrometry; SRMM, stacking with reverse migration of micelles; UV, ultraviolet detection.
DL, detection limit; I50, analyte concentration that reduces the assay signal to 50% of the maximum value; LR, linear range; QL, quantification limit; Rec, recovery; RSD, relative standard deviation.
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dispersive SPE step for cleanup (Anastassiades et al., 2003). This
methodology was recently used to extract 98 carbamate and
organophosphorus pesticides from 700 food samples with recoveries from 70% to 120% (Chung and Chan, 2010). Ruiz-Medina
et al. (2012) successfully used QuEChERS to extract carbaryl
residues from vegetable-edible oils and table olives, and determined the analytes with standard deviations lower than 4% by
using an automated optosensor. Tables 7.2 through 7.4 include
other methods using QuEChERS for the extraction of carbamate
pesticides from different types of foods.

7.2.2.1.2 Liquid-Phase Microextraction
LPME is simple, rapid, and inexpensive when compared with
other extraction techniques. LPME methods use a great variety of configurations and solvent types that have been deployed
to counter their mutual limitations and expand their analytical
scope. Liu and Dasgupta (1996) were the first to report a new
extraction system by which a microdrop of a water-immiscible
organic solvent (1.3 µL) was suspended in a larger aqueous drop.
Also, for the same dates, Jeannot and Cantwell (1996) introduced
a new solvent microextraction technique by which a microdrop
(8 µL) of organic solvent was left suspended at the end of a
Teflon rod immersed in a stirred aqueous sample solution, which
is referred to as “solvent drop microextraction” or “single-drop
microextraction.” Somewhat later, Pedersen-Bjergaard and
Rasmussen (1999) developed a new hollow fiber-based LPME
technique called “liquid–liquid–liquid microextraction”
(LLLME). Another LPME technique called “dispersive liquid–
liquid microextraction” (DLLME), which is based on a ternary
component solvent system, in which the mixture of extraction
solvents (e.g., dichloromethane, chloroform, etc.) and disperse
solvents (e.g., methanol, acetonitrile, acetone, etc.) are rapidly
injected into the aqueous sample by means of a syringe to obtain
a cloudy solution, was reported by Rezaee et al. (2006).
Several authors have recently reviewed the LPME of pesticides from food and water samples (Pakade and Kumar Tewary,
2010; Pinto et al., 2010; Asensio-Ramos et al., 2011). For example, Fu et al. (2009) have used dispersive liquid–liquid extraction (DLLE) for the extraction of carbaryl and triazophos from
water and fruit juice samples with good recoveries (80–118%).
DLLME was applied for trace analysis of six carbamate pesticides (methiocarb, fenocarb, diethofencarb, carbaryl, isoprocarb,
and tsumacide) in apples using sweeping micellar electrokinetic
chromatography (sweeping-MEKC) (Zhang et al., 2010). The
enrichment factors were achieved in the range from 491 to 1834.

7.2.2.1.3 Microwave-Assisted Extraction
All the solvent-based methods are based on LLE performed by
a mechanical or manual shaking, which hampers the throughput
of the developed method. MAE is well suited for routine analysis
and offers a considerable reduction in time and solvent consumption, and high throughput of samples. MAE has been proposed
for the extraction of pesticide residues in olive oil (Fuentes et al.,
2008). Recently, Zhou et al. (2012) have used microwave-accelerated selective Soxhlet extraction (MA-SSE) for the determination of organophosphorus and carbamate pesticides in ginseng
with recoveries between 72% and 110%. During the procedure of
MA-SSE of the above method, both the target analytes and the
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interfering components were extracted from the sample into the
extraction solvent enhanced by microwave irradiation. After the
solvent flowed through the sorbent, the interfering components
were adsorbed by the sorbent, and the target analytes remaining
in the solvent were collected in the extraction bottle. No cleanup
or filtration was required after extraction.

7.2.2.1.4 Pressurized Liquid Extraction
PLE, also known as accelerated solvent extraction (ASE) is based
on an extraction under elevated temperature (50°C–200°C) and
pressure (500–3000 psi) conditions. This extraction technique
has some advantages such as substantially reduced extraction
times and solvent consumption relative to Soxhlet extraction,
and the ability to use a variety of solvents and solvent mixtures
of diverse polarity. García-Rodríguez et al. (2010) developed
an analytical method using PLE and programmed temperature
vaporization-based large volume injection–gas chromatography–tandem mass spectrometry (GC–MS/MS) for the identification and quantification of pesticides residues (carbaryl,
pyrethroids, and organophosphorus) in edible seaweeds with
recoveries between 82% and 108% for 25 pg/g. Other examples
of methodologies that use PLE for the extraction of carbamate
pesticides from different food are included in Tables 7.2 and 7.3.

7.2.2.2 Sorbent-Based Extraction
7.2.2.2.1 Solid-Phase Extraction
SPE, also called “liquid–solid extraction,” is widely accepted as
an alternative extraction/cleanup method to LLE for the determination of pesticides in liquid samples. Among the advantages
of SPE over liquid-partitioning procedures are higher precision
and throughput, and lower solvent consumption, also avoiding
the formation of emulsions, which are often time consuming.
Additionally, SPE can be easily incorporated into automated
analytical procedures with relatively simple and inexpensive
equipment, which can lead to greater accuracy and precision and
higher laboratory throughput (Gilbert-López et al., 2009).
Correct selection of an appropriate SPE sorbent requires
understanding the mechanism(s) of interaction between the sorbent and the target analyte, which in turn requires the knowledge of the hydrophobic, polar, and inorganic properties of both
the solute and the sorbent. SPE sorbents retain solutes by Van
der Waals and electrostatic interactions, among others (Wells
and Yu, 2000). SPE procedures for the extraction of carbamate
pesticides using various sorbents such as C18- or C8-bonded silica
phases, polymer resins, and reversed-phase supports have been
reported (Tables 7.2 through 7.4). The sorbent material was
placed in columns, cartridges, or disks (Thurman and Mills,
1998). Other sorbents have been developed as alternatives to conventional SPE sorbents with the aim of achieving more selective
preconcentration of the analytes. Immunosorbents, which rely
upon reversibility and highly selective antigen–antibody interactions, and the synthetic antibody material such as molecularly
imprinted polymers (MIPs), are excellent candidates (Muldoon
and Stanker, 1997). An MIP for metolcarb was prepared by bulk
polymerization using metolcarb as the template, methacrylic acid
as the functional monomer, and ethylene glycol dimethacrylate
as the cross-linker (Qian et al., 2010). This sorbent has been used
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for the SPE of trace metolcarb from three kinds of food matrices
(cabbage, cucumber, and pear), obtaining higher recoveries than
when using C18 sorbent.

7.2.2.2.2 Solid-Phase Microextraction
SPME is an easily automated, simple, one-step, rapid, and
solvent-free technique of extraction. The principle of SPME is
based on the partitioning of analytes between a sample matrix
and a stationary phase coated on a fiber. The SPME method
involves two steps, namely: (i) extraction of the analyte from the
sample matrix, and (ii) direct desorption of the extracted analytes into a gas or liquid-chromatographic column for further
analysis (Pawliszyn, 1997).
The SPME technique is suited for the extraction of pesticides
from the liquid matrix, which has been developed for the determination of carbamates and other pesticides in fruit juices by
capillary electrophoresis (CE) with diode array detection (DAD)
(Hernández-Borges et al., 2004) or liquid chromatography–mass
spectrometry (LC–MS) (Sagratini et al., 2007). An SPME–LC
system, known as in-tube SPME, uses an open-tubular fusedsilica capillary column as the SPME device instead of an SPME
fiber. In-tube SPME is suitable for automatization, which not
only reduces analysis times but often results in better accuracy
and precision than manual techniques (Kataoka et al., 2000).
This combination has been used for the determination of polar
pesticides in water and wine with detection limits (DLs) between
0.01 and 1.2 µg/L (Wu et al., 2002).

of the difficulties encountered by employing the classical SPE
approach, such as the need of sample homogenization and tissue
debris removal prior to column application, as well as incomplete
cell disruption (Capriotti et al., 2010). It has been applied to the
extraction and fractionation of a large number of substances from
solid, semisolid, and liquid matrices. The underlying mechanisms of MSPD include sample homogenization, cellular disruption, exhaustive extraction, fractionation, and purification in a
simple process. In MSPD, a small amount of sample (0.1–5 g) is
blended with the selected solid phase and the resulting mixture
is used to pack a chromatographic column. Elution of the MSPD
column with a solvent or solvent sequence normally provides
clean extracts that can be further purified if necessary (GarcíaLópez et al., 2008).
The use of MSPD for the analysis of foods is based on the
blending of a viscous, solid, or semisolid sample with an abrasive
solid support material (Barker, 2000). A multiresidue method
was developed for the determination of pirimicarb and other
noncarbamate pesticides in honeys with RSDs < 10% (SánchezBrunete et al., 2002); the procedure involves the MSPD of honey
on a mixture of Florisil and anhydrous sodium sulfate in small
glass columns, and the subsequent extraction with a low volume
of n-hexane–ethyl acetate, is assisted by sonication. Recently,
García-Rodríguez et al. (2012) have used MSPD to extract 17
pesticides from seaweed samples using Florisil and graphitized
carbon black as cleanup sorbents and a mixture of hexane/ethyl
acetate (3:2) as the eluent prior to GC–MS determination.

7.2.2.2.3 Stir Bar Sorptive Extraction

7.2.3 Derivatization

SBSE was introduced in 1999 as a solventless sample preparation
technique for the extraction and enrichment of organic compounds
from aqueous matrices (Baltussen et al., 1999). Sorption usually
takes place on a 1.0–1.5-cm-long glass magnetic stirrer coated
with a thick layer of polydimethylsiloxane (PDMS). Extraction is
controlled via the partitioning coefficient of the solutes between
the PDMS coating and the sample matrix, and also by the phase
ratio of the polymer coating to the sample volume (David and
Sandra, 2007). The sorption capacity thus obtained is a hundred
times greater than that of SPME fibers. Because PDMS is nonpolar, SBSE cannot be used to extract strong polar compounds
unless they are previously derivatized (Tankiewicz et al., 2011).
Blasco et al. (2002) evaluated two procedures based on SBSE
and MSPD for the extraction of 10 pesticides from oranges. The
recoveries obtained with MSPD ranged from 47% to 96% and
relative standard deviations (RSDs) ranged from 1% to 15%; in
contrast, SBSE recoveries and RSDs were 8%–84% and 4%–16%,
respectively. Sandra et al. (2003) developed a method based on
SBSE and GC–MS for the determination of more than 300 pesticides in fruits, vegetables, and baby foods with recoveries from
43% to 100%. Tables 7.2 and 7.3 list other examples of the use of
SBSE for the extraction of carbamate pesticides from food samples.

The principal aim of this sample pretreatment step is to convert
the analyte into a product with greater stability or better chromatographic properties, or one that can be detected with higher
sensitivity. In addition, analytical derivatization boosts the selectivity of quantitative determination by labeling only those compounds that react with the derivatizing reagent (Toyo’oka, 1999).
Many analysts think that derivatization is redundant in pesticide residue analyses as it is time consuming and the source of
potential analyte losses. The reasons for derivatizing carbamates,
apart from their thermolability during the gas chromatographic
analysis, include increasing detector sensitivity (particularly
with electron capture detection), increased volatility, better chromatography separation, applicability to multiresidue
and confirmatory analyses, and enhanced compound stability.
Different derivatization reactions include acetylation (Stan and
Klaffenbach, 1991; Ballesteros et al., 1993a), alkylation (Farber
and Scholer, 1993; Okumura et al., 1995), and perfluorination
(Ballesteros et al., 1993b; Okumura et al., 1995). A method has
been developed for the determination of carbamate pesticides in
water samples using LPME followed by on-column derivatization with trimethylphenylammonium hydroxide and trimethylsulfonium hydroxide and determination by GC–MS (Zhang and
Kee Lee, 2006; Lee and Kee Lee, 2011).
Derivatives are prepared in liquid chromatography (LC) primarily to improve the response of an analyte to a specific detector and, less frequently, to improve the stability of the analyte in
a particular separation system or the chromatographic separation
of a mixture yielding overlapping peaks (Lun and Hellwig, 1998).
For this purpose, precolumn or postcolumn derivatization may

7.2.2.2.4 Matrix Solid-Phase Dispersion
MSPD is a sample preparation technique with increasing acceptance in the trace analysis of organic compounds using chromatographic and electro-driven separation techniques. The novelty of
this technique consisted of obtaining the isolation of target analytes by dispersing tissues onto a solid support, avoiding many
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be used. Most derivatization procedures introduce chromophores
or fluorescent groups into functionalized molecules of the analytes (Table 7.3). Thus, N-methylcarbamates were derivatized by
reversed-phase separation, followed by postcolumn base hydrolysis to release methylamine that further reacted with ophthaldehyde (OPA)/thiol reagents to form a highly fluorescent isoindole
(λex = 340 nm; λem = 455 nm) (Sojo, 1997). This technique forms
the basis of the Environmental Protection Agency (EPA) Method
531.2 (EPA, 2001).

7.3 Determination Methods
The identification and quantitation of pesticides in food samples
is a difficult task that requires using selective techniques to prevent interfering species in the sample matrix from masking the
signal for the target compounds. This usually requires using a
chromatographic technique coupled with mass-spectrometric
detection (Gilbert-López et al., 2009). The advantages of immunochemical methods (ICMs) over chromatographic techniques in
terms of sensitivity, expeditiousness, and economy have turned
them into effective alternatives or supplementary choices for routine pesticide analysis. This section describes various methodologies for the analysis of residual carbamate pesticides in food
commodities.

7.3.1 Gas Chromatography
Capillary gas chromatography (GC), in conjunction with selective detectors, remains one of the most commonplace techniques
for the analysis of pesticide residues. The low DLs, high selectivity, and affordability of gas-chromatographic instrumentation
are appealing to most laboratories involved in pesticide residue
analysis (Van de Hoff and van Zoonen, 1999). Table 7.2 lists
many of the more recent methodologies using GC for the determination of carbamate pesticides in food samples.
Separation of GC-amenable pesticides has been conducted
with a variety of capillary columns, with a helium gas carrier.
As shown in Table 7.2, nonpolar stationary phases for capillary
GC, for example, 5% phenyl, 95% methyl polysiloxane (HP-5,
HP-5MS, DB-5, SPB-5, BP-5, Ultra-2, and SE-52) has been most
frequently used.
The utility of GC for pesticide analysis relies on the availability of selective and sensitive detectors. The nitrogen–phosphorus
detector (NPD), also called the “thermionic detector,” is extensively used as well because of its high selectivity for nitrogen- and
phosphorus-containing compounds such as carbamate pesticides
(Rossi et al., 2001; Santos-Delgado et al., 2001; Sánchez-Brunete
et al., 2002; Kumari and Kathpal, 2009). However, as can be seen
from Table 7.2, the MS detector is undoubtedly the most widespread choice for pesticide analysis currently. The combination
of GC–MS has provided an advantageous and powerful tool for
pesticide residue analysis by virtue of its high sensitivity, flexibility, and mainly selectivity. Generally, efficiently suppressing
interferences from coeluting peaks and ensuring adequate sensitivity entails using selective ion monitoring (SIM) or tandem
mass spectrometry (MS/MS) instead of the full-scanning mode
to detect trace levels of pesticides in complex matrices. The number of pesticides analyzed by GC–MS has been greatly expanded
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and it is now possible to simultaneously determine more than 100
pesticides even with a single-quadrupole mass analyzer operating in the single-ion monitoring (SIM) mode by virtue of the
intrinsically high-resolving power and peak intensities of capillary GC. However, more advanced mass analyzers of the ion
trap (IT) or triple-quadrupole (QqQ) type have been increasingly used in pesticide residue analyses in recent years for the
primary reason stated above (Arrebola et al., 2003; Ballesteros
et al., 2006; Fernández Moreno et al., 2006; Walorczyk and
Gnusowski, 2006; Plaza Bolaños et al., 2007; García-Rodríguez
et al., 2010). Recent progress in the equipment design (mainly
optics), the use of fast-recording electronics, and improvements
in signal processing have led to a renaissance of the time-offlight mass spectrometry (TOF-MS) for investigation of pesticides in food samples (Dallüge et al., 2002; Zrostlíková et al.,
2003; Cajka and Hajslová, 2004; Cajka et al., 2008).
There are two common ways for increasing the sensitivity
of chromatography determinations: to increase the sample size
and to inject large volumes of sample into the GC column. In
both cases, an extensive extract cleanup is required. Large volume injection with a programmed-temperature vaporizer (PTV)
combined with GC–MS or GC–MS/MS has been employed for
the determination of carbamate pesticide residues in fruits, vegetables, and vegetable oils (Dallüge et al., 2002; Ballesteros et al.,
2006; Cajka et al., 2008; Húsková et al., 2008; García-Rodríguez
et al., 2010).
The terms fast GC, very fast GC, and ultrafast GC are often
used in literature, but until now, they have not been well-defined
with regard to analysis times and peak widths (Van Deursen
et al., 2000; Song and McNair, 2002). Dagan and Amirav (1996)
defined a speed enhancement factor to divide analyses in the
three fast GC categories. This factor is the increase in speed that
can be obtained by using a shorter column and a higher carrier
gas velocity in comparison to the same analysis on a conventional GC column under optimum carrier gas velocity conditions. There are a number of ways to push the speed of capillary
GC analysis faster, and they can be classified into three general
routes toward faster GC separation (Dömötörová and Matisová,
2008): (i) minimization of the resolution to a value just sufficient
(by reduction of the column length; usage of above-optimum carrier gas velocity; higher isothermal temperature; higher initial/
final temperature and higher temperature-programming rates;
pressure/flow programming; and columns with lower film thickness); (ii) maximization of the selectivity of the chromatography system by usage of the more selective stationary phase or
application of coupled columns, usage that is two dimensional
(GC × GC), or usage of MS as the detection system; and (iii)
implementation of a method that reduces analysis time at constant resolution by reduction of the column inner diameter, usage
of hydrogen as the carrier gas, or application of vacuum-outlet
conditions. In this sense, Ochiai et al. (2006) have developed a
method for fast screening of pesticide multiresidues in aqueous
samples using dual SBSE and the GC separation was performed
on a DB-5 capillary column (10 m × 0.18 mm i.d., 0.18 µm film
thickness). The time for GC separation of 82 pesticides by this
method is <7.5 min. A comprehensive two-dimensional GC with
TOF-MS detection method has been applied to the determination of 58 pesticides in food extracts (Dallüge et al., 2002). The
author has shown that the quality of the TOF-MS mass spectra
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obtained by GC × GC is much better than those obtained with
conventional GC.

7.3.2 Liquid Chromatography
In the past, the application of LC in pesticide analysis was usually focused on groups of compounds or single compounds for
which no suitable conditions were available for analysis with GC.
During the 1990s, LC surpassed GC to become the more widely
used tool in publications related to multiresidue analysis of pesticides in foods (Hogendoorn and van Zoonen, 2000; Hernández
et al., 2005; Ballesteros Tribaldo and Jurado Sánchez, 2013). As
can be seen from Table 7.3, most LC methods for the carbamate
pesticides have employed reversed-phase chromatography with
C18 columns and polar-mobile phases.
The detectors for the LC determination of carbamate pesticides
range from the early choices (ultraviolet–visible [UV–Vis] spectrophotometers) (Nunes et al., 1998a) to the latest diode array (Wu
et al., 2002; Zhou et al., 2009), fluorescence (Sojo, 1997; Okihashi
et al., 1998; Abad et al., 1999; Yamazaki and Ninomiya, 1999;
Nunes et al., 2000; Caballo-López and Luque de Castro, 2003; Fu
et al., 2009), chemiluminescence (Orejuela and Silva, 2003; SotoChinchilla et al., 2004), and electrochemical detectors (Sánchez
Arribas et al., 2007; Shapovalova et al., 2009).
The powerful features of LC–MS, which include efficient separation, identification, and quantitation of polar analytes, make this
technique very attractive for pesticide residue analysis. Although
LC was first coupled to MS over 25 years ago and various LC–
MS interfaces have been developed in the course of time, the
combination of an LC instrument with a mass spectrometer may
be regarded as an “unnatural marriage” because LC–MS links
an instrument that operates in the condensed phase with another
that works under vacuum (Picó et al., 2000). Until the mid-1990s,
most applications in pesticide residue analysis involved thermospray (TSP) of particle-beam (PB) interfaces, which were
subject to serious shortcomings such as: (i) high cost; (ii) poor
compatibility of PB with LC; (iii) significant variations in sensitivity between the different classes of compounds or even for
compounds from the same class (e.g., PB and TSP); (iv) a highly
variable, compound-dependent response (TSP); and (v) the need
for critical control of relevant temperatures during LC–TSP–MS.
Atmospheric pressure ionization (API) interfaces (with electrospray ionization [ESI] or atmospheric pressure chemical ionization [APCI]) have reduced or eliminated most of these problems
(Niessen, 1999). Thus, LC–APCI–MS has been used for the
determination of aldicarb and metabolites in fruits and vegetables
(Nunes et al., 2000) or carbendazim, methiocarb, and other pesticides in peaches and nectarines (Blanco et al., 2002).
In regard to the different mass analyzers used in the reported
methods for the determination of carbamate pesticides in food
samples, apart from early applications that used double-focusing
sector instruments (Itoh et al., 1996) or single applications using
IT (Blasco et al., 2005) or TOF (Lacorte and Fernández-Alba,
2006; Ferrer and Thurman, 2007; Gilbert-López et al., 2007,
2010a), the remaining published methods use quadrupole mass
filters (Table 7.3). The advantages of using MS/MS with QqQ
in the food analysis are mainly the inherent increase in sensitivity and selectivity, with the main drawback being its high acquisition cost (Alder et al., 2006; Soler and Picó, 2007). Recently

introduced MS/MS share the features of quadrupole time-offlight and quadrupole linear ion trap instruments (QqTOF),
which was used for the determination of 138 pesticides in fruitand vegetable-based infant foods following QuEChERS extraction with recoveries between 81% and 110% (Wang and Leung,
2009). Hernando et al. (2007) have used a hybrid triple-quadrupole linear ion trap mass spectrometer (QTRAP) for the GC–
MS/MS determination of 100 multiclass pesticides in olive oil
with quantification limit (QL) between 0.03 and 10 µg/kg.
Online-coupled LC–GC is a powerful technique that combines the best features of LC and GC and is ideal for the analysis
of complex samples (Hyötyläinen and Riekkola, 2003). One of
the main benefits of LC–GC is that, by virtue of the efficient
cleanup action of LC, the whole sample fraction containing the
analytes can be transferred to the GC instrument. The three
interfaces that are currently being used for the LC–GC coupling
are on-column (Shimmo et al., 2002), loop-type (Kamm et al.,
2001), and trough-oven transfer adsorption/desorption (TOTAD)
(Cortés et al., 2008). The last type of interface has been used
to determine pesticides in olive oil with DL between 0.18 and
0.44 mg/L (Sánchez et al., 2003). The great advantage of this
combination is that the samples of olive oil were directly injected
into the instrument with no sample pretreatment step other than
filtration.

7.3.3 Capillary Electrophoresis
CE provides some advantages over the conventional chromatographic techniques (Belton et al., 1999). One of the most salient of
these is that no organic solvents need to be used to prepare the running buffer. While organic solvents can be used as modifiers, they
never account for more than 5%–30% of the total solvent. This
is extremely cost-effective since waste disposal is expensive and
environmentally unsound. Additional advantages of CE include
the use of small volumes, automatability, and decreased costs of
capillaries as compared to LC columns or GC capillary columns.
However, to realize the benefits of CE in the analysis of pesticide residues, a major difficulty must be overcome—its inadequate detection sensitivity, because of the small sample volumes
typically injected (ca. 1–10 µL). The sensitivity of CE can be
enhanced by using a more sensitive detection method or introducing a sample-enrichment step before separation (Picó et al.,
2003). In general, preconcentration strategies can be classified
into two categories depending on the physical phenomenon associated to the analyte concentration. One category involves the
manipulation of the analyte electrophoretic velocity. A collection
of strategies grouped by the name of sample stacking and transient isotachophoresis are a few examples of this category thoroughly discussed in excellent reviews (Ravelo-Pérez et al., 2006;
Font et al., 2008; Kumar et al., 2010). The other group of preconcentration strategies explores the analyte ability of partitioning
into a pseudostationary phase. Sweeping (Quirino et al., 2002;
Zhang et al., 2010) and analyte concentrator devices (Guzman
and Majors, 2001) are representative of this group.
CE can operate in a number of modes such as micellar electrokinetic chromatography, isotachophoresis, and capillary zone electrophoresis (CZE). As can be seen in Table 7.4, carbamate pesticides
have been determined in food samples with CZE (Lancas et al.,
1996) or MEKC (Rodríguez et al., 2001; Juan-García et al., 2010;
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Zhang et al., 2010). Capillary electrochromatography (CEC) is an
alternative to MEKC that uses a stationary phase (C18) rather than
a micellar pseudostationary phase (Belton et al., 1999). CEC is a
hybrid technique that combines the selectivity of LC and the separation efficiency of CE. Tegeler and El Rassi (2001) developed a
method for the on-column trace preconcentration of carbamates
using sequential frontal and elution CEC. A DL of 2 × 10−5 M and
an RSD of 1.5%–6.8% were achieved.
Since its introduction in 1987, CE–MS has developed to a wellaccepted multidimensional analytical approach complementary
to the classical MS-hyphenated separation techniques. CE–MS
provides the sensitivity and increased selectivity that makes
trace-level food analysis of pesticides at or below levels typical for
LC–MS (Font et al., 2008). Thus, Hernández-Borges et al. (2004)
have developed a sensitive method combining SPME and CE–MS
for the determination of pirimicarb and other pesticides in grapes
and orange juices with DL between 0.09 and 0.30 µg/mL.
Recently, a CE immunoassay (IA) was developed for the determination of trace metolcarb in rice and cucumber, achieving an
excellent sensitivity with DL of 0.07 µg/L and RSD between
2.9% and 4.7% (Liu et al., 2012a). The method was based on the
competitive reactions between the fluorescently labeled metolcarb tracer and free metolcarb with a limited amount of antimetolcarb antibody and the separation and determination by CE
with laser-induced fluorescence detector.

7.3.4 Immunochemical Methods
ICMs are based on a highly specific and highly sensitive reaction of an antigen with antibodies. Antibodies are proteins from
the class of immunoglobulins that are produced in the immune
system of any vertebrate or human being as a result of a defense
reaction (immunity) to a foreign substance (antigen). The principal advantages of ICMs are as follows: (i) simplicity and
expeditiousness; (ii) automatability and applicability to routine
analyses under field conditions; and (iii) simple, nondestructive sample preparation, which is rarely required with aqueous
samples (Morozova et al., 2005). ICMs for pesticide analysis use
IAs or antibodies for sample preparation (e.g., SPE and cleanup
of samples), detection in flow-injection analysis, and biosensors.
The IA technique is based on the binding of the target analyte
(or its derivative) to an antibody. There are various types of IAs,
but the most frequently used in the determination of pesticides
is the enzyme-linked immunosorbent assay (ELISA). ELISA is
a heterogeneous assay because the antibodies or antigens are
immobilized on a solid phase. Table 7.4 lists selected methods
using ELISA assay for the determination of carbamate pesticides
in food samples (Abad et al., 1997, 1999, 2001; Nunes et al.,
1998b, 1999a; Duarte Sabino et al., 2010). Sun et al. (2010) have
developed an ELISA for the simultaneous analysis of carbaryl
and metolcarb in agricultural products. The limits of detection
of carbaryl and metolcarb were 0.15 and 1.2 µg/L, respectively,
and recoveries of spiked samples were between 79% and 110%.
The development of biosensors for pesticides has been an
active research area for some years because biosensing provides great advantages over conventional analytical techniques including the high specificity for real-time analysis in
complex matrices, high sensitivity, simple operation without
the need for extensive sample pretreatment, and low costs
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(Liu et al., 2013). Biosensors are based on enzymes and consume oxygen (e.g., all oxidases), produce hydrogen peroxide
(water-producing oxidases excluded), or give (indirectly) the
reduced form of β-nicotinamide adenine dinucleotide (phosphate) during the course of the catalytic reaction on the target
substrate (Prodromidis and Karayannis, 2002). The enzyme
AChE is a biorecognition element sensitive to the inhibition of
organophosphates and carbamate pesticides. Hence, AChE is
widely used as a potent recognition element for the construction of biosensors for pesticide detection (Pundir and Chauhan,
2012). Thus, enzymatic methods based on the inhibition of
AChE activity by the action of carbamates have been developed in search for increased sensitivity and specificity (Table
7.4). Recently, a sensitive electrochemical AChE biosensor was
developed on a polyaniline and multi-walled carbon nanotube
core–shell-modified glassy carbon electrode that was used to
determine carbamate pesticides in fruits and vegetables with
reproducibility and repeatability of 2.6% and 3.2%, respectively (Cesarino et al., 2012). The obtained results were in full
agreement with those from the LC–UV procedure.

7.3.5 Other Methods
The inception of flow analysis has proved to be an excellent tool
for handling solutions and, consequently, performing methods
related to wet chemical analysis. Applications of flow-based analytical methods for pesticide determination are recently reviewed
(Llorent-Martínez et al., 2011; López-Paz and Catalá-Icardo,
2011). Thus, flow systems have been used for the continuous
determination of carbamate pesticides. A flow-injection–Fourier
transform infrared spectrometric method has been developed for
the determination of dithiocarbamate pesticides (Cassella et al.,
2000). DLs of 400 µg for ziram and 785 µg for thiram, and variation coefficients of 6.4% and 2.5%, were obtained. Pérez-Ruiz
et al. (1996) developed a flow-injection fluorimetric method for
the determination of nabam and methane in water and cereal
samples at a sampling rate of 80 samples/h. A prototype multiresidue method based on fast extraction and dilution of samples
followed by flow-injection mass-spectrometric analysis has been
proposed for high-throughput screening of pesticides in foods
(Nanita et al., 2011). The DLs of this method were estimated to
be between 0.01 and 0.03 mg/kg and recoveries were ranging
from 62% to 114%.
In recent years, thin-layer chromatography methods have
gained more attention for pesticide residue determinations,
thanks to the inception of the high-performance thin-layer chromatography technique (HPTLC), in which the plate is repeatedly
developed in the same direction with either the same or a different solvent and dried between runs (Tuzimski, 2008). A multienzyme inhibition assay using HPTLC has been used for the
determination of organophosphorus and carbamate pesticides in
juice and water samples with recoveries between 71% and 112%
(Akkad and Schwack, 2010).

7.4 Future Trends
A continuing trend to develop effective methodologies for monitoring ultratrace levels of carbamate pesticides in food and water
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samples has existed for a long time that has benefited from the
development of sample treatment methods for the determination of pesticides in complex matrices such as those of foods
without damaging the chromatographic system. Some such
methodologies used miniaturized sample-handling equipment,
which considerably reduces consumption of organic solvents.
New extraction techniques such as DLLME, PLE, and SBSE are
seemingly the best choices for carbamate pesticides.
Over the last decade, MS has largely been used for direct
identification and quantitation of pesticides in food samples.
However, single-quadrupole mass spectrometers are restricted to
screening purposes since they fail to meet the more recent criteria set by the EU, especially as regards the requested number of
identification points. MS/MS detection with QqQ and IT analyzers may help simplify sample pretreatment, provided ion suppression phenomena are properly dealt with. The novel QqTOF
mass analyzer affords a relatively broad mass range and mass
assignments of only a few parts per million.
As reflected in the large amount of literature on the topic published in recent years, the enormous potential of IAs and biosensors in the field of pesticide residue analysis is being thoroughly
explored. However, the development of inexpensive disposable
biosensors for the simultaneous detection of large numbers of
pesticides remains an as-yet-unfulfilled goal.
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8.1 Organophosphorus Insecticides: General
Overview
There are roughly 170 insecticidal organophosphorus (OP) compounds belonging to different chemical families. This chapter
will deal with the analytical aspect of these compounds. Other
OP compounds such as glyphosate will not be discussed, as it has
totally different biological properties and it deserves a review for
itself alone.
Organophosphate insecticides are one of the most employed
crop protection classes of compounds. First introduced in the half
of the past century, they are active at the interspaces of the neuronal junction through the inhibition of the acetyl cholinesterase,
the enzyme responsible for the recycling of the neurotransmitter
acetylcholine and the repolarization of the neuronal membrane, a

continuous process that allows the nerve impulse to be transmitted throughout the body of animals and insects (Cremlyn 1992).
From a general chemical point of view, they are organic esters
of phosphate and thiophosphate with a specific substitution pattern. They bear an electrophilic leaving group that is lost when
the phosphate is linked to the hydroxyl group of the serine place
at the active site of the enzyme. The O–P bond thus formed is a
very stable one, hampering the regeneration of the free enzyme
(Figure 8.1).
R = alkyl, alkylthio, amino substituted, and so on. Y is a good
leaving group, and X = S,O.
These compounds exhibit a relatively high toxicity toward
all the organisms that relay in the acetyl choline cycle for their
living but on the other hand, they do not accumulate in the
environment as other pesticides such as the organochlorines
(OCs), where they are easily degraded by soil microbiota
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Figure 8.1 General chemical structure of OP insecticides.

(Tilak et al. 2005). Although the major toxicological concern is focused in the acute casualties caused by organophosphates, the continuous exposure to these chemicals had
shown to cause the dysfunction of many acetyl choline-mediated processes that lead to neurodegenerative illness such as
Parkinson’s disease (Misik et al. 2014; Wang et al. 2014). Most
of these compounds are classified to have a toxicity level of
class I, II, and in the best cases as class III and for that reason,
many of them are no longer in use, after decades of extensive
application over the produce (Shah and Iqbal 2010).
Nevertheless, they are cheap compounds that are still widely used
in most countries, mainly by the food producers from Asia, Latin
America, and Africa. The new insecticides such as the neonicotinoids are much more expensive and OPs do not suffer from a global
insect resistance phenomena such as the pyrethroids, although there
are a number of reports on the increasing resistance developed by
insects toward these compounds (Aïzoun et al. 2013). Figure 8.2
shows some representative examples of organophosphates.

8.2 Physicochemical Properties
The specificity of OPs action toward the different insect families
as well as the possible harm to the environment is governed by
the particular molecular composition of each compound that can
be globally understood through the physicochemical properties
that rule not only the pharmacokinetics but also their toxic action.
Organophosphate insecticides are lipophilic compounds, a property that is the key feature for their mode of action. They have to
diffuse into the lipophilic myelin sheath to reach their target. The
property that explains this behavior is the differential solubility
they have toward the aqueous internal environment of the body
and the membrane lipids (Zhao and Yu 2013). Most of the OPs
are sparingly soluble in water but are soluble in common organic
solvents. The quantitative relationship between these solubilities is established through the partition coefficient, named Kow,
a constant that shows the distribution of a compound between an
organic and an aqueous phase. The Kow allows the prediction and
understanding of the distribution of these as in compound into
the different body compartments. The Kow is also the most useful
physicochemical property to study the extractability of a pesticide
residue from its matrix when evaluating the suitability of a sample preparation procedure for OP residue determination. Usually,
food matrices have roughly 80% water content and therefore, the
pesticide partitions between the extraction solvent and the water
belonging to the matrix. Kow is the relationship between the concentration of the compound in the organic phase and the concentration of the compound in the aqueous phase (Cremlyn 1992).

Although lipophilic compounds, the polarity of organophosphates is an intermediate one. If a pesticide residue determination has to be performed in an oily matrix or one that has a
relatively high proportion of fatty compounds, such as edible
oils, nuts, avocado, butter, or fatty meat, they propose an analytical challenge. If an apolar solvent such as hexane is used for
extraction, fats will be extracted along with the pesticides and
further cleanup steps have to be performed to eliminate triglycerides from the extract. Fats contaminate the chromatographic
systems, particularly in gas chromatography (GC) determination
as they not only poison notably the electron capture detectors
(ECDs) but also spoil liners in the injector systems where they
slowly degrade, rising up the noise at the detector (Li et al. 2014).
A possible sample treatment strategy could be then, to extract the
sample with a polar solvent where fats are sparingly soluble, such
as acetonitrile (MeCN), methanol, or ethanol. Nevertheless, during the extraction step with these relatively polar solvents, the less
polar pesticides, for example, parathion methyl, or ethion, will partitionate between fats, usually triglycerides and the solvent itself.
These strategies are successful to yield quantitative recoveries only
if the solvent polarity is diminished using solvent blends, typically
MeCN saturated with hexane (Pérez et al. 2010). Another proven
procedure to eliminate fats from pesticide extracts for residue analysis is to reextract the organic solution with hexane and the lipids
are extracted in the hexane layer (Niell 2014) but, the most common
procedures are to apply a chromatographic separation either using
a normal polar-stationary phase (Florisil, silica gel, and alumina)
like in the Luke method (Luke et al. 1981) or through reverse-phase
(RP) chromatography, typically C8 or C18-modified silica gel. As
the MeCN extract is passed through an RP cartridge, the more
polar compounds are not retained but the MeCN has not enough
strength as the eluting solvent, so the fats are retained in the nonpolar phase. The other chemical difference that permits the separation of fats from trace amounts of pesticides is the molecular size.
Triglycerides normally have a molecular weight (MW) of 700 g/
mol, whereas the MW of pesticides is around 200–400 g/mol. Sizeexclusion chromatography offers the possibility of performing such
separations. The high MW fats elute first and the pesticides elute
at a higher elution volume. The procedure can be automated and
the productivity of the whole procedure is enhanced. Nevertheless,
normal fats and oil constituents such as sterols, cholesterol, and the
phytosterols, have MW of around 380–400 g/mol and are difficult
to separate from high MW pesticides (Pérez et al. 2010).
Parathion, malathion and their transformation products (TPs),
the oxons, as well as chlorpyrifos are typical lipophilic compounds
that are easily extracted from the aqueous matrices with almost
any organic solvent. Some OPs, such as acephate and dimethoate
are more polar, so the partition process in aqueous media, would
yield low recoveries if additional precautions such as the salting
out of the extraction media are not undertaken (Agüera 2004).
Metamidofos, for example, is water soluble and can also stand as
an acephate TP, as well as the oxidation of dimethoate yields the
more soluble TP, omethoate (Footprint 2006).
Oxidation of phosphothiones usually yields the more toxic but
also hydrolysis-sensitive corresponding oxon (see Equation 8.1).

Kow = [C]octanol/[C]aqueous phase
A transformation that turns the Kow in a handful expression is
the –logP, and a lipophilicity scale can be built out (Table 8.1).
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Table 8.1
Kow, Octanol/Water Constant, and Henry’s Constant of
Some Important Organophosphorus Insecticides
Pesticide

−logP

Henry’s Constant KH

Acephate
Azinphos methyl
Chlorfenvinphos
Chlorpirifos
Chlorpirifos methyl
Cadusafos
Diazinon
Dimethoate
Ethion
Fenchlorphos
Fenitrothion
Fenthion
Malathion
Metamidophos
Methidathion
Omethoate
Parathion ethyl
Parathion methyl
Phosalone
Pirimiphos methyl
Propenophos
Pyriproxyfen
Tetradifon

−0.85
2.96
3.8
4.7
4.00
3.85
3.69
0.704
5.07
4.88
3.32
4.84
2.75
−0.79
2.57
0.74
3.83
3.00
4.01
3.9
1.7
5.37
4.67

2.5 × 10−11
5.15 × 10−08
2.20 × 10−08
2.80 × 10−04
1.91 × 10−04
5.42 × 10−05
6.1 × 10−02
4.10 × 10−08
1.58 × 10−05
3.3 × 10−07
3 × 10−06
1.01 × 10−05
4.8 × 10−05
1.6 × 10−06
7.5 × 10−08
2.9 × 10−08
2.5 × 10−05
2.3 × 10−06
5.8 × 10−06
3.8 × 10−04
1.39 × 10−05
4.74 × 10−06
1.46 × 10−08

8.3 Maximum Residue Levels

Source: Data gathered from FOOTPRINT. 2006. The
FOOTPRINT Pesticide Properties DataBase. Database
collated by the University of Hertfordshire as part of the
EU-funded FOOTPRINT project (FP6-SSP-022704).
http://www.eu-footprint.org/ppdb.html.

Oxidations that do not occur around the phosphate portion
of the molecule can yield compounds that are also pharmacologically active and therefore, their determination is mandatory
(SANCO document No/12571/2013). The most striking example
is fenthion, whose all TPs are biologically active (Equation 8.2).
S
H3C S

O P OCH3
OCH3

H3C
Fenthion

S
O P OCH3

H3C S
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Fenthion sulfoxide
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such as sulfonyl ureas. Microwave-assisted extraction (MAE)
for OPs have replaced the old sample preparation methods that
included Soxhlet extractions and nowadays is a common procedure for sample preparation due to shorter extraction times (Niell
et al. 2011). Nevertheless, some OPs such as dichlorvos have a
vapor pressure of two orders of magnitude higher than chlorpyrifos or diazinon and can be lost during the sampling preparation
steps, particularly when evaporating the extraction solvent.

(8.2)

Fenthion sulfone

Most of the organophosphates have relatively high vapor
pressure and the boiling point is below 250°C, also being heat
insensitive. This important property turns organophosphates
GC-amenable compounds giving a straightforward tool for their
analysis, either as raw materials or at trace level. Even more, their
stability toward heat allows the use of microwave radiation to perform very efficient extraction procedures from different matrices, a procedure that is not possible to apply to heat-sensitive
compounds such as pyrethroid insecticides or some herbicides

For all the substances applied on the produce, Food and
Agriculture Organization (FAO)/World Trade Organization
(WHO) Joint Commission through the Codex Alimentarius rules
the maximum concentration limits permitted in the different
matrices that are not noxious for human health and the environment. The Codex Alimentarius is a suprainternational forum of
180 countries, where consensus are always pursued. The agreements reached there, not only ensure the health of the population
but also trade between countries (Codex Alimentarius 2014).
Setting MRLs is the crossover of two separated roads that has
to be considered before a legal definition is taken. On one hand,
is the amount of the pesticide residue that is left in the commodities for after their application on crops following good agricultural practices (GAPs) and on the other, are the toxicological
properties of the chemical under study. After toxicological studies on different animal species, parameters such as lethal dose
50 (LD50), which show the potential risk for an acute intoxication in a single intake, the no adverse effect level (NOAEL)
that is a guide to determine a level where no toxic effect is
observed after intake, and the lowest-observed adverse effect
level (LOAEL), the minimum concentration of a compound at
which an adverse effect is observed, are determined. As these
experiments are performed in animal species, extrapolation to
humans has to be performed (Codex Alimentarius 2014). The
picture is even more complex as special susceptible population groups such as pregnant women, children, and old people
have to be considered, and therefore, the toxicological values
obtained from the extrapolation from animals to humans are
minimized applying safety factors (SFs). Taking these SFs into
account, an acceptable daily intake (ADI), is fixed. The ADI is
the amount of pesticide expressed in milligram per kilogram
of body weight that can be consumed safely by a person during
his/her entire life. The application of the pesticide of different
commodities will leave a residue that eventually will be eaten
by the population. The participation of each food in the daily
diet of the population and therefore the whole pesticide intake
has to be considered. The total amount of pesticide that could be
ingested after considering as a sum of all the sources where the
pesticide is applied has to be lower than the determined ADI for
that pesticide. With these figures in hand, an MRL for a pesticide in a specific food is fixed. If the pesticide intake to which
the population is exposed is lower than the residue left after the
application to the different commodities, at the recommended
dose in the field following GAPs, the pesticide is allowed to be
in the market. Otherwise, the pesticide is banned. The MRLs
fixed according to this procedure should never be higher than
the ADIs for the specific pesticide. The MRLs setting depends
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on the GAPs, and therefore the registration which establishes in
which commodities the pesticide will be used. If the combination of matrix–pesticide is not considered in the Codex, then the
presence of the pesticide in such a commodity must be considered a violation. In such cases, the MRL is the limit of detection
(LOD) of the analytical method (Codex Alimentarius 2014).
Each region or country has its own dietary peculiarities, where
the intake of a specific food depends many times on tradition, and
therefore, the population exposure to a specific toxicant applied
in the field over a crop, a vegetable, or an animal is different for
people living in East Asia, Europe, or America. Therefore, to settle out the MRLs, these peculiarities must be considered, but for
the MRLs stated in the Codex Alimentarius, the diet that is taken
for the MRLs Codex calculations is a standard occidental one.
Nevertheless, the most important food markets such as
European Union (EU), United States, Russia, and Japan also have
their own regulations. The exporting countries to these regions
have to negotiate the MRLs in their exports to be allowed to sell
them there. As said above, International Organizations such as
European Food Safety Authority (EFSA) in the EU or the Food
and Drug Administration (FDA) in the United States have their
own regulations for pesticides. Particularly, the EU fixed a maximum residue level (MRL) for those pesticides that are not listed in
the ANNEX I of the resolution Commission Regulation (EU) No
212/2013 for a given combination of commodity–pesticide, at the
0.01 mg/kg concentration level. This drives the mandatory LOD
that pesticide residue laboratories have to determine pesticide
residues below 0.01 mg/kg, which was, at the time the ANNEX I
was approved, the very state of the art in pesticide residue analysis. This is also the case of OP compounds and this level of MRLs
has been settled. Many OPs are now banned and the international
trade, forces the labs in food-importing countries, such as EU,
United States, or Russia, to cover the whole palette of pesticides
that can be found, even those that have been banned for years.
The MRLs are the limit of quantification that has to be reached
to comply with the regulations for all pesticide residue laboratories. In many cases, the MRLs definition is more complex, as in
the already-mentioned malathion/maloxon or fenthion cases, as
it states in Table 8.2.
In such cases, all the metabolites of toxicological significance
have to be determined. They are all summed up and expressed as
the parent compound. In the drinking water-quaility regulations,
no individual pesticides should be at levels higher than 0.1 μg/kg
but the total amount of pesticides should not exceed 0.5 μg/kg.
For example, in the water-quality regulations, no individual
pesticides should be at levels higher than 0.1 μg/kg but the total
amount of pesticides should not exceed the 0.5 μg/kg.
As stated above, a pesticide residue is the amount of active
substance or its degradation products that are present in a specific commodity after an application of a pesticide following
GAPs. The residue definition for a given substance must therefore include those active degradation products. That is the case
for a number of pesticides, for example, parathion, malathion, as
well as the already-mentioned fenthion.
The SANCO document No/12571/2013 gives an example on
how to report the residue of such compounds in a sample. The
total residue is expressed as the concentration in milligram per
kilogram of the pesticide after converting the concentration
found for each degradation product in what it represents from the

Table 8.2
Codex Alimentarius MRLs for OPs in Selected
Commodities
Commodity

Pesticide

MRL
(mg/kg)

Almonds
Azinfos methyl
Chlopyrifos
Diazinon
Methidathion
Phosalone

0.05
0.05
0.05
0.05
0.1

Acephate
Fenthion
Metamidofos

1
0.05
0.6

Acephate
Dimethote
Metamidofos

0.3
0.05
0.2

Rice dehulled

Artichoke

Sorghum
Chlorpyrifos
Chlorpyrifos methyl
Malathion
Methidathion
Terbufos

0.5
10
3
0.2
0.01

Source: From Codex Alimentarius. 2014. http://
www.codexalimentarius.org.

original active principle. As an example, in the case of converting fenthion sulfoxide (SO) into fenthion, this is expressed as
CFenthion SO to Fenthion = MwFenthion/MwFenthion SO × CFenthion SO
= 278.3/294.3 × C Fenthion SO = 0.946 × C Fenthion SO
The calculation is repeated for each metabolite and the conversion factor, which is the ratio between the MW of fenthion and
the MW of each TP is multiplied by the concentration found for
each TP under study. Finally, all the equivalences of TP to fenthion and the amount of fenthion found are summed up to yield
the total fenthion residue that has to be reported.
CFenthion Sum = 1.00 × CFenthion + 0.946 × CFenthion SO
+ 0.897 × CFenthion SO2 + 1.06 × CFenthion oxon + 1.00
× CFenthion oxon SO + 0.946 × CFenthion oxon SO2
Organophosphates with complex residue definition are shown
in Figure 8.3.

8.4 Analysis of OP Pesticides
There has been a multitude of reports on method development for the
determination of OP residues. Many of them are of academic interest or miscellaneous ones, but their application to everyday situation
is doubtful. Actually, a real alphabet soup to describe these methods exists, such as accelerated solvent extraction (ASE), dynamic
liquid–liquid (DLL), dimethyl ether extraction (DEE), matrix solid

www.ebook777.com

Free ebooks ==> www.ebook777.com
186

Handbook of Food Analysis

O

H3C
O
H3C S
O

S

O
O P
O
O

Malathion

O
O

S
P

O
C
O
O C
O

Figure 8.3

Fenthion

S

S

H3C

S OCH3
P
O OCH3

S
CH3
P
O
O
O CH

Phosmet
O

O P O
O

O

CH3

3

NO2

S

S
O

O O
P
O
O

Parathion

O

O

O
O P OCH3
OCH3

N

S
S P O
O

O

H3C
H3C

NO2

O
O P O
O

O
N

O
S P O
O

O

Examples of organophosphates and their toxicological relevant metabolites.

phase (MSP), and microwave assisted extraction (MAE) among others. In this chapter, we will focus on the modern methods of OPs
analysis that could be implemented and performed in routine laboratories devoted to pesticides residue analysis in food.

8.5 Sample Preparation
In any analytical method but particularly those of trace compounds, the sample preparation steps and the instrumental determination have their own particularities that have to be considered.

8.6 Sample Preparation Protocols for the Food
Analysis of Organophosphates
The new concepts on pesticides residue analysis and the application of the last-generation mass spectrometer coupled either
to liquid chromatography or gas chromatograph (LC, GCs) have

dramatically changed the pesticide analysis in foods and consequently, organophosphate residue analysis in the last 10 years.
Pesticide residue analysis nowadays is focused on the developing of environmental-friendly procedures, seeking the minimization of the reagent consumption and waste disposal. Following
this goal, the greater the number of analytes that can be determined in a single analytical step, the better. This idea drove to
the development of the multiresidue analysis concept, where a
high number, typically more than 20 pesticide residues belonging
to different chemical families, can be determined in a single analytical procedure. This concept was presented for the first time in
the late 1980s but the limitations in the instrumental sensitivities
hampered the full development of this type of procedure.
Nevertheless, most analytical procedures were developed to
perform a single sample preparation step. The resulting extract
was then splitted in the number of portions needed to perform the
different chromatographic determinations when possible (VWA
1994) (Figure 8.4).
Actually, the advent of modern instrumentation based on
high sensitivity determination of analytes through tandem mass

Sampling
Homogenization
1. N-methylcarbamates
2. Benzimidazole fungicides
3. Benzoylureas
4. Phenylureas
5. Prochloraz, Imazalil

Extraction
Cleanup
SPE1, SPE2...

GC

HPLC
ITD

ECD

FPD

NPD
1

Figure 8.4

2

3

4

5

Analysis scheme for multiresidue methods. (From A.R. Fernandez-Alba, personal communication, Santa Fe, 2006.)

Free ebooks ==> www.ebook777.com
187

Analysis of Organophosphorus Insecticides in Foods
spectroscopic methods after their chromatographic separation,
either through LC or GC, expanded the scope of the multi residue methods (MRMs) of analysis. Within this context, analytical
methods claiming to analyze up to 500 pesticide residues have been
developed. Nevertheless, there are still some reports on the multiresidue analysis of organophosphate-class compounds based on
the use of selective and specific GC detectors, such as FPD (flame
phosphorus detector) and NPD (nitrogen and phosphorus detector).
The earlier 2004 SANCO guidelines accepted determinations
done using selective and/or specific detectors that are further
confirmed by an independent method, for example, GC–MS (gas
chromatography–mass spectrometer). But this document since its
2011 edition, does not permit this possibility. Therefore, within
the official laboratories in the EU, the only official analysis recognized is the determination of pesticide residues through mass
spectrometric measurements except for a bunch of pesticides, but
this rule does not apply for organophosphates. Nevertheless, the
use of conventional detectors has wide application in other parts
of the world. The FDA still accepts the determination of OPs
through conventional GC detectors (FDA 2014).
The modern methods for analysis of organophosphate pesticides in foods are included in these methods and will be discussed accordingly. The high sensitivity of MS detectors drove
the change in the sample preparation procedures for pesticide
MRMs of analysis. Samples are miniaturized; the number of
sample preparation steps has been minimized as well as the
organic solvent consumption.

8.7 Sample Preparation Methods
The sample preparation methods for routine pesticide residue
analysis are actually procedures focused on the simultaneous
determination of insecticides, fungicides, and herbicides. The
performance of these methods will be discussed regarding how
they adjust for the OPs analysis.

8.8 Luke and Mini-Luke Methods
The Luke method (Luke et al. 1981) first introduced in the
1970s has been one of the most popular multiresidue methods
for pesticides residue analysis. It has been specifically designed
for high-water-content matrices but since its introduction, many
modifications were assayed to apply it to other different matrices.
The method starts as shown in Figure 8.5, with an acetone
extraction of the sample. Acetone is a water-miscible solvent that
forms a continuous liquid phase that extracts the pesticide from
the matrix. The liquid phase is then extracted with a mixture of
dichloromethane (DCM)–hexane (1:1). Lipids and pesticides are
extracted with the apolar phase which, in the old Luke method,
was chromatographed through a Florisil column. The mini-Luke
method takes advantage of the advances in the instrumentation
and the column chromatographic step is no longer performed
(WMA 1994). The Luke method is suitable for most organophosphate pesticides, particularly the most apolar ones, such as
ethion, and parathion but the very polar ones, such as dimethoate/omethoate as well as acephate/methamidophos could be lost
during the extraction step.

Fruit/vegetable
+

Acetone/water
Agitation/filtration

Extraction
solution

a

Organic phase I

Aqueous solution

+
Organic phase II

NaCl/DCM
DCM

Chromatographic
column (florisil)

Figure 8.5

AcOEt
AcOEt/
MeOH

Fats + Organochlorines
Organophosphates
+ Pyrethroids
Most polar
compounds
(herbicides)

Luke method.

Nowadays, the whole procedure has been miniaturized and
the extraction and mixing step is performed with a high-speed
Ultraturrax. An aliquot is taken, sodium chloride is added, and
extracted with DCM:hexane. The solution is evaporated, volume
is adjusted, and injected in the chromatograph. The whole procedure is straightforward and useful.

8.9 Ethyl Acetate Method
Pesticide residue extraction using ethyl acetate as the solvent,
is also one of the most employed methods for sample preparation for pesticide residue analysis (Pihlström et al. 2007). Ethyl
acetate (EtOAc) as a solvent has unique properties, such as the
possibility of dissolving polar and apolar compounds with equal
efficiency. Even the extraction of lipophilic pesticides from fatrich matrices with water-miscible solvents such as MeCN or
acetone is sometimes not easily performed, and can be quantitatively achieved with EtOAc as lipids are easily dissolved in
it, together with the searched pesticides. Fats are then further
eliminated using, for example, GPC (gel permeation chromatography). The gas expansion volume of EtOAc makes it a useful
option for large volume injection (LVI) in GC. The noninterference with any of the GC (FPD, NPD, ECD, and MS) detectors
is another of its advantages, allowing the direct injection of the
extract without performing a solvent change. This advantage in
GC analysis turns into a drawback when LC determinations have
to be performed. The extracts have to be redissolved in methanol
or MeCN. Although it is a routine procedure, losses had been
reported when changing the solvent to a more polar one if lipidic
matrices are under analysis (Agüera 2004).
There are three actual miniaturized procedures that are
modifications of the original method as proposed by Swedish
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Application of SweEt method to the different food matrices. (From S. Ekroth, personal communication, LAPRW, 2011.)

workers. The method has been adapted in Sweden to meet the
requirements of the new trends in pesticide residue analysis,
named SweET (Pihlström et al. 2007). The matrix is extracted
with EtOAc buffered with sodium bicarbonate. The procedure is
routinely carried out by the National Food Authority in Sweden
(Figure 8.6).
Mol et al. (2007) also introduced a variation of the traditional
EtOAc method by including a dispersive cleanup step based on
the success of the QuEChERS (quick, easy, cheap, effective, rugged, and safe) method. The extract was treated with GCB (graphitized carbon black) to remove pigments and PSA (primary and
secondary amine) to neutralize acidic compounds. The latter was
more effective in removing coextractives that appear either in
the GC or LC chromatogram, whereas the former could successfully remove all the chlorophyll when EtOAc was used solely as
the solvent. Blends with aromatic solvents such as toluene and
xylene performed poorer clean ups but the losses of pesticides
such as azinphos methyl, thiophanate methyl, and chlorpyrifos
methyl among others were minimized. The amounts of GCB and
PSA were optimized and it could be stated that significant losses
of pesticides were observed using 200 mg/L of PSA (Table 8.3).
Table 8.3
Losses Registered by Dispersive Cleanup Using
a = 25 mg/L and b = 200 mg/L PSA in Ethyl Acetate
OPs
Acephate
Dichlorvos
Dimethoate
Mevinphos
Phosphamidon
Profenofos

Recovery (%)
43a
33a
62b
62b
63b
56b

A further simplification of the EtOAc method was proposed
by Ferrer et al. (2010) who use no cleanup step and the extraction
solution, after salting out and drying are directly injected in the
system. Nevertheless, the higher load of coextractives associated
with this method can yield lower values in liquid chromatography coupled to MS/MS (LC-MS/MS), due to ion suppression,
as observed in the recent interlaboratory test, IMP-37, organized
by the European Institute for Reference Materials (ERM) (ERM
2014), where all the participating laboratories that used EtOAc
extraction yielded lower results, as they did not correct for recovery following the SANCO guidelines. The EtOAc method is an
excellent option for the GC analysis of pesticide residues, as no
solvent change has to be performed. A QuEChERS adaptation
has been reported that uses EtOAc as the extraction solvent but
for conventional GC detectors. The reagents and sample amounts
were adjusted; 60 g of sample are used instead of the usual 10 g
used when mass spectrometers are used for pesticide residue
determination (Aysal et al. 2007).

8.10 Quick, Easy, Cheap, Effective,
Rugged, and Safe
The acronym QuEChERS stands for quick, easy cheap, effective, rugged, and safe. The name was coined by the method
inventors, Steven Lehotay and Michelangelo Anastassiades in
2003 (Anastassiades 2003). After a few years of its introduction,
it has become the most popular sample preparation method for
pesticides residue analysis. It is a development of the old MeCN
method introduced by Mills in the 1960s. It is a template that,
supported by a number of milestones, can be adapted for almost
any matrix. The method is thought for the MS determination of
the residues, taking advantage of the sensitivity of the new mass
spectrometers. Nevertheless there are some applications using
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Figure 8.7 Schematic representation of the original QuEChERS
method. (From Anastasiades, 2003.)

conventional GC detectors, as mentioned above. QuEChERS is
a miniaturized method where the amount of sample and solvent
stands to yield a solution of 1 g/mL. After the salting out step,
MgSO4 is aaded to the organic phase to remove the remains of
water. An aliquot of the acetronitrile phase is then submitted to a
straightforward dispersive cleanup step with PSA to retain acidic
compounds, dried with MgSO4 and can be directly injected in the
LC. In case that GC analysis has to be performed, MeCN is evaporated and the residue is redissolved in isooctane and injected.
This basic procedure can be modified in various ways, depending on the type of matrix to be analyzed. PSA can be avoided if
acidic pesticides are searched for. In the case of lipid-rich matrices, RP C18 silica can be added. MeCN as the solvent is not strong
enough to desorb lipids from the RP C18. Therefore, lipids are
removed from the solution and cleaner extracts can be injected in
the chromatograph (QuEChERS 2014).
The same objective can be accomplished taking advantage of
the immiscibility between hexane and MeCN. After the separation of the organic and the aqueous phases, hexane can be added.
Lipids are extracted to the hexane phase, cleaning up the pesticidecontaining solution. Many pesticides are weak bases and when
acid matrices such as citrus fruits are analyzed, these pesticides
can be lost during the extraction procedure. To skip this problem,
the extracting solution should be buffered. There are two main

methods, based on QuEChERS template, one is the official
method AOAC, 2007.1 that uses sodium acetate to stabilize the
pH to pH = 65. Further on, European (CEN) method stabilizes the
pH through the addition of citrate salts (Anastassiades et al. 2007).
The three methods thus described are used without problems in
the sample preparation for the analysis of OP pesticides. A specific
report of QuEChERS application to analyze 98 OPs and carbamates (Chung and Chan 2010) has been published (Figure 8.7).

8.11 Matrix Solid-Phase Dispersion
Matrix solid-phase dispersion (MSPD) is a procedure usually
applied for sample treatment in a variety of matrices. This procedure is based on the mechanical disruption of the sample in
a proper sorbent material with a mortar and a pestle. Sample
homogenization, extraction, and cleanup can be accomplished
simultaneously by using a relatively small sample size, low solvent consumption, and minimum amount of sorbent phase. After
blending, the sorbent material is packed into a column and the
analytes are eluted using a suitable eluting solvent. However, the
selection of the experimental conditions is critical for the selective extraction and purification of the sample extract (Barker
2007) (Figure 8.8).
Many MSPD procedures are focused on the combination of
cocolumns, which is the use of a packed sorbent with complementary features of the disrupting phase at the bottom of the column
to obtain exhaustive removal of interferences. Hence, the selection of the proper dispersant phase plus the elution volume is mandatory to achieve enhanced extraction of the matrix while giving
purified extracts for quantitative analysis of pesticides. The use of
cocolumns has improved the applicability of MSPD by increasing
the versatility of the purification step (Barker 2007).
MSPD is currently used for extracting analytes from both solid
and liquid samples. The potential of this strategy is focused on
troublesome matrices such as propolis. The appropriate selection
of conditions for enhanced extraction of polyphenols in propolis
tinctures was recently described (Pérez-Parada et al. 2011) for
the analysis of ethion, chlorpyrifos, and coumaphos in propolis
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tinctures. Samples were dispersed onto anhydrous Al2(SO4)3
using an MSPD approach with Florisil cocolumn cleanup by performing elution with CH2Cl2:EtOAc (9:1) solvent with GC–FPD
and GC–MS determination. LODs were below 26.0 μg/kg in
GC–FPD and 1.43 μg/kg for GC–MS analysis. Mean recoveries
were in the range of 85%–123% with relative standard deviation
(RSD) values below 13%.
On the other hand, various authors have used MSPD for the
analysis of OP residues in medicinal plants. Zuin et al. (2003)
reported the determination of four OPs in Passiflora L. leaves
using an MSPD on Florisil with an Na2SO4 cocolumn to remove
wet leaves by eluting with an n-hexane:EtOAc (7:1) mixture and
GC–ECD determination. Acephate was included in the scope of
a multiresidue method for Cordia salicifolia leaves by using neutral alumina and peat as dispersant phases plus Na2SO4 and C18
cocolumns and eluting with cyclohexane: CH2Cl2 mixture and
GC–MS determination (de Carvalho 2009, 2010).
A miniaturized online MSPD–LC–DAD (diode array detection) method for the analysis of nine OPs was reported (Valencia
and García de Llasera 2011): 50 mg bovine tissue was dispersed
in 200 mg of C18 and packed at the head of a stainless-steel cartridge containing 50 mg silica as the cosorbent. The cartridge
was then placed in an online assembly, with a C18 precolumn and
column. The cartridge was washed with water and water/MeCN,
and the analytes of interest eluted with MeCN in a dynamic mixing chamber, where MeCN was diluted with water and loaded
into the precolumn for analysis by using gradient elution and
ultraviolet (UV)–DAD detection. Recoveries ranged from 91%
to 101% with RSD ≤12% with LODs in the 0.5–1 μg/g range.
García de Llasera (García de Llasera and Reyes-Reyes 2009)
also reported another MSPD strategy with octadecylsilyl (C18)
sorbent combined with a silica gel cleanup and MeCN elution
was reported in the analysis of chlorpyrifos, chlorfenvinphos,
diazinon, fenitrothion, and parathion-methyl residues in different bovine tissue samples. This method was validated using
LC–DAD determination and GC–MS confirmation, yielding
recovery values higher than 94%, except for chlorfenvinphos in
the liver (55%) with RSDs ≤15% in the liver and ≤11.5% in the
muscle at spiking levels of 0.25, 2.5, and 5 μg/g and LODs below
0.1 μg/g.
OPs were also determined in a multiresidue approach in
olive oil using a combination of liquid partitioning plus MSPD.
Preliminary liquid partitioning with MeCN saturated with petroleum ether was followed by MSPD extraction with aminopropyl
and cleanup followed by Florisil cocolumn. Recoveries ranged
from 80% to 120% with RSD <10% with LODs in the 0.003–
0.06 mg/kg range (Ferrer et al. 2005).
Florisil used as the dispersant and EtOAc extraction assisted
by sonication was used in the analysis of nine OPs in fruit juices
using MSPD and GC–NPD determination (Albero et al. 2003).
The average recoveries obtained for all the analyzed pesticides in
the different juices and fortification levels were >70% with RSDs
of <11%. The LODs ranged from 0.1 to 0.6 μg/kg.
Schenck and Wagner (1995) described a rapid technique for
the extraction and GC determination of five OCs and five OP
pesticide residues in milk. Milk (5 mL) was blended with 2.0 g of
C18, and the analytes were extracted with MeCN. Recoveries of
fortified OP pesticide residues (10–50 μg/kg) ranged from 75%
to 105%. The MSPD and the AOAC International multiresidue
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method for pesticides in milk produced comparable results for
milk samples containing OC pesticide residues. The use of MSPD
resulted in a 90% reduction in organic solvent consumption and a
95% reduction in the hazardous waste generated when compared
with the AOAC method in the same way, Lehotay et al. (2005)
reported MSPD multiclass method performance when 0.5 g of
sample plus 2 g of C18 and 2 g of anhydrous sodium sulfate were
mixed in a mortar and added above a 2 g Florisil column on a
vacuum manifold. Two portions of 5 mL of MeCN were used to
elute the OP pesticides.
After purification of the extract and fractionation of the two
classes of pesticides with a Florisil solid-phase extraction (SPE)
cartridge, the fraction containing the OP pesticides was analyzed
by GC–FPD, while the fraction containing OC pesticides was
analyzed by GC/ECD.

8.11.1 Microwave-Assisted Extraction
MAE was applied for the first time for the extraction of organic
pollutants in 1986. Recently, it has been successfully used for
the analysis of a wide range of pesticides in many food matrices.
Different from the conventional extraction methods, the analytes
are selectively heated by microwaves and transferred from the
sample to the organic solvents while the food contents are not
extracted (Zhang et al. 2006). The partitioning of the analytes
from the sample matrix into the extractants depends on the temperature and the nature of the extractant. Unlike classical heating,
microwaves heat the entire sample simultaneously without heating
the vessel; so, the solution reaches its boiling point very quickly,
leading to a very short extraction time (Lambropoulou et al. 2007).
High temperature or microwaves are believed to accelerate
the extraction procedure and enhance the recoveries of the target compounds. The recoveries increased when the microwave
output power ranged from 20 to 80 W while the recoveries
remained nearly constant within the power range of 80–110 W.
However, excessively high power could result in the degradation
of pesticides and a decrease in recoveries. Extraction times also
influenced the total recoveries, due to possible degradation of the
analytes (Zhang et al. 2006).
The main advantages of MAE are the low required temperature, high extraction efficiency, complete automation, and the
possibility of simultaneous extraction of different kinds of compounds including these thermal labile compounds. (Ramos 2012;
Zhang et al. 2006). However, the MAE lacks selectivity, resulting in the coextraction of interfering compounds and it requires
additional cleanup before the chromatographic determination
(Zhang et al. 2006). Additional drawbacks of this methodology
are the poor efficiency of the microwaves when either the compounds or the solvent are nonpolar or volatile and the difficulty
to integrate MAE devices in a flow system (Lambropoulou et al.
2007; Ramos 2012; Zhang et al. 2006).
A successful MAE method depends on several conditions that
affect the extraction yield, for example, solvent composition, solvent volume, extraction temperature, extraction time, and matrix
characteristics such as water content. The extraction solvents
used usually have high dielectric constant to absorb microwave
energy efficiently; such as MeOH, water, and ethanol. Nonpolar
solvents with a low electric constant, for example, hexane and
toluene, are not potential solvents for this methodology, but their
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extracting selectivity and efficiency can be modulated by using
mixtures of solvents (Lambropoulou et al. 2007). The polarity
of the extraction solvent should closely match to that of the analytes. One of the most commonly used solvents for the MAE of
pesticides in different food matrices are acetone–hexane, acetone, acetone–MeCN (50:50), MeCN–DCM (90:10), and polyoxyethylene10 lauryl ether due to the high selectivity and high
recoveries toward the target pesticides (Zhang et al. 2006).
MAE can be conducted with open or closed vessels (focused
microwave-assisted extraction, FMAE, and pressurized microwave-assisted extraction, PMAE, respectively) (Ramos 2012).
In the latter devices, up to 12 extraction vessels can be irradiated simultaneously. PMAE is quite similar to pressurized liquid extraction (PLE), as the solvent is heated and pressurized
in both systems. However, in PMAE, it is necessary to wait for
the temperature to decrease before the vessels can be opened
(Ramos 2012).
Concerning OPs analysis in food, there are few reports related
to the application of this methodology, maybe due to the need of
performing an additional cleanup after the extraction that makes
the entire procedure tedious. Nevertheless, several authors
report different methods for the analysis of OPs in different food
matrices.
Otake et al. (2012) report the analysis of 16 OP and 10 pyrethroid pesticides in green onions. The authors tested different
types of solvents for the extraction of the target compounds,
MeCN, hexane, and EtOAc, and two extraction times; 10 and
30 min and 50°C, 70°C, 90°C, and 110°C using a microwave
output power of 1200 W. The best experimental conditions
were MeCN as the extraction solvent, 110°C, and 10 min of
extraction time. The cleanup method used consisted of a liquid–liquid partition of the extract with 10 g NaCl and 0.5 M
phosphate buffer solution (pH 7, 0.20 mL) in a separatory funnel for 10 min. The MeCN layer was dried using anhydrous
sodium sulfate, then it was filtrated, and the remaining solvent was rotary evaporated. The extract was redissolved in
toluene:MeCN (1:3) and it was cleaned up on an SPE ENVICarb/LC–NH2 cartridge that was finally eluted with 10 mL
toluene:MeCN (1:3) followed by concentration to obtain the
final extract. The instrumental analysis was performed by a
GC–MS equipped with a DB-5MS column with the on-column
injection mode and in the selected ion-monitoring mode (SIM).
Under these conditions, the repeatability of the analysis was
satisfactory, in the range from 4.2% to 5.8%. Recovery yields
were in the range of 70%–120% (Otake et al. 2012).
Guillet et al. (2009) developed a microwave/solid-phase
microextraction (SPME) method for the determination of 23 pesticides including parathion methyl in tomato matrix. Pesticide
extraction from tomato fruits was carried out with a focused
microwave extractor. This method consisted of the extraction
with MeCN: water (50:50) during 5 min at 30 W. Under these
conditions, the sample temperature does not exceed 65°C, to
minimize the possible degradation of thermolabile pesticides.
The extract was centrifuged and a 9 mL aliquot of the supernatant was removed for chromatographic analysis. The SPME fiber
was immersed into a stirring solution for 45 min and was then
directly introduced into the chromatographic injector port for
desorption. The chromatographic analyses were performed by
GC–MS with a DB-%MS column in the splitless mode at 250°C

in SIM mode. Under these conditions, the reproducibility of the
method was adequate, below 15.7% and the LOD and quantification of parathion methyl were 1.21 and 4.05 μg/kg, respectively.
Wang et al. (2007) described a methodology for the analysis of
11 OP pesticides in leeks. This method used microwave heating
to efficiently remove the sulfur interferences and SPE cleanup
prior to GC–FPD analysis. The experimental conditions assayed
were 20 g of homogenized sample leek, heated for 50 s at 650 W.
Then, the sample was extracted with 50 mL of MeCN using an
Ultraturrax. The extract was filtered into a 1000 mL cylinder
containing 5 g NaCl, shaken for 1 min, and allowed to stand for
5 min. A 25 mL aliquot was evaporated under vacuum at 40°C
and dissolved in 3 mL hexane:EtOAc (1:1). Afterward, a cleanup
using a PSA cartridge was performed. The target pesticides were
eluted with 12 mL hexane:EtOAc (1:1). The eluate was collected
and dried with a gentle nitrogen stream for GC–FPD analysis in
the splitless mode using a DB-1701 column. The confirmation of
the pesticides was performed using a GC–MS.
The validation parameters of this method were evaluated at
three concentration levels: 50, 100, and 500 μg/kg. The percentages of recoveries were in the range 73%–111%, whereas the
reproducibility of the studied pesticides ranged from 0.9% to
13.1%. The limits of quantifications (LOQs) were between 2.4
and 12.3 μg/kg except for fenamiphos that presented an LOQ of
30 μg/kg. According to these results, the developed methodology presents a good performance for the determination of these
compounds in a difficult matrix such as leek.
In 2008, Fuentes et al. studied the suitability of MAE method
for the determination of OPs in olive oil and avocado oil. The
method is based on microwave-assisted liquid–liquid extraction with the partition of OP pesticides between MeCN:DCM
(CH2Cl2) (90:10) mixture and oil. A Placket–Burman design,
with two levels for each factor, was developed to assess the effect
of power and time extraction, type and volume of the extracting
solvent, sample amount, and dilution factor with n-hexane. The
final extraction conditions were 5 mL of the extraction solvent
preheated at 250 W for 2 min and then for 8 min at 700 W. The
cleanup of the extracts was performed with ENVI-Carb SPE cartridges using CH2Cl2 as the elution solvent. The determination
of the target pesticides was performed with a GC–flame photometric detection and GC–tandem mass spectrometry, using a
triple-quadrupole mass analyzer, for confirmative purposes. In
2009, the same author developed a method using atmospheric
pressure microwave-assisted liquid–liquid extraction (APMAE)
and SPE or low-temperature precipitation as the cleanup step for
the determination of the same pesticides.
Wang et al. (2007) described a method of MAE followed by
GC for the determination of OP pesticides in rice. The optimum
conditions for extraction solvents and MAE time were studied.
The linear ranges of the method were from 10 to 800 μg/kg. The
detection limits were from 1 to 5 μg/kg. The recoveries were from
73.6% to 94.5%, and the RSDs were from 1.5% to 7.5% (n = 3).
This method has proved to be rapid, efficient, and accurate.
Yang et al. (2002) developed an MAE method followed by
GC–MS for the determination of three OPs in vegetables. Several
extraction solvents were compared on the MAE efficiency.
CH2Cl2 gave good recovery, and was chosen for the procedure.
A three-level orthogonal array design was used to optimize
the MAE process. Factors affecting the MAE efficiency were
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considered, including the solvent amount and extraction time.
The linear ranges of the method were from 4 to 400 μg/kg for
diazinon and parathion, and from 20 to 400 μg/kg for isocarbophos. The detection limits were below 5 μg/kg. Two sets of
spiked vegetable samples of 200 and 50 μg/kg were determined.
The recoveries were from 72.2% to 102.0%, and the RSDs
were from 1.5% to 11.0% (n = 3). The analytical results agreed
quite well with those obtained by conventional extraction with
mechanical shaking (EMS).

8.11.1.1 Solid-Phase Microextraction
SPME is a sample preparation technique developed by Arthur and
Pawliszyn in 1989. Since then, it has been widely applied in different matrices such as environmental, food, and biological, combining both GC and high-performance liquid chromatography
(HPLC). It is a convenient alternative to other extraction methods because it integrates sampling, extraction, concentration, and
sample introduction into a single step without the use of a solvent.
SPME is mainly based on the use of a fused-silica fiber, coated
with a polymeric stationary phase and mounted on a modified
GC syringe. There are two ways of working with SPME. In
direct immersion SPME (DI-SPME), the extraction of the target
analytes from the sample to the fiber is realized with the coated
fiber immersed in the liquid sample, while in headspace SPME
(HS-SPME), the fiber is exposed to the atmosphere of the vial,
above the sample.
Several factors infuence the extraction of analytes; some of
these are directly related to the SPME device such as coating
volume and characteristics. Sample parameters must also be
kept constant; these include sample volume and vial size, extraction temperature, agitation, and extraction time. Finally, all the
adsorption and desorption factors must be consistent including
the period and depth of immersion, time between immersion and
exposure to the GC, and GC desorption parameters including
temperature and time.
Regarding the analysis of OPPs in food matrices, there are
many studies that probe that SPME is an excellent alternative
and it has been successfully applied in diverse situations.
In 2013, Zi-Ye et al. developed an HS-SPME–GC–MS method
for the assessment of 11 OPPs in multiple vegetable and fruit
commodities. In this work, the authors studied seven characteristic commodities (turnip, green cabbage, French beans, eggplant,
apple, nectarine, and grapes) cataloged in Codex Alimentarius
Commission. The 11 OPPs were phorate, diazinon, disulfoton,
chlorpyrifos methyl, fenchlorphos, pirimiphos methyl, chlorpyrifos, isofenphos, phenthoate, prothiophos, and ethion. The sample treatment consisted of the addition of 100 μL of methanol/
acetone (1:1 v/v) extraction solvent and 10% (w/v) aqueous NaCl
solution to 1.0 g of homogenized sample in a 20 mL glass vial.
The vial was then warmed at 70°C in a water bath for 10 min.
Finally, the fiber was exposed to the headspace for 45 min at
the same temperature and after sampling; it was inserted into
the GC injection port (240°C) for 7 min in the splitless mode.
SPME experiments were performed using a polydimethylsiloxane (PDMS, 100 μm) fiber and the concentration range evaluated was from 0.02 to 2.5 mg/L. The method validation was
carried out by the determination of linearity, sensitivity (LOD
and LOQ), precision, and accuracy.
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Lingshuang et al. (2006) studied the use of a vinyl crown ether
fiber for the determination of eight OPPs in food samples (apple
juice, apple, and tomato) with GC coupled to flame photometric detector (GC-FPD). Five kinds of fibers were analyzed (three
kinds of vinyl crown ether polar fibers prepared with sol–gel process, and the commercial 85 μm polyacrylate [PA] and 65 μm
PDMS–divinylbenzene [DVB]) with the home-made ones showing the best result in terms of extraction efficiency and sensitivity for the studied analytes. DI-SPME against HS-SPME was
also evaluated, obtaining a higher extracted amount of almost all
OPPs in HS-SPME. Sample treatment of apple juice consisted
of the dilution with pure water (1:30 w/v) and addition of 5 g
of NaCl. An aliquot of 15 mL was placed in a 25 mL vial and
stirred with a magnetic bar at 70°C. The same sample treatment
was done for apple and tomato homogenate, with variation in the
dilution, being 1:50 and 1:70, respectively. The fiber was exposed
to the headspace during 45 min and then inserted into the GC
injection port during 5 min (desorption time) at 270°C. The
method linearity was evaluated between 0.01 and 100 mg/kg.
Recoveries ranged from 71.5% to 104.6% for apple juice; 70.5%
to 104.9% for apple, and between 55.3% and 105.3% for tomato
at the three levels assayed (5, 10, and 20 μg/kg) with RSD values
below 11.2%.
Yi-Long et al. (2008) reported the use of a home-made fiber (copoly [hydroxyl-terminated silicone divinylbenzene]; OH-TSO/
DVB, 65 μm) for the determination of five OPPs (dichlorvos,
diazinon, methyl parathion, malathion, and ethyl parathion) in
pakchoi samples by HS-SPME coupled with gas chromatography with nitrogen–phosphorus detector (GC-NPD). The authors
optimized the following parameters: extraction temperature,
extraction time, ionic strength, constant agitation, effect of the
sample matrix, desorption temperature, and desorption time.
Prior to SPME analysis, 20 g of pakchoi was cut and homogenized with 60 mL of double-distilled water and this homogenate
was finally diluted with water (1:20 w/w). For the SPME process,
5 mL of vegetable sample and a stirring bar were placed in a
presilanized vial. The optimum parameters selected for analysis
were: extraction temperature, 75°C; extraction time, 50 min; no
salt addition; constant agitation; desorption temperature, 270°C;
and desorption time, 3 min. Recoveries of the studied analytes
were in the range of 80.7–101.5%. LODs were between 0.007
(parathion ethyl) and 0.07 μg/kg (dichlorvos).
A HS-SPME–GC–MS methodology was developed by
Dimitra and Triantafyllos(2003) for the rapid screening of seven
OPP (diazinon, fenitrothion, fenthion, parathion ethyl, bromophos ethyl, bromophos methyl, and ethion) residues in strawberries and cherries. The sample preparation involved the use of
5 g of the strawberry and cherry sample containing 15% (w/v)
Na2SO4 and an adequate amount of water (water/pulp ratio 1/2
for strawberries and 1/3 for cherries) in a 20 and 25 mL vial,
respectively. After equilibration at 75°C for 10 min, the fiber was
exposed to the headspace above the sample for 45 min with magnetic stirring. Thermal desorption of the analytes was achieved
by inserting the sorbent fiber (PDMS, 100 μm) into the injection
port (held at 240°C) for 5 min. GC analysis was carried out using
a Shimadzu model QP 5000 GC–MS in SIM mode. The authors
described the need of adding water and solvent (methanol) to
the samples to favor the release of the analyte from the matrix.
The ratio of solvent/water at 2.5% (v/v) was selected. Linearity
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experiments were carried out with fruit samples in a concentration range from 50 to 500 μg/ kg showing regression coefficients
between 0.986 and 0.994. Three spiked levels were assayed (75,
150, and 300 μg/kg) and recoveries were in the range of 76%–
94% for strawberries and 74%–90% for cherries. In both matrices, RSD values were below 15%. LODs were below 13 μg/kg.
This methodology was compared with liquid–liquid extraction
obtaining similar results. Therefore, HS-SPME procedure can be
proposed as a fast and accurate methodology for analyzing OPPs
in these matrices.
Tsoutsi et al. (2006) developed a screening method for the
analysis of nine OPPs (dimethoate, diazinon, fenitrothion, malathion, fenthion, parathion ethyl, methyl bromophos, methidathion, and ethion) and four metabolites (omethoate, malaoxon,
SO, and fenthion sulfone) in olive oil samples based on HS-SPME
coupled with GC with flame thermoionic detector (GC-FTD).
They compared the efficiency of six commercial fibers (75 μm
CAR/PDMS; 85 μm CAR/PDMS; 7 μm PDMS; 30 μm PDMS;
100 μm PDMS; and 65 μm PDMS–DVB) resulting in the 100 μm
PDMS that was the most suitable for the analysis due to the fact
that it had better extraction efficiency for the majority of target
analytes. Approximately, 5 g of olive oil was placed into 10 mL
crimptop headspace vials, capped with polytetrafluoroethylene
(PTFE)–gray butyl-coated septa. The samples were heated at
75 ± 1°C with magnetic stirring (0.8-cm-long PTFE-coated stir
bar, 960 rpm) during 10 min (equilibration time). After this time,
the needle of the SPME device pierced the septum of the vial
and the fiber was immersed into the headspace of the sample for
60 min, 1 cm above the sample. The thermal desorption of the
analytes was achieved by inserting the fiber into the injection
port (held at 250°C) for 7 min. Calibration curves were drawn
for five levels of concentration in the range 0.025–0.50 mg/kg
with correlation coefficients higher than 0.9856. The matrix
effect analyzing oil samples with different composition (acidity,
fatty acids, triglycerides, and sterols) was also evaluated. They
found that only acidity and the total amount of sterols were the
main factors influencing SPME efficiency concluding that each
olive oil sample had to be considered a unique matrix. LODs
ranged between 0.006 and 0.010 mg/kg with LOQs from 0.016 to
0.030 mg/kg. The recoveries of the extraction procedure at three
fortification levels (0.080, 0.16, and 0.32 mg/kg) ranged between
80% and 106% for all the analytes studied with RSD values
below 12%. Repeatability (intra-day precision), expressed as
RSD (%) values, was below 5% while reproducibility (inter-day
precision) never exceeded 10%. The performance was tested in
30 olive oil samples, from the island of Crete in Greece. Fenthion
and SO (from 0.055 to 0.13 mg/kg), ethion (0.011–0.093 mg/kg),
dimethoate, and omethoate (0.022–0.044 mg/kg) residues were
found.
González-Rodríguez et al. (2005) evaluated the determination of 14 OP residues, among other families, in different kinds
of milk combining SPME and low-pressure gas chromatography–tandem mass spectrometry (LP-GC–MS/MS). The authors
worked with different kinds of processed (whole, skimmed,
and powdered) and unprocessed (goat and human) milk samples. Sample pretreatment consisted of mixing 1 mL aliquots
of milk with 500 μL of formic acid, 10 μL of triethylenamine
(TEA), and 50 μL of 2 mg/L pentachlorobenzene in acetone
solution. The mixture was centrifuged for 10 min at 3000 rpm.

Approximately, 1 mL of the superior layer was transferred to a
test tube, where 2490 μL of milli-Q water was added and mixed.
The sample was then centrifuged again for 2 min (3000 rpm)
and 1 mL of the superior layer was transferred to a GC vial for
SPME extraction. HS and DI- SPME were evaluated for analyzing the target pesticides. For HS-SPME, two coating fibers were
evaluated: 100 μm PDMS and 65 μm PDMS–DVB. The heating
temperature was set to 70°C. The adsorption time was 40 and
45 min for PDMS and PDMS–DVB, respectively. Desorption
time was varied from 5 to 20 min and finally set to 15 min for
both types of fibers. Better results were obtained adding 0.1 g of
NaCl. DI-SPME analysis was also optimized using the same way
as done for HS-SPME. After some preliminary experiments, DI
of the fiber was discarded due to the fact that results had poor
repeatability and sensitivity. The authors considered the dilution
of milk samples at various levels (1:2, 1:3, 1:4, and 1:5 v/v) finally
selecting a 1:4 v/v dilution. After optimization, desorption time
was set at 40 and 55 min for PDMS and PDMS–DVB fibers with
the same conditions for HS-SPME. Best results were obtained
without adding salt. PDMS–DVB fiber was selected for this
experiment in terms of sensitivity. Comparing between HS and
DI-SPME, a better sensitivity was achieved by immersing the
fiber in the diluted milk than by using HS-SPME. At the tested
concentration, seven OPs (parathion methyl, malathion, fenthion,
parathion ethyl, chlorfenvinphos, quinalphos, and fenamiphos)
were not detected. The DI-SPME–LC-GC–MS/MS method was
validated studying LOD and LOQ, linearity, trueness and precision, and uncertainty. LOD values ranged between 0.01 and
0.19 μg/L while LOQ ranged from 0.02 to 0.65 μg/L. Linearity
was studied in the range 1–50 μg/ L using three calibration levels and the origin (calibration curve was not forced through the
origin). Recovery data were obtained by analyzing aliquots of an
uncontaminated milk (n = 10) spiked at 20 μg/L. Mean recovery
rates were in the range 87.1%–103.2% with RSD values below
11.5%. The uncertainty was never >25.5% at the lowest calibration point for all concentration levels. This methodology was
applied to the analysis of real milk samples: commercial (powder and pasteurized), and goat and breast human samples. OP
residues were not found in any samples.
Fernández et al. (2001) established an SPME–GC–NPD
method for the simultaneous determination of 18 OPs residues
in honeybee samples (Apis mellifera). Two SPME fibers were
compared: 85 μm PA phase and 100 μm PDMS phase. The
honeybee samples were first lyophilized to eliminate the matrix
putrefaction process and derive a better extraction solution.
Three grams of sample (~10 g of honeybees, fresh weight) were
pounded with a glass pestle in a sifter to obtain a homogeneous
sample. Samples were spiked with 100 μL of a solution containing 10 mg/L of each pesticide and were allowed to stand at room
temperature for 2 h. The sample was then diluted with 50 mL
of a solution containing acetone–water (1:1 v/v). Afterward, the
solution was shaken vigorously for 30 min and filtered through a
10 g Celite layer on a Butchner funnel with filter paper. 300 μL
of the filtrate was diluted in 3 mL of water solution and placed in
a 4 mL sample vial. Solutions were stirred at 700 rpm. Different
parameters (immersion time, extraction temperature, and ionic
strength) were optimized. PA fiber showed to extract a greater
amount of target analytes than PDMS fiber, because of the stronger affinity of polar analytes such as OP compounds for PA fiber.
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Therefore, optimal extraction was achieved with 85 μm PA. An
immersion time of 45 min was selected. The temperature effect
was evaluated by varying the temperature from 25°C to 60°C.
An increase in extraction temperature caused an increase in the
extraction rate and a simultaneous decrease in the distribution
constant between the analytes and the fiber. The effects of this
parameter varied considerably among the different pesticides;
therefore, the analysis was performed without considering the
effect of temperature. The effect of ionic strength on extraction
efficiency was also evaluated but due to the wide range of hydrophobicities and opposite behaviors, no salt modifications were
considered. Recoveries were assayed at four levels between 0.01
and 0.2 mg/kg obtaining values in the range from 73% to 128%
for most of the analytes. Bromophos and pirimiphos methyl presented low recoveries while methidation showed a percentage
above 200% at three levels. Regression coefficients ranged from
0.9616 to 0.9996. Precision was between 1% and 13% except
for methidation (30%) due to matrix interferences. LOD was
between 1 and 10 μg/kg.

8.12 Instrumental Determination of
Organophosphate Pesticide Residues in Foods
8.12.1 Thin-Layer Chromatography
Thin-layer chromatography (TLC) is the oldest but also the
cheapest of all OP analytical methods. This technique is particularly useful in the case of acetyl cholinesterase inhibitors as
the enzyme associated to a fluorescent reactive is a very sensitive method to determine insecticides such as carbamates and
OPs. Routinely, silica plates are spotted with 50 mL of a solution of the sample suitably prepared and developed with ethyl
acetate or mixtures of hexane: ethyl ether or DCM. The plate
is then sprayed with a solution of acetylcholinesterase, incubated at 37°C, and then sprayed with a suitable color-developing agent, an ester that can be differentially visualized when
it is intact or it has been hydrolyzed by the enzyme. The most
common reagents are β-naphtholacetate or acetylthiocholine.
The method can be performed quantitatively coupled to a suitable densitometer, reaching LODs of 0.005 mg/kg and LOQs of
0.02 mg/kg but its main application is for screening purposes
(Ambrus et al. 2005).

8.13 Gas Chromatography
The instrumental determination of OPs has been dominated by
the GC separation of the pesticide mixture, and the compounds
detected with specific, selective, or universal detectors.
According to the levels that have to be determined, only a few
GC detectors have proven to be useful for OP determination.

8.13.1 Conventional Detectors for OPs
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column are burnt within a hydrogen flame and the luminescence
of elementary phosphorus is detected and measured through
a λ = 526 nm filter in a photomultiplicator. This detector is a
sensitive one that allows the determination of femtograms in
the detector flame for phosphorus-containing compounds. The
relationship luminescence versus concentration is linear for
phosphorus, whereas at λ = 394 nm, the relationship luminescence toward concentration is quadratic for sulfur-containing
compounds. This detector has a sensibility 100.000 times higher
toward sulfur and/or phosphorus than luminescence due to carbon at these wavelengths, providing enough selectivity to detect
compounds with phosphorus and sulfur in the presence of other
coeluting compounds from the matrix. The sensitivity of the
detector is high permitting levels of detection and quantification
up to 0.005 and 0.02 mg/kg, respectively when coupled to suitable sample preparation procedures (Patel et al. 2004; Martínez
Salvador et al. 2006).
The main feature of the FPD detector is that it allows a high
sample concentration factor due to the high specificity of the
detection method that minimizes the matrix signals. Even the
popular QuEChERS sample preparation procedure has a version
for conventional detectors.

8.13.1.2 Nitrogen–Phosphorus Detector
NPD is a popular detector as it allows the simultaneous determination of phosphorus- and nitrogen-containing compounds. It is an
FPD detector where an alkaline pearl of CsBr is burnt, stabilizing a current specific for P- and N- containing ions, with great
selectivity and sensitivity and also with remarkable robustness.
It has been widely used in pesticide residue analysis as most of
the GC-amenable compounds contain either nitrogen or phosphorus atoms. There are hundreds of reports in the literature that
employed this detector to the quantification of minute amounts of
pesticide residues in food commodities. A representative study of
the usefulness of this detector for the determination of organophosphorus insecticides is its application in the work reported by
Uygun, where the dissipation of eight OPs in different wheat meals
during pasta processing was studied (Uygun et al. 2008).

8.13.1.3 Electron Capture Detector
The ECD is a very sensitive one that allows the determination of
fg amounts of chemicals in different samples. Compounds eluting
from the GC column pass through a zone where a beam of b is
beta particles is continuously emitted. Electron-active compounds
cause changes in the electron flux that are recorded as a perturbation of the baseline current. Only OPs bearing either sulfur or aromatic residues or halogen atoms can be detected. Therefore, some
common OPs can be easily detected, mostly thiophosphates, (ethion, parathion, and malathion), and halogenated pesticides (chlorpyrifos) but it has little sensitivity toward diazinon.

8.13.1.1 Flame Photometric Detector

8.14 Mass Spectrometric Determination of
Pesticide Residues

The FPD is a specific detector for phosphorus- and sulfur-containing compounds. The analytes eluting from the chromatographic

All the above-mentioned detectors need an extra confirmation
method to ascertain the identification of the detected residue.

Free ebooks ==> www.ebook777.com
195

Analysis of Organophosphorus Insecticides in Foods
For years, multiple column separations, and crossing of detection methods was required to unequivocally confirm the findings in the different samples analyzed. The development of mass
spectrometer detectors allowed the qualitative identification and
therefore the confirmation of the pesticide detected as well as the
precise quantification of the residues. Nowadays, the mass spectrometric study is the method of choice for the determination of
the residue as the identification and quantification steps are performed simultaneously. Three independent criteria are met that
speed out the analysis. The retention time, the MW, and the fragmentation of the molecules are unique properties of each compound that are combined to reach the objective (SANCO 2013).

8.14.1 Gas Chromatography–Mass Spectrometry
GC was the first separation method that could be coupled to mass
spectrometers. Compounds eluting from the chromatographic column are already in the vapor phase allowing their direct entrance
to the ionization chamber, where the compound is fragmented,
usually after colliding with a high-energy (70 eV) electron beam
(EI mode). The spectra thus produced are the same that have been
recorded for years in magnetic sector spectrometers and can be
compared with those already existing in commercial libraries
such as the one from National Institute of Technology (NIST).
Expensive sector spectrometers were replaced by cheaper and
more versatile quadrupole spectrometer detectors. Benchtop GC
or LC/MS were built and the applications of mass spectrometry
to the detection of trace compounds boosted up.
Pesticide residue analysis through mass spectrometry requires
the identification and confirmation of the detected compound, as
stated above. Full EI spectrum is the fingerprint of a compound and
the fitting of an unknown with one already recorded in a library,
allows its identification. However, for trace compounds, many
times, only a portion of the spectra could be recorded, making
identification more complex. Therefore, residue analysis of trace
compounds is rather limited using full spectrum identification, as
well as in the quantification step. The system scans for the whole
range of masses, the sensitivity is lost, and detection limits rise up.
The problem has been solved fixing the lens to a specific mass that
is monitored continuously. This recording mode is called SIM, single-ion-monitoring, mode that also permits a direct quantification
of the compound. The mass spectrometer can record many ions at
the same time and other characteristic ions of the molecule can be
simultaneously registered. The relationship between the intensities
of the recorded ions is another constant for a given compound, thus
providing an extra criterion for compound identification. The ion
used for quantification is called the “quantifier” and those used for
identification are the “qualifier” ones.
In simple GC–MS, these criteria have been widely applied to
the determination of organophosphate residues. Characteristic
ions of important OPs are summarized in Table 8.4.
Soft ionization techniques (chemical ionization, CI, atmospheric chemical ionization, APCI, and electron spray ionization, ESI, among others) provide easy access to molecular ions,
which cannot be achieved many times through EI at 70 eV. These
quasi-molecular ions can be further fragmented to yield characteristic fragment ions. Therefore, tandem MS/MS experiments
can be performed, and, selecting the ions properly, selectivity
and specificity are greatly increased (see Figure 8.9).

Table 8.4
Quantifier and Qualifier Ions of OP Insecticides
in GC/MS
Pesticide
Omethoathe
Dimethoathe
Methamidophos
Acephate
Fenthion
Malathion
Azinphos methyl
Diazinon
Chlorpyrifos
Parathion methyl
Ethion
Pirimiphos methyl

Quantitation
Ion (m/z)

Qualifier
Ions (m/z)s

156
93
94
136
278
173
160
179
258
291
231
180

126,110
125,143
141,64
94,125
125,109
127,93
125,132
304,152
127,314
125,97
384,153
266,310

The ion traps (ITD) were the first configurations of mass
spectrometers that permitted MS n experiments to be done.
Nevertheless, the great drawback of these MS detectors is that
there is no library available but those that each laboratory built
itself. Although the detection limits were lowered and the level
of microgram per kilogram for pesticide residues was easily
reached, GC–ITD equipment did not replace the completely
simple GC–MS configuration in pesticide residue analysis. In
the first decade of the century, most of the European laboratories that participated in the proficiency tests organized by the
EU Reference Laboratory were equipped with GC hyphenated
to conventional detectors and simple GC–MS. Only with the
advent of triple quadrupoles, GC determination of pesticide
residues moved definitively to tandem MS. Triple quadrupoles
are the most robust configuration to perform such experiments,
working in the multi-reaction-monitoring mode. The ionization technique EI (70 eV), ESI, CI, or low-energy EI (20 eV)
renders an ion that is selected in Q1 that yields, after collision
with gas molecules in Q2 fragment ions from the selected parent ion. These are focused and recorded in the third quadrupole Q3. The parent and fragment ions are specific for a given
molecule as well as their relative intensities. The sum of all
these parameters allows the identification and quantitation of
a certain trace compound in a mixture. Table 8.5 shows the
criteria for the identification of a compound through MS suggested by the SANCO document No/12571/2013.
The third criteria, the acceptable range of relative intensities
between parent and fragment ions as well as between the ions
selected for monitoring has also been ruled out by the SANCO
guidelines.

8.15 Liquid Chromatography/Mass Spectrometry
HPLC coupled to conventional detectors, has never been competitive with OPs GC determination.
The coupling between liquid chromatography and mass spectrometry has been successfully performed some 20 years after the
development of GC/MS. Despite the fact that its development is
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Figure 8.9 Comparison between different MS modes of chlorpyrifos determination in pepper. (1) GC/MS full scan trace of the pepper extract. (2) Mass
spectrum of the peak at tr = 9.48 min, suspected, and chlorpyrifos. (3) GC–MS/MS (ITD) trace of the same extract at tr = 9.48 min. (4) Selected ions for
chlorpyrifos identification and quantitation (see Table 8.5). (From A.R. Fernandez Alba, personal communication.)

much recent, the improvements made in instrumentation and detection systems, turn the LC/MS/MS one of the most popular methods
for pesticide residue analysis as all the nonvolatile compounds that
could not be studied by GC could be determined through LC.
The ionization modes in liquid chromatography/mass spectrometry (LC/MS) are soft ones, and pesticide extracts are more
complex mixtures than those observed during GC analysis. For
this reason, simple LC/MS has limited application in pesticide residue analysis. Quasi-molecular ions are generated for most compounds, and further fragmentation can be achieved increasing the
fragmentor voltage. The drawback is that matrix coextractives are
also ionized and detected, hampering the pesticide determination.
LC/MS time of flight (TOF) is also a suitable method for pesticide residue analysis. In this case, the two criteria employed

for identification and quantification are retention time and the
compound exact mass, which is a unique molecular feature of
each compound (Ferrer et al. 2005). An automatic database
search grounded on the easily calculated pesticide exact masses
had been proposed (Thurman et al. 2005). Table 8.6 shows the
molecular formula and exact masses for some OPs.
The criteria for the mass determination is that the deviation from the measured masses should not exceed 5 ppm;
meaning that the narrower the width of the mass peak, the
more exact the measured mass. The main drawback for TOF
measurements is that the sensibility of the TOF equipment is
enough for screening purposes but only the new instruments
are capable of performing quantitative determination at the
lowest MRLs.
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Table 8.5

Table 8.7

Criteria for Compound Identification through Mass Spectrometry
Detection

Sensitivity of GC–(EI) MS and LC(ESI)MS toward OPs

Single MS
(Standard Mass
Resolution)

MS Mode

Single MS High
Mass
Resolution

MS/MS

Systems

Quadrupole, ion trap, TOF, Orbitrap,
QqQ, qtrap, and
and TOF
FTMS, and
QTOF
magnetic sector

Acquisition

Full scan, limited
mass range, and
SIM

Full scan,
Selected/
limited mass
multiple-reaction
range, and SIM monitoring

Requirements ≥3 dignostic ions
≥2 diagnostic
for
(preferably
ions
identifi
including
cation
quasi-molecular ion)

≥2 product ions

Source: SANCO document No/12571/2013.

Table 8.6
Molecular Formula and Exact Masses for Some OPs
Pesticide

Molecular Formula

Dimethoate
Diazinon
Malathion
Methidathion

C5H12NO3PS2
C12H21N2O3PS
C10H19O6PS2
C6H11N2O4PS3

Exact Mass
230.0069
305.10832
331.04334
324.95108

8.16 Liquid Chromatography Coupled to MS/MS
LC-MS/MS equipment allows the selective detection and quantification of trace amounts of pesticides. The process of MS/MS in
the MRM mode yields different ions than those observed in simple EI (70 eV) ionization. The mass of the fragments observed
depends on the energy of the collision gas in Q2.
Pesticides
Omethoathe
Dimethoate
Methamidophos
Acephate
Fenthion
Malathion
Azinphos methyl
Diazinon
Chlorpyrifos
Parathion methyl
Ethion
Pirimiphos methyl

[M+H]+
[M+H]+
[M+H]+
[M+H]+
[M+H]+
[M+H]+
[M+H]+
[M+H]+
[M+H]+
[M+H]+
[M+H]+/[M+NH4]+
[M+H]+

Precursor Ion

Fragment Ion

214
230
142
184
279
331
318
305
352
264
385/402
306

109, 125, 183
125, 199, 171
125, 94, 112
125, 143, 113
169, 247, 205
127, 99, 285
132, 160, 125
169, 97, 153
200, 97, 198
125, 232, 79
199/385,199
108, 164, 67

The boost in pesticide residue analysis has been triggered by the
possibility of performing MS/MS experiments, as already mentioned. Methods describing the simultaneous determination of up
to 600 pesticides belonging to all families and classes have been
described. OPs are GC-amenable compounds as described previously that can also be analyzed through LC. Inspection on the
reports of the European proficiency tests of pesticide residues on
fruits and vegetables showed that OP analysis has not completely

Pesticide
Acephate
Azinphos methyl
Bromophos methyl
Chlorfenvinphos
Chlorpirifos
Chlorpirifos methyl
Coumaphos
Diazinon
Dimethoate
Ethion
Fenchlorphos
Fenitrothion
Fenthion
Malaoxon
Malathion
Metamidophos
Methidathion
Omethoate
Parathion ethyl
Parathion methyl
Parathion ethyl
Phenamiphos
Pirimiphos methyl
Propetamphos
Pyriproxyfen
Tetradifon

GC (EI)

LC (ESI+)

+
+
+++
+++
+++
+++
+++
++++
+++
+++
+++
+++
++
+++
+++
+
++
+
+++
+++
+++
+
+++
+++
+++
++

+++
++++
+++
+++
++++
+++
++
++++
++++
++++
++++
++
++
+++
+++
++++
++++
++++
+++
++
++
++++
+
++++
++++
++++

moved toward LC. Some OPs do not have good sensibility in LC,
particularly those bearing a very electronegative Y group (Figure
8.1) such as parathion methyl or pirimiphos ethyl. On the other
hand, polar compounds such as metamidophos, acephate, and
azinphos methyl are preferably analyzed by LC(ESI) MS/MS.
Table 8.7 shows a qualitative classification of the sensitivity of
LC and GC toward OP compounds.

8.17 Conclusions
OPs are still a very important class of pesticides, widely employed
for crop and animal protection. Their toxicity slowly forces regulatory authorities to ban some pesticides all around the world
such as diazinon in the United States (Shah and Iqbal 2010).
Nevertheless, laboratories of pesticide residues seeking food
safety must have these compounds within their scope as there
are huge reserves of these compounds and, as it happened with
the OC pesticides of which there are still tons stored, it could be
foreseen that their use will continue for years, banned or not. The
new concepts of sample miniaturization and the aim to determine a wide scope of analytes in a single run (using very sensitive mass-spectrometry based methods) has drifted the interest
from pesticide residue-class analysis to multiresidue methods.
In these multiresidue protocols, OP residues determination is of
paramount importance to protect public health.
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9.1 Introduction
Fungicides are either chemicals or biological agents that inhibit
the growth of fungi or fungal spores. Fungicides are used both in
agriculture and to fight fungal infections in animals. Contact fungicides are not taken up into the plant tissue, and only protect the
plant where the spray is deposited; systemic fungicides redistribute the fungicide from the upper, sprayed leaf surface to the lower,
unsprayed surface; and systemic fungicides are taken up and
redistributed through the xylem vessels to the upper parts of the
plant. Fungicide residues are frequently found in food destined for
human consumption, mostly from postharvest treatments (Brooks
and Roberts 1999), some of which are dangerous to health, such as
vinclozolin, which has now been removed from use (Hrelia 1996).

9.2 Classification of Fungicides
Different authors have differing classification systems according to the chemical structure, which somewhat complicates and

confuses both the presentation and the discussion of fungicides
(Table 9.1). Several classification systems based on structure
appear more of a web organization than a rationalized listing.
In addition to classification by chemical–structural grouping,
fungicides can be categorized agriculturally and horticulturally
according to the mode of application (use). According to the origin of fungicides, we can classify them into two major groups of
fungicides:
a. Chemically based fungicides: Synthesized from
organic and inorganic chemicals, most of the fungicides that are sold throughout the world are chemically
based. They can be recognized according to similarities in three groups: (i) chemical structure, (ii) topical
activity, and (iii) mode of action.
b. Biologically based fungicides (biofungicides):
Biofungicides are microorganisms (microbial pesticides) and naturally occurring substances that control
diseases (biochemical pesticides) that are approved
for organic production. Biofungicides are widely
201
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Table 9.1
Fungicides Classification According to Their Chemical Structure
Nature

Fungicide Class

Inorganic
Organic

—
Dithiocarbamates
Phthalimides
Dinitro compounds
Organomercurials
Organo-tin
compounds
Oxathiins
(carboxamides)
Strobilurin

Others

Eradicant
fungicides
(chemothera
peutants)

Antibiotics

Morpholines
Formylamino
compounds
Others

Example
Bordeaux mixture, copper
oxychloride, and sulfur
Mancozeb, metiram, propineb,
thiram, and zineb
Captafol, captan, and folpet
Binapacryl
Phenyl mercury (acetate and
chloride)
Fentin (acetate and hydroxide)
Carboxin and oxycarboxin
Azoxystrobin, picoxystrobin,
kresoxim methyl, famoxadone,
pyraclostrobin, and
trifloxystrobin
Chinomethionate,
chlorothalonil, dichlofluanid,
dichlone, dicloran, dodine, and
dyrene, glyodin
Blasticidin, cyclohexamide,
kasugamycin, and
streptomycin
Dodemorph, tridemorph
chloraniformethan, and triforine
Ethirimol, carboxin dioxide,
benomyl, tiabendazole, and
thiophanate methyl

used by organic vegetable growers to control selected
foliar and soilborne diseases of vegetable crops.
Biofungicides can be applied as a stand-alone treatment to control a target disease, provided the application is made before the disease starts (Francis and
Keinath 2010).

infection process. Once the fungus begins to produce spores on
an infected plant, the triazoles are not effective. Although the
triazoles do not have the degree of systemic movement of many
herbicides, they are xylem mobile. They are readily taken up by
leaves and move within the leaf. The triazoles are very specific
in their mode of action—they inhibit the biosynthesis of sterol,
a critical component for the integrity of fungal cell membranes.
Since their site of action is very specific, there are resistance
concerns (Fishel 2005).

9.2.1.2 Benzimidazole Fungicides
Benzimidazole fungicides are the largest chemical family that
has an imidazole ring containing both acidic and basic nitrogen
atoms. They are used for the prevention and treatment of parasitic infections in agriculture and aquaculture and are efficient
at low doses as well as they inhibit the development of a wide
variety of fungi. Some benzimidazoles have also found applications as pre- or postharvest fungicides for the control of a wide
range of pathogens. They are either applied directly to the soil,
or sprayed over crop fields (Wu et al. 2009). They are nitrogen
heterocyclic compounds, with parent structures of thiabendazole
(TBZ) and/or benzimidazole. Included in this overall group are
benomyl, TBZ, thiophanate, thiophanate methyl, mebendazole,
carbedazim, and fuberidazole. Benomyl, carbendazim, thiophanate, and thiophanate methyl are sometimes referred to (and
classified) as benzimidazole carbamates. Many of these fungicides inhibit mitochondrial fumarate reductase, reduce glucose
transport, and uncouple oxidative phosphorylation. Inhibition of
microtubule polymerization by binding to α-tubulin is a primary
action, and the specific high-affinity binding to host α-tubulin
occurs at significantly lower concentrations than mammalian
protein binding (Phillips 2001).

9.2.1.3 Carbamic Acid Derivates
The carbamic acid class of fungicides includes dithiocarbamates
(DTCs) and ethylenebis dithiocarbamates (EBDC) compounds.

9.2.1.3.1 DTC Fungicides
9.2.1 Characteristics of Fungicides
9.2.1.1 Azole Compounds
Azole fungicides show a broad antifungal activity and are
either used to prevent or cure fungal infections (Zarn et al.
2003). Azoles are directly applied on the crops and also as
seed protection agents. Their antifungal activity is both topical and systemic. According to their chemical structure, azoles
are grouped either into the class of imidazoles (imazalil and
prochloraz) or into the class of triazoles (bitertanol, cyproconazole, epoxiconazole, flusilazole, hexaconazole, myclobutanil,
penconazole, difenoconazole, fenbuconazole, propiconazole,
tebuconazole, tetraconazole, triadimefon, triadimenol, and triticonazole), depending on the number of nitrogen atoms in the
five-membered ring. They are applied as foliar sprays and seed
treatments, but are diverse in use, as they may be applied as
protectant or curative treatments. If applied as a curative treatment, triazole applications must be made early in the fungal

Introduced 40–70 years ago, DTC fungicides still represent an
important class widely used in agriculture. They are characterized by a broad spectrum of activity against various plant pathogens, low acute mammal toxicity, and low production costs. In
combination with modern systemic fungicides, they are also
used to manage resistances and to broaden the spectrum of activity. DTCs include ferbam, mancozeb, maneb, nabam, thiram,
propineb, metiram, zineb, and ziram (Crnogorac and Schwack
2009). DTCs are nonsystemic fungicides, the residues of which
mostly remain on the surface of the sprayed crop. DTCs can
be categorized into three subclasses depending on their carbon
skeleton (i.e., dimethyldithiocarbamates [DMDs], EBDCs, and
propylenebis dithiocarbamates [PBDCs]). They are mainly complexed with transition metals (e.g., manganese or zinc). Thiram
is the most clearly defined DMD (thiuramdisulfide), whereas
metiram refers to an unspecified mixture of polythiuram disulfides and zinc ammoniate bis(dithiocarbamate) (Crnogorac and
Schwack 2009).
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9.2.1.4 Strobilurin Fungicides
Over the last 20 years, the standards of disease control have been
further improved by the development of the strobilurins (Bartlett
et al. 2002). The first strobilurin fungicides to reach the market were azoxystrobin and kresoxim-methyl; the development of
similar compounds soon followed. Collectively, they are called
the quinone outside inhibitor (QoI) group, a term derived from
their mode of action in binding at the Qo site of cytochrome
b. Several products resulting from these development efforts
are now commercially available. Currently, based on structural similarities, eight chemical groups of Qo inhibitors can
be distinguished, representing 15 QoI-active ingredients. They
are methoxyacrylates (azoxystrobin, picoxystrobin, enestrobin,
and pyraoxystrobin), oximinoacetates (kresoxim methyl and
trifloxystrobin), oxazolidinediones (famoxadone), oximinoacetamides (metominostrobin, dimoxystrobin, and oryastrobin),
imidazolinones (fenamidone), methoxycarbamates (pyraclostrobin, pyrmetostrobin), dihydrodioxazines (fluoxastrobin), and
benzylcarbamates (pyribencarb).

(Osweiler et al. 1985). Folpet is used on fruits, vegetables, and
ornamental plants. It is also used in paints and plastics for fungal
control (Osweiler et al. 1985).

9.2.1.9 Piperazine Fungicides
Triforine: Triforine is a piperazine derivative used as a systemic
fungicide with protectant, eradicant, and curative characteristics.
It is used for the control of powdery mildew, rusts, black rot,
and scab on cereals, fruit, ornamentals, and vegetables (Royal
Society of Chemistry 1983; Worthing 1983). Triforine is also
active against storage diseases of fruit and suppresses red spider mite activity (Worthing 1983). Because of its low hazard
to beneficial insects, triforine may be used in Integrated Pest
Management (IPM) programs. Triforine comes in emulsifiable
concentrates, liquid seed treatments, and wettable powder formulations. Triforine is miscible with common insecticides and
herbicides in the recommended manner of use (Royal Society of
Chemistry 1983).

9.2.1.5 Oxazole Compounds

9.3 Physicochemical Properties

Hymexazol, drazoxolon, dichlozoline, vinclozolin, chlozolinate,
oxadixyl, and famoxadone are included in the group of oxazoles.
Cereals are frequently fumigated with oxazole fungicides and residues may be accumulated in derived products, such as malt beverages (both alcoholic and nonalcoholic-fermented beverages), in
which the primary ingredient is barley (Viñas et al. 2008b).

Fungicides constitute an important group of pesticides used for
pre- and postharvest protection of cereals, fruit, and vegetables
from fungal diseases. This group includes different chemical
families such as acylalanine, anilinopyrimidine, azole, benzimidazole, dithio- and bisdithiocarbamates, cyanopyrrole, dicarboximide, morpholine, n-trihalomethylthio, organophosphorus,
pyrimidine, and pyrimidinyl carbinol. The main physical–chemical properties of these compounds are presented in Table 9.2.
A wide variation of physicochemical properties, according to the
different chemical structures of fungicides, can be observed; for
example, water solubility varies from high values corresponding to very soluble compounds such as propamocarb (867 g/L) to
the very low values of practically insoluble compounds such as
ziram (0.03 mg/L).

9.2.1.6 Organophosphorus Fungicides
Organophosphorus fungicides were introduced in the mid- to the
late 1960s to prevent or minimize crop losses caused by phytopathogenic fungi. Although more than 100 organophosphorus
compounds have fungicide action, relatively few (ampropylfos,
ditalimfos, edifenfos, fosetyl aluminum, hexylthiofos, iprobenfos, phosdiphen, pyrazophos, tolclofos-methyl, and triamiphos)
are of practical use (Nagaraju et al. 2013).

9.4 Fungicide Residue Analysis

9.2.1.7 Halogenated Substituted
Monocyclic Aromatics
Major fungicides in this group include chlorothalonil, tecnazine,
chloroneb, dichloran, hexachlorobenzene, quintozene, and pentachlorophenol. Many of these are, or metabolized to, uncouplers
of oxidative phosphorylation. This can lead to excessive heat production, hyperpyrexia, liver damage, and corneal opacities.

9.2.1.8 Phthalimides (Chloroalkylthiodicarboximides)
This class of chemicals contains broad-spectrum fungicides
such as captan, captafol, and folpet. They are usually nontoxic to
mammals (Gupta and Aggarwal 2007). Captan is a chloroalkylthio fungicide that belongs to the dicarboximide chemical family. Captan is used on a variety of crops as postharvest fruit dips
and seed treatment. It is also used for indoor nonfood uses and
ornamental sites. Captafol is used on fruits, vegetables, cereals,
and as a seed protectant. It is also used as a wood preservative

A large amount of efforts has been invested in the past few
decades to develop and validate analytical methodologies to
quantify different groups of fungicide compounds and their
metabolites in food samples at concentration levels below the
legislated maximum residue limits (MRLs). Methods for analyzing fungicide residues have been studied extensively. Various
procedures of extraction and cleanup of individual fungicides
or chemical classes of fungicides are described in literature.
Analytical methodologies employed in the determination of pesticide residues in foodstuffs must be capable of quantifying very
low levels of incurred residues and confirming the identity and
magnitude of these residues.
Residue analysis methods should be extensively validated
and should provide low detection limits and the best available
precision and accuracy. At the same time, they must be simple
and rapid, providing quick analysis of complex commodities to
prevent distribution of harmful products. The methods used to
analyze fungicides and their residues are similar to those used
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Table 9.2
Physicochemical Properties of Fungicides
Fungicide Class

Molecular Formula

Water Solubility

Vapor Pressure (mPa)

Azole
Bitertanol
Hexaconazole
Imazalil
Myclobutanil
Penconazole
Prochloraz
Propiconazole
Tebuconazole
Tertraconazole

C20H23N3O2
C14H17Cl2N3O
C14H14CL2N2O
C15H17 Cl N4
C13H15CL2N3
C15H16CL3N3O2
C15H17Cl2N3O2
C16H22CLN3O
C13H11Cl2F4N3O

2.9 mg/L (20°C)
130 mg/L (20°C)
17 mg/L (20°C)
15 mg/L (20°C)
443 mg/L (25°C
73 mg/L (20°C)
34.4 mg/L(25°C)
125 mg/L (25°C)
32 mg/L (20°C)

0.22 × 10−6 (20°C)
7.1 × 10−6 (20°C)
0.01 (20°C)
13 × 10−3 (20°C)
0.648 (23°C)
0.21 (20°C)
0.15 (25°C)
0.09 (20°C)
1.3 × 10−3 (20°C)

Benzimidazole
Benomyl
Carbendazim
Thiabendazole

C14H18N4O3
C9H9N3O2
C10H7N3S

4 mg/L (25°C)
29 mg/L (24°C)
10 g/L (25°C)

<4.9 × 10−3 (25°C)
0.15 (25°C)
—

Dithiocarbamate
Diethofenocarb
Mancozeb
Maneb
Metiram
Nabam
Propamocarb
Thiram
Zineb
Ziram

C14H22NO4
(C4H6MnN2S4)x–(Zn)3
C4H6MnN2S4
C16H33N11S16Zn3
C4H6N2Na2S4
C9H21CLN2O2
C6H12N2S4
C4H6N2S4Zn
C6H12N2S4Zn

26.6 mg/L (20°C)
6–20 mg/L
6 mg/L
—
200 g/L
867 g/L
18 mg/L
10 mg/L
0.03 mg/L (20°C)

8.4 (20°C)
—
—
<0.01 (20°C)
—
0.8 (25°C)
2.3 × 10−6 (25°C)
<0.01 (20°C)
<1 µPa

Acylalanine
Metalaxyl

C15H21NO4

8.4 g/L (22°C)

0.75 (25°C)

Anilinopyrimidine
Cyprodinil
Pyrimethanil

C14H15N3
C12H13N3

13 g/L (20°C)
0.121 g/L (25°C)

0.51 (20°C)
2.2 (20°C)

Cyanopyrrole
Fludioxonil

C12H6F2N2O2

1.8 mg/L (20°C)

0.39 (25°C)

Dicarboximide
Iprodione
Procymidone
N-trihalomethylthio
Captan
Dichlofluanid

C13H13Cl2N3O3
C13H11Cl2NO2
C20H33NO
C9H8CL3NO2S
C9H11CL2FN2O2S2

13 mg/L (20°C)
4.5 mg/L (25°C)
4.3 mg/L (20°C)
3.3 mg/L (25°C)
1.3 mg/L (20°C)

5 × 10−4 Pa (25°C)
18 (25°C)
2.3 (20°C)
<1.3 (25°C)
0.021 (20°C)

Organophosphorous
Pyrazophos
Methyl tolclophos

C14H20Cl3O5PS
C9H11Cl2O3PS

4.2 mg/L (25°C)
1.10 mg/L (25°C)

0.22 (50°C)
57 (20°C)

Pyrimidine
Bupirimate

C13H24N4O3S

22 mg/L (25°C)

0.1 (25°C)

Pyrimidinyl carbinol
Fenarimol

C17H12Cl2N2O

13.7 mg/L (25°C)

0.065 (25°C)

Unclassified
Chlorothalonil
Dicloran
Ofurace
Oxadixyl

C8CL4N2
C6H4Cl2N2O2
C14H16ClNO3
C14H18N2O4

0.9 mg/L (25°C)
6.3 mg/L (20°C)
140 mg/L (21°C)
3.4 g/kg (25°C)

0.076 (25°C)
160 µPa (20°C)
<0.13 (20°C)
0.0033 (20°C)

Source: Tomlin, C., ed. 1994. The Pesticide Manual. British Crop Protection Council, Farnham, Surrey, UK and de
Linain, C. 1997. Farmacologia Vegetal. Ediciones Agrotecnicas SL, Madrid.
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for other pesticides. Gas chromatography (GC) is a classical
method, and currently, gas chromatography–mass spectrometry
(GC–MS) is often used and liquid chromatography (LC) is more
widely recommended for thermally and unstable labile compounds, usually in conjunction with ultraviolet (UV), diode array
(DAD) and fluorimetric detection, or with a mass spectrometry
(MS) system. Tables 9.3 and 9.4 outline a summary of the extraction procedures applied to determine fungicide residues in food.

9.4.1 Extraction
The determination of fungicide residues in food samples requires
the prior extraction of these compounds from the sample matrix.
Prior to extraction, samples received in the laboratory are usually subsampled to reduce their volume, chopped or ground, and
stored at −18°C. The individual steps of the analytical procedure,
extraction, cleanup, and derivatization, are chosen according to
the chemical structure of the compounds and the type of matrix.
Various techniques are used for the extraction of fungicides from
food. Overnight Soxhlet extraction was initially used but the
long extraction time and the amount of glassware needed have
reduced the utilization of this technique. The usual methods
for the extraction of a wide polarity range of fungicides from
a variety of food samples involve the disintegration of the samples with a high-speed homogenizer or mixer. Samples with low
moisture content, such as cereal grains, are previously ground
and extracted with an organic solvent or solvent mixture using
a blender.
Several solvents of different polarities have been used for
fungicide extraction from foods, such as methanol (Rodríguez
et al. 2001; Amer et al. 2007), ethanol (Campillo et al. 2010),
acetone (Li et al. 2006), ethyl acetate (Wang et al. 2007; Kurz
et al. 2008; Berrada et al. 2010; Latif et al. 2011; Xu et al. 2011;
Liang et al. 2012), and acetonitrile (González-Rodríguez et al.
2008; Hayama and Takada 2008; Shen et al. 2009; Paramasivam
and Chandrasekaran 2013; Xiaolong et al. 2013; Zhou et al.
2013). In addition, mixtures of these solvents are also used,
that is, ethyl acetate and cyclohexane (Christensen and Granby
2001; Zhang et al. 2013), cyclohexane–dichloromethane (Likas
and Tsiropoulos 2009), and a mixture of acetone, dichloromethane–petroleum ether, and ethyl acetate (Zamora et al. 2004a).
Acetone extraction is generally preferred since it is suitable for
nonpolar and polar fungicides and has low toxicity. Acetone
extraction is often followed by partition into dichloromethane.
After the extraction procedure, sample extracts are concentrated
by solvent evaporation, usually by vacuum rotary evaporation.
Although classical extraction procedures are still used in fungicide residue analysis, progress in the extraction techniques
has been made and several modern techniques are now in use.
These techniques include supercritical fluid extraction (SFE) and
matrix solid-phase dispersion (MSPD), which has the advantage
of performing the extraction and cleanup procedures in the same
step, using low volumes of organic solvent. An alternative technique is solid-phase microextraction (SPME), a solvent-free analytical procedure based on the use of a small-diameter fiber to
extract organic compounds from the matrix. This technique has
been employed in the extraction of azole fungicides from strawberry samples and it is applicable to polar and nonpolar analytes.
Recently, a modification of this technique using stir-bar sorptive

extraction (SBSE) has been employed for the extraction of dicarboximide fungicides in wine.
Several analytical methods for determining fungicides in
food commodities have been reported. These methods generally
involve liquid–liquid extraction (Li et al. 2006; Amer et al. 2007;
Chen et al. 2007; Shen et al. 2009), SPME (Bozena 2002; Abreu
et al. 2005; Hu et al. 2008; Bordagaray et al. 2013; Munitz et al.
2013), solid-phase extraction (SPE) (Blasco et al. 2004; GilbertLópez et al. 2007; González-Rodríguez et al. 2008; Likas and
Tsiropoulos 2009; Al-Ebaisat 2011; Rial-Otero et al. 2003),
microwave-assisted extraction (MAE) (Singh et al. 2007), MSPD
(Blasco et al. 2002, 2004; Michela and Buszewski 2004; Grujic
et al. 2005; Wang et al. 2007; Qi 2010; Ragubabu et al. 2012;
Tentu et al. 2012, 2013), and stir-bar microextraction (Viñas
et al. 2008a; Campillo et al. 2010). Wang et al. (2007) studied the
analysis of the carbamate pesticides (CPs) methiocarb, napropamide, fenoxycarb, and bupirimate in strawberry using SPME,
and carbendazim and TBZ in apples (Hu et al. 2008). Grape,
strawberry, tomato, and ketchup samples for residues of the strobilurin fungicides pyrimethanil and kresoxim methyl were analyzed using headspace solid-phase microextraction (HS-SPME)
(Navalon et al. 2002). Lagunas-Allué et al. (2012) developed
MAE for the simultaneous extraction of eight pesticides, vinclozolin, dichlofluanid, penconazole, captan, quinoxyfen, fluquinconazole, boscalid, and pyraclostrobin, in grapes. A novel
method, ultrasound-assisted surfactant-enhanced emulsification
microextraction with solidification of floating organic droplet
(UASEME-SFOD), has been developed for the extraction of four
strobilurin fungicides (Liang et al. 2013).

9.4.2 Cleanup
The determination of pesticides at residue levels generally
requires a prior cleanup of sample extracts. The goal of cleanup
is to remove as much interfering coextracted material and as
little analyte as possible. Several cleanup methods have been
developed for the determination of fungicides in food, involving
various basic procedures, such as liquid–liquid partition (Amer
et al. 2007; Shen et al. 2009) or column chromatography (Blasco
et al. 2002, 2004; Amer et al. 2007). The cleanup of food extracts
depends on the polarity of the fungicides as well as on the matrix
components. Usually, columns packed with Florisil (Bozena
2002; Qi 2010; Liang et al. 2012; Ragubabu et al. 2012; Tentu
et al. 2013), or dispersive SPE cleanup (Xu et al. 2011; Angioni
et al. 2012; JianJun et al. 2013; Malhat 2013; Paramasivam and
Chandrasekaran 2013; Zhang et al. 2013; Zhou et al. 2013), can
be used to remove interfering compounds.
SPE cartridges containing normal- or reversed-phase and
ion-exchange supports are used in the cleanup of extracts from
plant material (Rodríguez et al. 2001; Abreu et al. 2005; Li
et al. 2006; Gilbert-López et al. 2007; Likas and Tsiropoulos
2009; Al-Ebaisat 2011), reducing the volume of the elution solvent. Gel permeation chromatography (GPC), a particular type
of size-exclusion technique, has been used for the cleanup of
complex matrices with high lipid content (Sannino et al. 1999;
Christensen and Granby 2001; Hai-Bo et al. 2008). The separation is performed by using polystyrene-type gel, and the elution of fungicides is carried out with solvent mixtures, such
as cyclohexane–ethylacetate (1:1, v/v), which has proved to be
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Table 9.3
Methods for Determination of Fungicide Residues
Fungicides
Triazole
Diniconazole, flusilazole,
fluquinconazole, myclobutanil,
tebuconazole, and tetraconazole
Triadimenol, triadimefon,
cyproconazole, myclobutanil,
tebuconazole, fenbuconazole,
hexaconazole, propiconazole, and
difenoconazole
Tetraconazole, tebuconazole,
hexaconazole, and
difenoconazole
Tricyclazole, hexaconazole, and
difenoconazole
Tetraconazole, tebuconazole,
hexaconazole, and
difenoconazole
Epoxiconazole stereoisomers

12-Azole fungicide

Tetraconazole and diniconazole

22 Azole compounds

Benzimidazoles
Carbendazim and TBZ

Extraction Method
Solid-phase
microextraction
QuEChERS method

LOD/LOQ

References

—

Bordagaray et al.
(2013)

Grape and
apple

0.01 mg/kg

Khalil and Huat
(2012)

High-performance liquid
chromatographic-UV detection
(HPLC-UV)
Matrix solid-phase
High-performance liquid
dispersion
chromatographic-UV detection
(HPLC-UV)
Matrix solid-phase
High-performance liquid
dispersion
chromatographic-UV detection
(HPLC-UV)
Extraction with
Liquid chromatography coupled
ethylacetate and cleanup with triple-quadrupole mass
by Florisil cartridge
spectrometry (LC–MS/MS)
Liquid–liquid partitioning Gas chromatography-negative
(LLP) followed by
chemical ionization mass
disperse solid-phase
spectrometry (GC-NCI/MS)
extraction (DSPE)
Extraction with methanol, Gas chromatography–electron
partition with methylene capture detector (GC-ECD)
chloride, and column
cleanup with
Hyflosupercel
Solvent extraction and
Liquid chromatography/tandem
cleanup by C18 SPE,
mass spectrometry (LC/MS/MS)
mixed-mode cationic
SPE, and mixed-mode
anionic SPE columns

Grapes

0.03 µg/mL

Ragubabu et al.
(2012)

Mango

0.03 µg/mL

Tentu et al.
(2012)

Papaya

0.03 µg/mL

Tentu et al.
(2012)

Grape

0.025 mg/kg

Liang et al.
(2012)

Beans and
corn

8 μg/kg

Shen et al. (2009)

Solid-phase
microextraction

Matrix solid-phase
dispersion

Tomatoes and 0.001 mg/kg
green beans

Amer et al.
(2007)

Apple,
Apple:
peaches, and 2–22 ppb
flour
Peaches:
2–28 ppb
Flour: 0.7–32 ppb

Schermerhorn
et al. (2005)

High-performance liquid
chromatography– fluorescence
detection
HPLC–variable wavelength
detector (VWD)
Liquid chromatography–tandem
mass spectrometry, with
electrospray ionization
(LC–ESI-MS/MS)

Apples

Hu et al. (2008)

Disparity organic
solvents extraction and
cleaned up by GPC

Gas chromatography–mass
spectrometry–selective
ions-monitoring mode
(GC–MS–SIM)

Stir-bar microextraction

Fruits,
LOD: 0.002–
vegetables,
0.015 mg/kg
beverages,
cereals, nuts,
meats, egg,
and milk
Fruits
LOD:
0.3–2 ng/g

High-performance liquid
chromatography–diode array
detection
GC with electron capture (EC),
Wheat, apple,
nitrogen/phosphorus (NP), and
and grapes
mass spectrometric (MS) detection

Solid phase extraction

Carbendazim

Matrix solid-phase
dispersion

Azoxystrobin, kresoxim methyl,
and trifloxystrobin

High-performance liquid
chromatography–diode array
detector
Liquid chromatography/
atmospheric pressure chemical
ionization mass spectrometry
(LC/APCI-MS)

Matrix

Fruits and
vegetables

Carbendazim and benomyl

Strobilurin fungicides
Azoxystrobin, dimoxystrobin,
fluacrypyrim, fluoxastrobin,
kresoxim-methyl Z and
metominostrobin, orysastrobin,
picoxystrobin, pyraclostrobin,
and trifloxystrobin
7 Strobilurin fungicide

Instrument Used

Extraction with ethyl
acetate/cyclohexane,
cleanup by GPC

Tomato puree

LOD:
0.005 and
0.003 mg/kg
—

Fruit juices

0.1 ng/mL

Al-Ebaisat
(2011)
Grujic et al.
(2005)

Hai-Bo et al.
(2008)

Campillo et al.
(2010)

LOD:
Christensen and
0.004–0.014 mg/kg Granby (2001)
(Continued)
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Table 9.3 (Continued)
Methods for Determination of Fungicide Residues
Fungicides

Extraction Method

Picoxystrobin, kresoxim methyl,
and trifloxystrobin
Azoxystrobin, picoxystrobin,
pyraclostrobin, and
trifloxystrobin
Azoxystrobin, picoxystrobin,
pyraclostrobin, and
trifloxystrobin
Azoxystrobin, trifloxystrobin, and
picoxystrobin

QuEChERS

Azoxystrobin, metominostrobin,
kresoxim-methyl, trifloxystrobin,
picoxystrobin, dimoxystrobin,
and pyraclostrobin

Ultrasound-assisted
emulsification and
single-drop liquid–
liquid micro extraction

Oxazole fungicides
Hymexazol, drazoxolon,
vinclozolin, chlozolinate,
oxadixyl, and famoxadone

Matrix solid-phase
dispersion
Matrix solid-phase
dispersion
Matrix solid-phase
dispersion

Instrument Used

Matrix

Gas chromatography–tandem mass Fruits and
spectrometry (GC–MS/MS)
vegetables
High-performance liquid
Grapes
chromatographic-UV detection
(HPLC-UV)
High-performance liquid
Tomatoes
chromatographic-UV detection
(HPLC-UV)
High-performance liquid
Mango
chromatographic-UV detection
(HPLC-UV)
Gas chromatography with mass
Fruits and
spectrometry in the selected
juice
ion-monitoring mode, GC–MS
(SIM)

LOD/LOQ
0.019 μg/kg
0.03 µg/mL

References
Zhang et al.
(2013)
Ragubabu et al.
(2012)

0.05 mg/L

Tentu et al.
(2012)

0.03 µg/mL

Tentu et al.
(2012)

—

Vinas et al.
(2010)

—

Vinas et al.
(2010)

Ultrasound-assisted
emulsification and
single-drop liquid–
liquid micro extraction
Extraction with acetone
and partition with DCM
and alumina column
cleanup
SBSE and membraneassisted solvent
extraction (MASE)
Liquid–liquid extraction
(LLE)

Gas chromatography with mass
spectrometry in the selected
ion-monitoring mode, GC–MS
(SIM)
High-performance liquid
chromatographic-UV detection
(HPLC-UV)

Fruits and
juice

Watermelon

LOD:
0.002 mg/kg

Liu et al. (2010)

Ultra-performance liquid
chromatography (UPLC)

Wines and
juices

LOD:
0.05–2.5 µg/L

Viñas et al.
(2008b)

GC with electron-capture
detection and gas
chromatography with mass
spectrometric detection
(GC–MS)

Grapes and
wines

LOD:
Abreu et al.
0.06 and 0.02 mg/L (2006)

Others
Fenamidone

QuEChERS

Gas chromatography–electron
capture detector (GC–ECD)

Gherkin

0.02 mg/kg

Metalaxyl

QuEChERS

High-performance liquid
chromatography–diode array
detection
Liquid chromatography–tandem
mass spectrometry

Tomato

0.04 mg/kg

Paramasivam and
Chandrasekaran
(2013)
Malhat (2013)

Vegetables
and fruits

LOD:
0.10–0.17 μg/kg

Chen et al.
(2013)

Liquid chromatography–tandem
mass spectrometry

Tomato puree, 4–100 μg/kg
peach nectar,
orange juice,
and canned
peas

Wang et al.
(2007)

Liquid chromatography with mass
spectrometry detection (LC/MS)

Fruits and
vegetables

Blasco et al.
(2002)

Famoxadone

Hymexazol, drazoxolon,
vinclozolin, chlozolinate,
oxadixyl, and famoxadone
Famoxadone

Amide fungicides: mepanipyrim,
Extraction with
silthiofam, boscalid, fluopicolide, acetonitrile and purified
mandipropamid, and
by Florisil SPE
cyflufenamid
19 Fungicides (chlorothalonil,
Matrix solid-phase
vinclozolin, dichlofuanid,
dispersion
triadimefon, penconazole,
chlozolinate, captan, folpet,
procymidone, triadimenol,
hexaconazole, myclobutanil,
cyproconazole,
propiconazole, nuarimol,
captafol, iprodione, fenarimol,
and bitertanol)
Dichloran, flutriafol,
Matrix solid-phase
o-phenylphenol, prochloraz, and
dispersion
tolclofos methyl
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Table 9.4
Methods for Determination of DTC Fungicide Residues
DTC Fungicides

Extraction Method Used

Dazomet, disulfiram,
thiram, ETU, and PTU

Matrix solid-phase dispersion

Maneb and its metabolites
ETU, EU

Extracted with acetonitrile–
dichloromethane–chloroform
by mechanical shaking and
separated on a C-18
Extraction of samples used an
alkaline buffer consisting of
sodium hydrogen carbonate
and dl-penicillamine
Methylation followed by
dispersive SPE
Carbon disulfide

DMDs, EBDs, and PBDs

Mancozeb, maneb and
zineb
Ferbam, mancozeb, maneb,
etiram, nabam, propineb,
thiram, zineb, and ziram
ETU and PTU

Dithiocarbamate

Simple extraction

Thiram

Derivatization, solid–liquid
extraction, and solid-phase
purification
—

Mancozeb

Carbon disulfide

Ethylenethiourea

QuEChERS

DTCs (ziram, ferbam,
thiram, maneb, zineb,
nabam, metiram,
mancozeb, and propineb)
Mancozeb

—

Reaction of DTCs with Tin(II)
chloride in aqueous HCl

Instrument Used

Matrix

References

Liquid chromatography–atmospheric Avocados, cherries,
pressure chemical ionization–mass
lemons, nuts, oat,
spectrometry (LC–APCI–MS)
oranges, peaches, rice,
(positive-ion mode)
and tomatoes
LC with diode array ultraviolet
Tomato
absorbance (DAD UV)

Blasco et al. (2004)

Liquid chromatography/
electrospray ionization mass
spectrometry (LC/ESI–MS)
(negative-ion mode)
Liquid chromatography with tandem
mass spectrometry (LC/MS/MS)
Gas chromatography–mass
spectrometry–selective ionsmonitoring mode (GC–MS–SIM)
Ultra-high-performance liquid–
electrospray ionization–mass
spectrometry (UHPLC–ESI+–MS/
MS) (positive-ion mode)
High-performance liquid
chromatography–diode array
detection
Liquid chromatography coupled to
tandem mass spectrometry
(LC–MS/MS)
UV–Vis spectrophotometry

Fruits and vegetables

Crnogorac and Schwack
(2007)

Fruits and vegetables

Hayama and Takada
(2008)
Berrada et al. (2010)

High-performance liquid
chromatography–tandem mass
spectrometry (HPLC–MS/MS)
Liquid chromatography coupled to
tandem mass spectrometry
(LC–MS/MS)
Gas chromatography–mass
spectrometry

suitable for the cleanup of fungicides (Christensen and Granby
2001).

9.4.3 Derivatization
Derivatization is a step in the analytical procedure used sometimes to improve the chromatographic determination of fungicides. Volatile derivatives are usually obtained to allow the
determination of substances with high boiling points. Other
compounds cannot be analyzed by GC due to their thermal
instability. Such pesticides decompose in the injection port, producing several peaks in the chromatogram and these difficulties
can be overcome by using suitable derivatives. Derivatization is
also used in high-performance liquid chromatography (HPLC)
to improve the chromatographic behavior of some compounds or
to obtain derivatives with good detection response.
Benomyl in foods can be determined by gas–liquid chromatography (GLC) if adequate derivatives are obtained. Derivatization

Oranges, tangerines,
nectarines, peaches, and
khakis
Fruit and vegetables

Garcinuño et al. (2004)

Bonnechère et al. (2011)

Fruits and vegetables

LÓpez-Fernández et al.
(2012)

Eggplant, lettuce, and
strawberry

Peruga et al. (2012)

Gherkin
Potatoes and cucumbers

Paramasivam and
Chandrasekaran (2013)
Zhou et al. (2013)

Fruits and vegetables

Schmidt et al. (2013)

Fruits and vegetables

Mujawar et al. (2014)

with trifluoroacetic anhydride has been used after conversion of
benomyl into carbendazim. The methyl derivative of TBZ, prepared by the reaction with dimethylformamide dimethyl acetal
(DMF-DMA), is more sensitive than the parent compound in
the gas chromatographic determination using a flame ionization
detector (Tanaka and Fujimoto 1976). TBZ in fruits can be also
be analyzed by LC, after the reaction with p-nitrobenzyl bromide
for conversion into the p-nitrobenzyl derivative of TBZ (Tafuri
et al. 1980).
The direct determination of DTC and EBDC fungicides is very
difficult. EBDCs are generally polymers, do not have a finite
molecular weight, and are unstable. The DTC and EBDC fungicides were transformed into water-soluble salts, which were subsequently converted into the methyl esters and determined by LC
with UV detection (Gustafsson and Fahlgren 1983). This reaction
resulted in the conversion of DTCs into N,N-DMDs and in the
conversion of EBDC into N,N-EBDC (Gustafsson and Thomson
1991). Derivatization, SPE, solid-phase purification, and
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high-performance liquid chromatography–diode array detector
(HPLC–DAD) separation was developed for the determination of
DTC fungicides in fruits and vegetables (López-Fernández et al.
2012). Dimethyl sulfate was used as the methylation reagent, and
acetonitrile extracts obtained from partitioning with anhydrous
magnesium sulfate and sodium chloride were subjected to dispersive SPE with the primary–secondary amine (PSA) sorbent
(Hayama and Takada 2008) and an alkaline buffer consisting
of sodium hydrogen carbonate and dl-penicillamine was used
(Crnogorac and Schwack 2007). However, there is a clear trend
to improve extraction techniques minimizing waste of solvents,
avoiding as much as possible cleanup procedures, and shortening
the duration of analytical procedures.

9.4.4 QuEChERS Method
Quick easy cheap effective rugged and safe (QuEChERS)
method is an alternative technique developed by Anastassiades
et al. in 2003. QuEChERS method for pesticide residues analysis provides high-quality results in a fast, easy, and inexpensive
approach. The method uses a single-step solvent extraction (acetonitrile/ethyl acetate/buffer) while salting out water from the
sample by using anhydrous MgSO4 to induce liquid–liquid partitioning. For cleanup, a simple, inexpensive, and rapid technique
called dispersive SPE is conducted using a combination of PSA
sorbent to remove fatty acids among other components and anhydrous MgSO4 to reduce the remaining water in the extract. Then,
the extracts are concurrently analyzed by liquid and gas chromatography (LC and GC) combined with MS to determine a wide
range of pesticide residues. QuEChERS is of increasing interest
in the analysis of pesticide residues and it is applied in the determination of various classes of pesticides in food commodities
(Sahoo et al. 2011, 2013; Xu et al. 2011; Angioni et al. 2012; Dong
et al. 2012; Khalil and Huat 2012; JianJun et al. 2013; Malhat
2013; Paramasivam and Chandrasekaran 2013; Zhang et al.
2013; Zhou et al. 2013), and it has grown in popularity among
pesticide residue scientists owing to its inherent advantages such
as speed, low cost, and wide applicability.
QuEChERS has been successfully used for pesticides determination in samples of different origin. Thus, Dong et al. (2012)
developed QuEChERS method for the simultaneous determination of five novel pyrazole fungicides residues in cereals
(rice and wheat), vegetables (cucumber, tomato, and lettuce),
and fruits (apple and grape), while JianJun et al. (2013) determined 20 kinds of fungicide residues (tricyclazole, quintozene,
pyrimethanil, vinclozolin, chlorothalonil, triadimefon, penconazole, procymidone, triadimenol, paclobutrazol, isoprothiolane,
imazalil, fludioxonil, flusilazole, myclobutanil, trifloxystrobin,
propiconazol, prochloraz, fenbuconazole, and difenoconazole) in
vegetables and fruits. Zhang et al. (2013) developed QuEChERS
method for the analysis of three strobilurin fungicide residues
(picoxystrobin, kresoxim methyl, and trifloxystrobin) in fruits
and vegetables, while Angioni et al. (2012) developed and validated QuEChERS for the determination of famoxadone, fenamidone, fenhexamid and iprodione residues in greenhouse
tomatoes. Khalil and Huat (2012) determined residues of triadimenol, triadimefon, cyproconazole, myclobutanil, tebuconazole,
fenbuconazole, hexaconazole, propiconazole and difenoconazole
residues in fruits and vegetables by QuEChERS method. Zhu

et al. (2013) used QuEChERS method and was developed to
quantify the levels of ethylenethiourea (ETU) in potatoes and
cucumbers.

9.4.5 Fungicide Residue Detection
and Determination Methods
Initially, fungicides were analyzed by paper or thin-layer chromatography with spectrophotometric detection in the visible
or UV regions. Another technique used was the acid hydrolysis of DTCs to form carbon disulfide (CS2), which was then
determined by colorimetric methods (Berrada et al. 2010;
Paramasivam and Chandrasekaran 2013; Mujawar et al. 2014).
These classical methods, which are time consuming and in some
cases only semiquantitative, have been replaced by modern
chromatographic methods using GC or HPLC. Fungicides are
formed from a large variety of chemical structures and functional groups. This results in a complex classification, and the
high polarity and low volatility of some fungicide compounds
make their analysis difficult.

9.4.5.1 Gas Chromatography
Numerous analytical methods have been reported for quantitation
of fungicides in different matrices based on GC–electron capture
detector (Christensen and Granby 2001; Amer et al. 2007; Chen
et al. 2007; Kurz et al. 2008; Paramasivam and Chandrasekaran
2013), GC–nitrogen–phosphorus detector (Christensen and
Granby 2001; Li et al. 2006; Munitz et al. 2013). The different
detectors used in GC analysis of fungicide residues in foods are
shown in Table 9.4.
The mass spectrometer (MS) detector can provide information on the molecular structure of a compound at very low levels. It is a detector that can be operated in two modes, total-ion
scanning or selected-ion monitoring (SIM), both being modes
useful in food analysis. The use of this instrument in the SIM
mode makes the MS a highly sensitive and selective detector for
the determination of residues. Currently, the most widely used
technique for the confirmation of fungicide residues in foods is
MS with electron-impact ionization (EI). Various fungicides,
belonging to different groups, have been determined by GC with
MS (Christensen and Granby 2001; Abreu et al. 2006; GonzálezRodríguez et al. 2008; Hai-Bo et al. 2008; Shen et al. 2009;
Berrada et al. 2010; Vinas et al. 2010; Lagunas-Allué et al. 2012;
JianJun et al. 2013; Zhang et al. 2013; Mujawar et al. 2014).
Seven strobilurin and six oxazole fungicides were determined
in fruits and juices. Target compounds were preconcentrated
by two procedures: ultrasound-assisted emulsification liquid–
liquid microextraction and single-drop liquid–liquid microextraction. Analytes were separated by GC–MS used in the SIM
mode (Vinas et al. 2010). Pesticide residues in grapes were determined by MSPD combined with GC–MS–SIM mode. Target
compounds included in the measurements were vinclozolin,
dichlofluanid, penconazol, captan, quinoxyfen, fluquinconazol,
boscalid, and pyraclostrobin. The optimal MSDP method consisted of 0.5 g of grapes, 1.0 g of silica as the cleanup sorbent,
1.5 g of ODS as the bonded phase, and 10 mL of dichloromethane/ethyl acetate (1:1, v/v) as the eluting solvent. Recoveries were
over 80% except for captan (Lian et al. 2010).
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9.4.5.2 Liquid Chromatography
Although analysis of volatile fungicides is usually performed by
GC due to the low detection limits obtained, not all fungicides
are amenable to GC analysis. Among the analytical approaches,
LC is the preferred separation technique for the semivolatile,
nonvolatile, polar, or thermally labile fungicides. There are some
classes of pesticides for which HPLC is superior to GC such as
benzimidazole fungicides. In general, reversed-phase C18 or C8
columns and aqueous mobile phase (Viñas et al. 2008a, b; Likas
and Tsiropoulos 2009; Liang et al. 2012), and buffered water or
acetonitrile (Al-Ebaisa 2011; Tentu et al. 2012, 2013), are followed by UV adsorption, UV DAD, fluorescence, or mass spectrometric detection. Fungicides absorb in the UV region and UV
detection with a fixed or variable wavelength has been commonly
used in LC (Garcinuño et al. 2004; Michela and Buszewski 2004;
Likas and Tsiropoulos 2009; Jafari et al. 2012). DAD UV–visible
detection has the advantage, over conventional UV detection,
of providing UV spectra of fungicides, which may be of interest for the confirmation of residues. HPLC–DAD has been used
in the determination of triazole fungicide residues in fruits and
vegetables (Rial-Otero et al. 2003; Abreu et al. 2005; Campillo
et al. 2010; López-Fernández et al. 2012; Bordagaray et al. 2013;
Malhat 2013). Another technique, fluorescence detection (FD)
has been used for the determination of fungicides in vegetables
and fruits (Zamora et al. 2004b; Hu et al. 2008).
Nowadays, liquid chromatography coupled with mass spectrometry (LC–MS) is becoming one of the most powerful
techniques for the fungicide residue analysis of polar, ionic,
or low-volatility pesticides in food commodities (Blasco et al.
2002; Zamora et al. 2004a; Grujic et al. 2005; Crnogorac and
Schwack 2007; Gilbert-López et al. 2007; Wang et al. 2007;
Crnogorac et al. 2008; Hayama and Takada 2008; Bonnechère
et al. 2011; Liang et al. 2012; Peruga et al. 2012; Chen et al.
2013; Schmidt et al. 2013; Zhou et al. 2013). This technique is
very rapid, and highly selective and sensitive (parts per billion
level). Normally, the positive-ion mode is used and the ions
often produced are the protonated molecular ions. The liquid
chromatography−time-of-flight–mass spectrometry (LC–TOF–
MS) in the positive electrospray ionization mode was used to
quantify and confirm trace levels of postharvest fungicides (carbendazim, TBZ, imazalil, prochloraz, and iprodione) and two of
their transformation products (imazalil and prochloraz metabolites) in fruit juices (Gilbert-López et al. 2007). Fungicides (metalexyl-M, azoxystrobin myclobutanil, fusilazole, penconazole,
tebuconazole, propiconazole, diniconazole, and difenoconazole)
were determined in wine. Target compounds were purified
employing mixed-mode anion exchange and reversed-phase
SPE cartridges. Liquid chromatography–tandem mass spectrometry (LC–MS/MS) detection of analytes was performed
applying atmospheric pressure electrospray ionization (Chung
and Chan 2010).

9.5 Fungicide Residues in Foods
Fungicide residues in food are mainly determined in vegetables,
fruits, and fruit juices. A total of 23 fungicide residues were
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found in 75 green and leafy vegetables (Swiss chards, spinaches,
and lettuces) collected from Ourense (NW Spain) by spring 2007
and the highest concentration of procymidone (12 mg/kg) fungicide was found in lettuce (González-Rodríguez et al. 2008).
A total of 240 samples were analyzed—106 samples of fruit
(orange, apple, peach, pear, and grapefruit) and 134 samples of
vegetables (lettuce, tomato, cabbage, potato, onion, and leek). In
the analyzed samples, six different fungicides were found in the
range of 0.06–11.57 mg/kg (Knezevic and Serdar 2009). Parveen
et al. (2011) monitored the residues of metalaxyl, benomyl, and
TBZ in fruits and metalaxyl was found to exceed MRLs while
TBZ was found within the safe limit, while Latif et al. (2011)
reported that triadimefon residue was found only in two samples
of apple (114 μg/kg), which was below the MRL. The presence of
130 pesticide residues in Brassica vegetables (365 samples) produced in North-Eastern Poland (2006–2009) was determined by
Lozowicka et al. (2012) and out of 130 pesticides, 44 fungicide
residues were analyzed in vegetables (boscalid [0.01 mg/kg] in
three, and chlorothalonil [0.01 mg/kg] in two).
López-Fernández et al. (2012) determined DTC fungicide
residues in 150 samples (32 apples, 12 wine grapes, 32 lettuces,
32 peppers, 32 tomatoes, and 10 strawberries) from September
to November of 2010 in the four provinces of Galicia (NorthWestern Spain). Residues of DTCs were found in all the products analyzed with the exception of strawberries, being EBDCs
versus PBDCs, the main contributors to the total pesticide load.
Moreover, fungicide residues exceeding MRLs were identified
in 6% of the samples analyzed, specifically on lettuces and peppers. Jafari et al. (2012) analyzed 40 greenhouse and 40 nongreenhouse tomato samples for the presence of DTCs and none
of the samples analyzed contained excess of the MRLs established by the Codex Committee on Pesticide Residues, except
for one greenhouse sample, with EBDCs at 3.2 µg/g. CS2 from
DTCs was the single residue present in the samples of kakhi at
levels ranging from 0.03 to 0.12 mg/kg level in the eight samples
contaminated (33.3% of samples collected). CS2 from DTCs was
also the most frequent residue in oranges with four samples contaminated (80% of contaminated samples, 11.11% of samples
collected) at levels ranging from 0.013 to 0.08 mg/kg (Berrada
et al. 2010).

9.6 Conclusion
Fungicide residues are generally extracted from foods by blending or homogenizing the sample in the presence of an organic
solvent. Fungicides can be extracted with water-miscible organic
solvents such as acetonitrile, acetone, or methnol, or with waterimmiscible solvents such as ethyl acetate or dichloromethane.
Coextractives are removed from the filtered extract by liquid–
liquid partition and/or column chromatography. New modern QuEChERS techniques, which perform the extraction and
cleanup procedures in the same step and reduce the consumption of organic solvents, are also used. Fungicide residues in food
are generally determined by gas or LC with selective detectors.
These techniques provide a high degree of resolution and low
detection limits. MS is the technique of choice for the confirmation of the identity of fungicides.
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10.1.1 Physicochemical Properties

10.1 Introduction
The International Union of Pure and Applied Chemistry
(IUPAC) recommends that a pesticide may be defined as “a substance intended to kill pests: in common usage, any substance
used for controlling, preventing, or destroying animal, microbiological, or plant pests” [1, p. 2123]. Pesticides are grouped
according to their target organism; for example, rodenticides
control rodents, insecticides control insects, fungicides control
the growth of fungi, and herbicides control weeds. However, as
shown in Figure 10.1, herbicides are extensively used and constituted 40% and about 50% of the total pesticides consumed
globally and in the United States in 2007, respectively. Among
the 250,000 plant species in the world, only 0.1% is wearisome
enough to be termed weeds [2]. Weeds are a major economic
problem in crop production because they cause yield loss, reduction in crop quality, show allelopathy, and act as a host of pests
and diseases [2–4].

Herbicides are very diverse in chemical structure and have different physicochemical properties and mechanism of toxicities.
They can be classified according to time of application, method
of application, mode or site of action, and chemical structure as
shown in Figure 10.2 [5]. Herbicides in the same chemical class
usually have the same mode of action, but that is not a rule [6].
The chemical structures of herbicides usually influence their
physicochemical properties. For example, triazines have similar
physical and chemical properties as shown in Table 10.1. The
log KOW of atrazine is 2.7 and its pKa is 1.7 and simazine has
log KOW of 2.3 and pKa of 1.67. The herbicide residue amount in
food can be influenced by the rate of plant uptake, degradation,
volatility, water solubility, and persistence. These factors are
associated to the physicochemical properties of the herbicide [7].
In addition to affecting the herbicide residue amount in food, the
physicochemical properties of the herbicides also affect the sample preparation, detection, and quantitation in pesticide residue

World and U.S. amount of pesticide active ingredient used
by pesticide type, 2007 estimates
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Figure 10.1

Pesticide consumption in the world market and the United States during the year 2007.
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Figure 10.2 General structures of herbicides reviewed.

analysis [8]. Hence, the chemical classification of herbicides
according to the chemical class is of relevant in pesticide residue
analysis. Various sample preparation techniques typically followed by chromatographic analysis are commonly employed in
herbicide residue analysis in food.

10.1.2 Regulations
The widespread use of herbicides in weed control causes food
contamination. The occurrence of herbicides in food is an issue
of major concern since herbicides can be toxic to humans and
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Table 10.1
Physical Properties of Herbicides and MRLs in Food According to Different Legislations
Physical Properties

Alachlor
Metolachlor
Propachlor
Propanil
Bromoxynil
Dichlobenil
Diquat

269.77
283.79
211.69
218.08
276.9
172.01
184.24

240
530
580
95
90
21.2
718,000

Paraquat

186.25

620,000

Ethalfluralin
Pendimethalin
Trifluralin
Oxyfluorfen

333.30
281.31
335.28
361.72

0.01
0.33
0.221
0.116

5.11
5.2
5.25
4.86

Imidazolinones

Imazamethabenz
Imazapyr

288.3
261.28

—
9740

1.54
0.11

Organophosphorus

Glufosinate

198.2

—

Phenoxy acids

Glyphosate
2,4-D
Diclofop-methyl

169.1
221.04
341.19

10,500
23,180
0.39

Herbicide Group
Anilines

Benzonitriles
Bipyridylium

Dinitroanilines

Diphenyl ethers

Herbicide

Log KOW

MRLs (ppm)
pKa

Food Commodities

United States

3.09
3.05
2.18
2.29
1.04
2.74
−4.6

0.62
—
—
19.1
3.86
—
—

0.02–0.1
0.3
0.02–0.2
0.05–0.1
0.05–0.5
0.1–0.5
0.02–0.05

—
—
—
—
—
—
0.05–5.0

0.01–0.05
0.5
0.1–0.05
—
0.05
0.1–0.2
0.05–10.0

−4.5

—

Kidney beans and cattle meat
Vegetables
Cattle meat and corn grain
Cattle meat and poultry meat
Barley and cattle meat
Fruits
Vegetables, fruits, beans, cereal, and cattle
meat
Cereals, corn grain, fruits, vegetables, beans,
and cattle meat
Kidney beans
Vegetables, cereals, and dry beans
Cereals, vegetables, dry beans, and fruits
Fruits, vegetables, cattle meat, and poultry
meat
Barley grain
Cattle meat and corn grain

0.05–0.3

0.005–0.5

0.02

0.05
0.1
0.05
0.01–0.05

—
—
—
—

0.02
0.05–0.2
0.1–1.0
0.01–0.05

0.1
0.05

—
—

—
—

Fruits and cattle meat

0.05–0.3

0.05–0.2

0.1–0.5

Fruits, cereals, kidney beans, and vegetables
Grains, fruits, vegetables, and beef
Barley grain

0.2–30
0.05–2
0.1

0.05–30
0.01–0.2
—

0.1–20
0.05
0.05
(Continued)

−4.01

<−3.2
−0.83
4.6

—
2.8
—
—
2.9
pKa1 = 1.9
pKa2 = 3.6
pKa3 = 11
pKa1 < 2
pKa2 = 2.9
pKa3 = 9.8
2.34
2.87
—

Codex

EU
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Mr

Water Solubility
(mg/L)
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Physical Properties of Herbicides and MRLs in Food According to Different Legislations
Physical Properties
Herbicide Group

Pyridine

Thiocarbamates
and carbamates
Triazines
Triazoles and
triazinones
Triazolopyrimidine
sulfonanilides
Phenylureas
Sulfonylureas

Others

Herbicide

Water Solubility
(mg/L)

MRLs (ppm)

Log KOW

pKa

Fluazifop-P-butyl

383.36

0.93

4.5

—

Fenoxaprop-ethyl
MCPA
Quizalofop-ethyl

361.78
200.62
372.8

0.9
29,390
0.31

4.28
3.25
4.28

—
3.73
—

Fluroxypyr
Clopyralid
Picloram
Chlorpropham

367.24
192.0
241.46
123.66

6500
143,000
560
110

4.5
−2.63
−1.92
3.76

EPTC
Atrazine
Simazine
Metribuzin

189.3
215.68
201.66
214.29

370
35
5
1165

Sulfentrazone
Flumetsulam

387.19
325.29

780
5650

Diuron
Linuron
Chlorsulfuron
Halosulfuron-methyl
Metsulfuron-methyl
Primisulfuron-methyl
Prosulfuron
Rimsulfuron
Clomazone
Dicamba

233.09
249.09
357.77
434.81
381.36
468.34
419.38
431.44
239.7
221.04

35.6
63.8
12,500
10.2
2790
390
4000
7300
1102
250,000

Mr

Food Commodities

United States
0.01–50

2.94
2.01
2.3
—

Fruits, bananas, beans, carrots, and cattle
meat
Barley grains and cattle meat
Oat grain, barley grain, and cattle meat
Dry beans, cattle meat, poultry meat, and
barley grains
Fruits, kidney beans, and cattle meat
Vegetables, fruits, and bovine
Cereals, cattle, and poultry meat
Cattle meat

3.2
2.7
2.3
1.65

—
1.7
1.67
13.0

1
0.21
2.87
3.2
−0.99
−0.02
1.7
0.06
1.5
−1.46
2.54
2.21

Codex
—

EU
0.05–2.0

0.05
0.1–1.0
0.02–0.4

—
—
—

—
0.05–0.1
0.05–0.4

0.02–0.5
1.0–5.0
0.05–0.5
0.06

—
—
—
0.1

0.05–0.1
0.08–3.0
0.2
0.05

Vegetables and dry beans
Beef
Fruits and cereals
Cereals, poultry meat, cattle meat, and eggs

0.01–0.08
0.02
0.2–0.25
0.01–0.7

—
—
—
—

0.01
—
0.01–0.25
0.1

6.56
4.6

Fruits, vegetables, and corn grains
Kidney beans

0.15–0.2
0.05

—
—

—
—

—
—
3.4
3.44
3.75
5.1
3.76
4
—
1.87

Fruit, barley, and cattle meat
Cattle meat, hog meat, celery, and corn grain
Barley and bovine
Fruits and kidney beans
Whole grains and cattle meat
Corn grain, cattle, and poultry meat
Cereals
Fruits and corn grains
Cabbage
Barley, cattle meat, and bovine

0.1–1.0
0.1–0.5
0.1–0.3
0.05
0.1
0.02–0.1
0.02
0.01–0.1
0.1
0.25–6.0

—
—
—
—
—
—
—
—
—
0.03–7.0

0.05–0.5
0.05–0.1
0.01–0.1
0.01
0.05
—
0.02
0.05
0.01
0.5–7.0

Herbicide Residues

Table 10.1 (Continued)
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animals. Various international and national organizations,
which include the Codex Alimentarius Commission, European
Union (EU), and U.S. Environmental Protection Agency
(EPA) established maximum residual limits (MRLs) of herbicides in food, as shown in Table 10.1, to protect the public [7].
Determination of herbicide residues in food samples to satisfy
food safety regulations set by the Codex, EU, and the United
States is a very difficult task. This is because it is necessary to
extract the herbicides, which are usually at trace levels, from
the complex food matrix for subsequent detection and quantitation [9–11].

10.2 Sample Preparation
Determination of herbicide residues in food matrices involves
sample preparation and instrumental analysis. The goal of sample preparation is to isolate the analyte from the food matrix
and concentrate it with minimal matrix interferences [12– 14].
Isolation of the analyte, which is often found in trace levels,
is difficult due to the complexity of the food matrices [14–16].
Despite being time consuming, labor intensive, solvent intensive,
and expensive, sample preparation helps in ensuring that the
analysis is reproducible, robust, and accurate [12,15,17]. Sample
preparation has several steps that include sampling, homogenization, extraction, and cleanup.

10.2.1 Sample Extraction
The extraction efficiency of herbicides from food samples is
influenced by their polarity and the type of sample matrix
[18,19]. In general, the extraction procedure involves sample
homogenization, using a blender, homogenizer, or ultrasonic
bath, with an organic solvent [18]. Solvent selection in extraction is usually influenced by the nature of the analyte. The
most commonly used solvents in the extraction of herbicides
in food samples are acetone, ethyl acetate (EtOAc), acetonitrile
(MeCN), and methanol (MeOH) that provide a high recovery for most of the herbicides [20]. There are several sample
preparation techniques used in herbicide residue analysis due
to the wide differences in nature, structural classes, and physicochemical properties of the herbicides and also the variation
in complexity of the food matrices.

10.2.1.1 Solvent-Based Extraction Methods
Solvent-based extraction methods separate analytes according
to their difference in solubility in two immiscible solvents and
have been used in many studies to extract herbicides from potato
[21], cereal [22–27], soybean [28–32], olive oil [33–36], fruits
[37,38], and milk [39–43]. Extraction of solid food samples usually involves homogenization in a blender followed by shaking
with a polar solvent mixture on a mechanical shaker.
Solvent extraction is a classical method for sample preparation
that is the most widely used technique in herbicide residue analysis. The efficiency of solvent extraction is determined by the
solubility of the herbicide in the solvents, the amount of solvent
used in extraction, and the number of times the extraction is done
[44]. MeCN, EtOAc, and MeOH are often used for the extraction
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of polar herbicides. Among these solvents, MeCN is the most
widely used because it can extract both polar and nonpolar herbicides with minimal matrix coextractives. EtOAc is a mediumpolarity solvent and is effective for the extraction of food samples
with high-fat content. Herbicides with low polarity are usually
extracted with acetone, n-hexane, and dichloromethane.
Acids, buffers, or salts are often added to the extracting solvent to enhance the phase distribution of the herbicides [45].
Extraction of sulfonyl urea herbicides (SUHs), which are weak
acids, is often done in the basic solvents such as phosphate buffer
solution [22,46]. Kang et al. [22] used phosphate buffer solution
and showed that the average recovery of SUH in cereals increased
with an increase in pH. Amitrole also has a high polarity and was
extracted in apple using borate buffer (pH 9.5) and recoveries
of 94.17%–105.67% were observed [37]. However, other highly
polar herbicides can be effectively extracted at acidic conditions.
Acidic herbicides have very high polarity and readily dissolve in
the aqueous-phase solution. Acidification of the aqueous phase is
required to transfer the analyte into the organic phase. However,
acidification prior to extraction can result in an emulsification
phenomenon. Aramendia et al. [34] extracted bipyridylium herbicides, diquat, and paraquat in olive oil by refluxing at acidic pH
using n-hexane and heptafluorobutyric acid (HFBA) water solution. Hua et al. [29] showed that MeCN-acidified water extracted
phenoxy acid herbicides more efficiently from soybean matrix
than acetone, dichloromethane, or ether-acidified water.
Solvent extraction has several disadvantages in herbicide residue analysis. The technique is time consuming, labor intensive,
expensive, and uses large amounts of toxic solvents. These drawbacks have led to the exploitation of modern extraction techniques
such as solvent-based extraction (ultrasound-assisted extraction
[UAE], pressurized liquid extraction [PLE], microwave-assisted
extraction [MAE], and supercritical fluid extraction [SFE]), sorbent extraction (solid-phase extraction [SPE], solid-phase microextraction [SPME], and stir bar sorptive extraction [SBSE]), and
membrane extraction. Table 10.2 summarizes the characteristics,
advantages, and disadvantages of selected sample extraction
methods used in the analysis of herbicide residues in food.

10.2.1.2 Sorbent-Based Extraction Methods
Despite having high selectivity and extraction capacity, solventbased extraction methods use comparatively more solvents and
often require a cleanup and concentration step. This has led to
the use of sorbent-based extraction techniques in herbicide residue analysis. The basis of extraction of each of these methods
is shown in Table 10.2. Basically, extraction of the herbicides is
achieved by their sorption onto a solid sorbent and subsequent
elution by an organic solvent.
SPE has been used in the extraction of herbicides in maize
[47], bovine milk [39,48], soybean [30], corn, carrot, pea, and
potato [49–52]. It is also widely used as a cleanup method. There
are various adsorbents used for SPE and their selection is determined by the food matrix, herbicide of interest, and interferences
[18,53]. Examples of adsorbents used in SPE include Florisil
[21,54–60], graphitized carbon, C-18 [22,24,26,37,47,61,62],
graphitized carbon black (GCB) [28], and alumina. Florisil and
C-18 are the most commonly used adsorbents in herbicide residue analysis.
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Comparison of the Modern Extraction Techniques Used in Herbicide Residue Analysis in Food Matrices
Method

Principle of Operation

Optimization Factors

UAE

Ultrasonic vibrations release analytes
in the food sample

MAE

Microwave energy expedite isolation
of the herbicides in the food matrix

ASE

At high pressure, the solvents have a
low viscosity but high solvent
strength and diffusion coefficient
aiding in extraction

Temperature, solvent,
number of cycles,
pressure, and static time

SPE

Analytes are extracted by selective
retention on a solid phase and
subsequently eluted from the
sorbent by a solvent
Herbicides are extracted by
adsorption onto a magnetic stirring
rod coated with PDMS

Elution solvent flow rate,
solvent composition, and
the type of sorbent

SBSE

Time, temperature,
solvent, and amount of
sample
Solvent, extraction time,
and temperature

Solvent, stir bar
dimensions, stirring
speed, extraction time,
and the sorbent phase
Solvent, sorbents

MSPD

A solid phase disperses the food
matrix and the herbicide is extracted
by an eluting solvent

SPME

Extraction of the herbicides occurs
when the analyte in the food sample
establishes equilibrium with the
analyte on the solid phase
Use supercritical fluids that have low
viscosity, high solvent strength, and
high diffusion coefficient used for
extraction

Fiber coating, exposure
time, temperature, and
desorption time

Uses differences in partition
coefficients of the chemical species
from a food sample to the organic
solvent through a porous or
nonporous membrane

Solvent, membrane pore
size

SFE

ME

Pressure, temperature,
time, type and
percentage of modifiers,
and sample size

Advantages
• Several samples can be extracted at once
• Suitable for the extraction of thermally labile
herbicides
• High extraction efficiency
• Extraction can be automated
• Possibility of simultaneous extraction of
different samples
• Low solvent volume consumed
• Extraction time is short
• Extraction can be automated
• Shorter extraction time
• Consumes low solvent volume
• Extraction process is more efficient than
classical methods
• Relatively low cost, easy to carry out, rapid,
and can be automated
• Reduces solvent consumption
• Highly versatile
• High recoveries and higher sample
• Capacity
• Easy to automate
• High sensitivity, repeatable, and reproducible
• Low cost per analysis by combining sample
extraction and cleanup step
• Prevents emulsion formation
• Simultaneous performance of several analyses
• Rapid and less labor intensive
• Consumes low solvent volume
• Possible elimination of the use of the solvent
• Extracts are relatively clean and concentrated
• Relatively low cost
• Thermolabile compounds can be extracted
• Can be automated
• Small sample size, low solvent consumption,
and high selectivity
• Shortened extraction time
• Provides the high selectivity, cleanup, and
analyte enrichment
• High possibilities for automation
• Suitable for the extraction of thermolabile
herbicides and complex food matrices

Disadvantages

Reference

• An additional step for separating the herbicide after
sonication is required

[74, 67]

• Lack of selectivity of extraction
• Additional cleanup and concentration of the extract is
required
• Not suitable for thermolabile herbicides

[67, 53]

•
•
•
•

[67, 18]

•
•
•
•
•
•
•
•
•

High costs of the equipment
Low extraction selectivity
Sample cleanup is still required after the extraction
Not suitable for thermally labile herbicides at high
temperatures
Requires column preconditioning
Uses multiple solvents
Additional equipment, such as vacuum manifold and
vacuum pump is required
Lack of efficiency for the extraction of polar herbicides
Additional step is required for back extracting the
herbicide into a suitable solvent
The cost of instrumentation is relatively high
Limited analytical range in a single procedure
Not suitable for food samples with high lipids content
Recoveries of analytes are low at times

[45, 18]

[44]

[38]

• Difficult to obtain a broad analytical range in one
procedure
• Reproducibility and method optimization can be difficult
• Recoveries of herbicides are comparatively low
• High costs of the equipment
• Low extraction selectivity
• Relatively difficult to use compared to other extraction
methods

[53]

• Time consuming, low efficiency
• Poorly sensitive to solid contaminants that clog
membrane pores
• Requires membrane conditioning before it is used

[52]
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However, the adsorbents mentioned above are relatively less
selective; hence, more specific sorbents have been recently utilized such as immunosorbents and molecular-imprinted polymers
(MIPs). Immunosorbents use antibodies for molecular recognition and owe their selectivity to the antigen–antibody interactions
[63]. Degelmann et al. [64] extracted 16 SUHs from potato using
immunoaffinity extraction with polyclonal anti-sulfonylurea (SU)
antibodies immobilized on sol–gel glass as immunoaffinity supports (IASs). The recoveries they obtained were >75%.
MIPs have been used in the extraction of herbicides in soybean [30], carrot, corn, pea, potato [49–51], and maize [65] as SPE
adsorbents. MIPs are prepared using a template molecule, a functional monomer, and a cross-linker in a manner that mimics the
recognition mechanism used in immunoaffinity extraction [30].
The molecular imprinting creates specific recognition sites that
selectively rebind the template and its analogs [66]. She et al. [65]
extracted four SUHs from maize using chlorsulfuron-imprinted
polymer that was prepared using 2-(diethylamino)ethyl methacrylate (DEAMA) and trimethylolpropane trimethacrylate (TRIM)
as the functional monomer and the cross-linker, respectively.
They obtained mean recoveries in the range of 75%–110% and
the limits of detection (LOD) were 0.02–1.45 µg/kg, respectively.
Matrix solid-phase dispersion (MSPD) method involves sample
homogenization, food matrix disruption, sample extraction, fractionation, and cleanup using adsorbents and is widely used for pesticide multiresidue analysis in food [45,53]. The selectivity of MSPD
method depends on the combination of the adsorbent and solvent
used in the extraction [67]. The adsorbent selected for extraction
is determined by the polarity of the analyte and the possibility
of matrix interferences [45]. Although the most commonly used
adsorbents in MSPD method are Florisil and C-18, other adsorbents such as aminopropyl-bonded silica [60], C-8, diatomaceous
earth [38,68,69], and alumina have been used in the extraction of
herbicides in food matrices. Radišic et al. [68,69] extracted pesticides from a fruit juice and fruits using dichloromethane as the
eluent and diatomaceous earth as the dispersant. Dichloromethane
was chosen as the elution solvent after they demonstrated that
EtOAc and MeOH did not give satisfactory recoveries.
SPME methods with MIP and nonimprinted polymers have
been applied in the extraction of triazine and acetanilide herbicides in cereals, onions, and soybeans [32,70,71]. Djozan et al.
[70] developed an ametryn–MIP fiber for the extraction of eight
triazine herbicides from maize, onion, and rice samples. The
recoveries for thiomethyl triazine herbicides and chlorotriazine
herbicides were in the range of 91.6%–96.7% and 85.0%–90.8%,
respectively. This showed that ametryn–MIP fiber had a higher
affinity for thiomethyl herbicides than chlorotriazine herbicides.
SPME with metolachlor–MIP fiber was developed for the extraction of three acetanilide herbicides in soybean and corn [32].

10.2.2 Sample Cleanup
During sample extraction, impurities are usually coextracted
with the target analyte. These coextractants can damage or
foul the analytical column in chromatographic determinations.
Sample cleanup is carried out to effectively remove the coextractants and any other compound that may interfere with the
identification of the analyte. The choice of the cleanup method
depends on the food matrices, herbicides investigated, and most
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importantly, the selectivity and sensitivity of the method used to
detect the herbicides. Examples of cleanup techniques include
column chromatography, SPE, liquid–liquid extraction, and gel
permeation chromatography (GPC).

10.2.2.1 Column Adsorption Chromatography
Column adsorption chromatography is usually carried out in open
columns using a variety of adsorbents such as Florisil, alumina,
and acidified silica gel. Florisil is the most widely used column
packing for the elimination of coextractants [21,23,33,54,57–59].
However, open-column chromatography uses large amounts of
the elution solvent.

10.2.2.2 Solid-Phase Extraction
SPE cartridges, which use less elution solvent, have been exploited
in removing matrix interferents from the crude extract [8,72]. SPE
is the most commonly used sample cleanup procedure in herbicide residue analysis. Reversed-phase adsorbents such as C18 have
been widely used in the cleanup of food matrices [22,24,26,37,61].
Another adsorbent, GCB removes nonpolar and polar compounds
that have oxygen using ion-exchange, hydrophobic, and electronic
interactions [72]. Geng et al. [28] showed that GCB and C18 absorbents could efficiently eliminate pigments and other coextractants from soybean. Normal-phase adsorbents such as Florisil
have been used in cleaning up soybean [55] and wheat [56] and
alumina has been used for olives [73]. Bichon et al. [62] studied
the cleanup of 10 phenylurea herbicides (PUHs) using normalphase adsorbents (diol, acidic and basic alumina, cyanopropyl/
silica double phase [CN/SiOH], silica, and Florisil) and showed
that CN/SiOH was effective in removing lipophilic molecules.
Often, weak anion-exchange adsorbents such as primary–secondary amine (PSA), strong cation exchange (SCX), and strong anion
exchange (SAX) are used for highly polar herbicides. Imazaquin
has a wide range of pH where it exists in an ionic state. Guo et al.
[31] tested C18, PSA, SCX, and SAX as cleanup procedures in the
determination of imazaquin in soybeans and only SAX was efficient. PSA gave recoveries that were <60%, C18 had heavy interferences, and selection of the elution solvent was difficult for SCX
due to the amphoteric nature of the analyte.

10.2.2.3 Dispersive SPE
The QuEChERS (quick, easy, cheap, effective, rugged, and safe)
approach analytical method combines the microscale extraction
of pesticides from food samples using MeCN and the extract
cleanup using dispersive SPE [45,74]. Sample cleanup is achieved
with anhydrous MgSO4, PSA [75], GCB, and C18 adsorbents [76].
Residual water is usually removed using anhydrous MgSO4 [72].
Koesukwiwat et al. [77] tested various combinations of adsorbents (PSA, GCB, C18, and neutral alumina) for the cleanup of
MeCN extracts. PSA strongly retained the phenoxy acid herbicides and the acidic coextractants (polar organic acids, fatty
acids, and sugars), resulting in low recoveries but C18 gave better recoveries. A mixture of C18/GCB and C18/alumina neutral
gave better recoveries than single adsorbents. Niell et al. [78]
increased the recovery of acidic herbicides in rice by eliminating
the PSA cleanup.
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10.2.2.4 Gel Permeation Chromatography
GPC, also called size-exclusion chromatography, is an established technique for the extraction and/or cleanup of complex
food matrices [17]. Coextractants and the target analytes are separated based on their molecular size with large molecules eluted
from the gel first followed by small molecules. In the period
reviewed, GPC has been mainly used in pesticide multiresidue
analysis.

10.2.3 Derivatization
The molecular structure of the cleaned-up herbicides may not
be conducive for chromatographic detection; thus it requires
derivatization to enhance specificity and sensitivity to the available detectors. In gas chromatography (GC), a derivatization step
is included for herbicides that have poor thermal stability, low
volatility, high polarity, or poor organic solvent solubility [79].
However, in high-performance liquid chromatography (HPLC),
derivatization is carried out to introduce a chromophore or fluorophore on the molecular structure of the herbicides.

10.2.3.1 High-Performance Liquid Chromatography
Glyphosate has high polarity, low volatility, an amphoteric molecule, lacks chromophores or fluorophores, and high water
solubility [80]. These physicochemical properties resulted in
derivatization becoming more of a standard procedure used in
glyphosate residue analysis. Glyphosate is commonly determined
in food samples by precolumn derivatization using 9-fluorenylmethylchloroformate (FMOC-Cl) [81–84]. The FMOC-Cl derivatives are then detected using liquid chromatography (LC) coupled
with a fluorescence detector (FD). Other derivatization agents
that can be used to derivatize glyphosate and glufosinate include
trifluoroacetic anhydride (TFAA)/trifluoroethanol (TFE), chloroformates/diazomethane, and orthophthaldehyde (OPA)/mercaptoethanol [85]. 4-Chloro-3,5-dinitrobenzotrifluoride (CNBF) can
also be used to derivatize, under basic conditions, compounds with
an amino group, such as glufosinate to yield N-substituted-2,6dinitro-4-(trifluoromethyl)-benzamine derivatives [37,47]. These
derivatives are stable, have good ultraviolet (UV) absorption, and
unlike 9-fluorenylmethyl chloroformate, do not require removal
after derivatization [37]. Sun et al. [37] determined amitrole residues in apple using CNBF derivatization and obtained recoveries
that ranged from 94.17% to 105.67% and LOD of 0.10 mg/L.

10.2.3.2 Gas Chromatography
Herbicides that contain phenol and carboxyl moieties are usually derivatized using pentafluorobenzyl bromide (PFBB) and
then analyzed using gas chromatography with electron capture
detector (GC-ECD) [79]. Hua et al. [29] derivatized 13 phenoxy acid herbicides extracted from soybean using PFBB that
they analyzed by GC-ECD and obtained recoveries >70%.
Phenoxy acid herbicides can also be derivatized by methylation using trimethylanilinium hydroxide [86], diazomethane
[87,88], and trimethylsilyldiazomethane [87,89]. Hua et al. [29]
compared methylation and PFBB derivatization and found that
the latter had a response factor that was 600 times more. Shin

[90] compared the methylation efficiency of diazomethane and
acidic MeOH for derivatization of 2,4-D and 2,4,5-T extracted
from fish. Compared to diazomethane, derivatization by acidic
MeOH had less chromatographic interferences from the fish
matrix. Moreover, despite being a strong alkylating agent with
yields of about 100%, diazomethane is explosive, carcinogenic,
and mutagenic. Kittlaus et al. [82] extracted glyphosate residues
from tea that they derivatized using 2,2,2-trifluoroacetic acid
and 2,2,2-TFE to render it more volatile for analysis using gas
chromatography–mass spectrometry (GC–MS). Determination
of PUH residues by GC is challenging because of their thermolability; hence, several derivatization methods have been exploited
to solve this problem [23]. Mou et al. [23] used UV treatment to
decompose 15 PUHs into primary amines and derivatized them
with o-phthalaldehyde, resulting in the formation of fluorescent
isoindole derivatives.

10.3 Analysis
The final step in the analytical process is the identification and
quantitation of the herbicide residues using suitable instrumentation [91]. In recent years, great progress has been made regarding the development of techniques for the analysis of herbicides
in food samples such as cereals, fruits, and meats. Analytical
instrumentation used in the analysis of herbicide residues in food
should preferably give data that are fit for the intended purpose
through high selectivity and suitable sensitivity toward the target chemicals [92]. Therefore, the LOD of the analytical method
should be less than the MRL. Depending on the physicochemical
properties of the herbicide, the most commonly used detection
techniques are GC, LC, and to a lesser extent capillary electrophoresis (CE) [44].

10.3.1 Gas Chromatography
GC is a highly sensitive and effective technique for the quantitation and identification of compounds based on their relative volatilities. The analytical method involves separation of the analyte
in an analytical column followed by detection using different
types of detectors. Separation is achieved through interaction of
the gaseous analyte with the stationary phase. Hence, GC can
only be employed in the separation and detection of herbicides
that are volatile and thermally stable.
In addition to the physical properties of the herbicides, GC
separation also depends on the selectivity of the stationary phase.
In recent years, capillary columns have been widely exploited,
due to their high sensitivity, replacing the traditional packed
columns [8]. Examples of analytical techniques employed in
analysis of herbicide residues are shown in Table 10.3. Nonpolar
stationary phases containing either 100% polydimethylsiloxane
such as CP Sil 5 CB [70] or 95% dimethyl–5% diphenylpolysiloxane such as HP 5 [29,43,56,75], DB 5 MS [59,93], CP Sil
8 CB [34,70], Rtx 5 [21], BPX 5 [94], and HP Ultra 2 [95] are
commonly used in chromatographic separation of herbicides in
food analysis. Stationary phases with medium polarity containing 14% cyanopropylphenyl–86% dimethylpolysiloxane such as
DB1701 [38,54] and Rtx 1701 [73] have been employed in multiresidue analysis of food samples.
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Table 10.3
Analytical Methods for Determination of Herbicide Residues in Food
Sample Preparation
Food
Sample

Herbicides

Method

Extraction Solvent/
Sorbent

Analytical Method
Cleanup/
Derivatization

Metribuzin,
quizalofop-p-ethyl

UAE

Acetone

Soybean

Fluoroglycofen-ethyl

UAE

Acetonitrile

Wheat, rice,
and corn

Ethoxysulfuron,
UAE
ethametsulfuron-methyl,
bensulfuron-methyl,
chlorimuron-ethyl,
pyrazosulfuron-ethyl, and
cyclosulfamuron
Triasulfuron, rimsulfuron, UAE
flazasulfuron,
metsulfuron-methyl, and
chlorsulfuron

Phosphate buffer
(pH 9.5) and MeCN

Speed C18/18% SPE
cartridge

MeOH/water

SPE (C18) cartridge,
elution by
dichloromethane

Canned soy
shoots, soy
milk

Isoproturon, diuron,
metobromuron,
and linuron

UAE

MeOH for soy milk,
acetone for canned
soy shoots

Peach,
nectarine

Dinoseb and other
pesticides

UAE

Water/acetone (50:50
v/v)

Potatoes

Ametryn, prometryn,
terbutryn, simazine,
atrazine, and propazine

UAE

Dichloromethane/
acetone/n-hexane
(1:1:1 by volume)

Vegetable
oil

Glyphosate

SE

0.1 M HCl solution,
chloroform, and
water

Grape

Florisil SPE column
eluted with
petroleum ether and
EtOAc
SPE (GCB and C18),
elution with MeCN

GC–ECD

Column/Mobile Phase

LOD

10 µg/kg

Restek Rtx-5 capillary
column

UPLC–MS/MS Fortis C18 column,
MeOH, and water both
containing aqueous
ammonia
HPLC–MS/MS Agilent Zorbax SB-C18
column, 0.1% formic
acid, and MeCN

0.5–1 µg/kg

CZE–UV–
DAD

0.97–8.30 µg/
kg

Fused-silica capillary
column, 90-mM
ammonium acetate
buffer at pH 4.8, and
voltage of 20 kV in the
normal mode
Carbograph® 1 SPE, RP-CEC–DAD Fused-silica capillary
elution by
packed with
dichloromethane/
LiChrospher 100 RP18
MeOH (60:40,v/v)
5 µm particles, 2.5 mM
ammonium acetate 40%
MeCN at 30 kV
SPE (C18), elution by CE–ESI–MS/
Uncoated fused-silica
dichloromethane
MS
capillary column, 0.3 M
ammonium acetate buffer
at pH 4, and voltage of
30 kV
SPE (Oasis MCX®
Nonaqueous
Capillary, 70:30 v/v ACN/
sorbents), elution by CE–UV
MeOH, and 2.0 mmol
ammonium
HClO4 at 22 kV
hydroxide/MeOH
mixture (15:85 v/v)
Phenyl isothiocyanate CZE–UV
Fused-silica capillary,
50 mM borate buffer,
and voltage of 25 kV

LOQ

0.043–
0.23 µg/kg

Recovery
(%)
Reference
86–106

[21]

83–91

[28]

0.14–
68–115
0.77 µg/kg

72–161

<0.05 mg/kg

0.04 mg/L

[22]

[129]

[132]

0.05 mg/kg

60–69

[138]

1.7–4.0 µg/kg

80–98

[134]

0.005 mg/L

93

[136]

(Continued)
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Analytical Methods for Determination of Herbicide Residues in Food
Sample Preparation
Food
Sample

Herbicides

Method

Extraction Solvent/
Sorbent

Soybean

13 Phenoxy acids

SE

MeCN—50 mM HCl

Olive oil

Diquat, paraquat, and
chlormequat
Atrazine, propazine,
simazine, diuron,
bromophos
terbuthylazine,
oxyfluorfen, and
norflurazon
Diazinon, atrazine,
simazine, dimethoate, and
prometryn
Glyphosate,
aminomethylphosphonic
acid

SE

n-Hexane/10 mM
HFBA
MeCN/n-hexane
mixture

Olive oil

Fresh and
processed
olives
Plant
products

SE

Analytical Method
Cleanup/
Derivatization

SPE derivatized with
PFBB

Florisil column

Column/Mobile Phase

LOD

LOQ

Recovery
(%)
Reference

0.18–6.8 µg/
kg
HPLC–MS/MS Xterra C8 column, HFBA, 0.3–4 µg/kg
and MeCN/MeOH
GC–MS/MS
Varian CPSil8CB

0.5–3 µg/kg 90–102

[33]

GC–ECD

HP-5MS

[29]

>92

[34]

MeCN and sodium
sulfate

SepPak alumina-N
column cartridge

GC–NPD

0.01 mg/kg

88–104

[73]

SE

Water and
dichloromethane

CAX SPE cartridge,
derivatized using
FMOC-Cl

HPLC–MS/MS Supelco Discovery C18
0.05 mg/kg
column, formic acid in
MeCN, and formic acid
in water
LC–TOF–MS Zorbax Eclipse
0.3–9.7 ppb
XDB-C18, MeCN, and
deionized water with
0.1% formic acid
HPLC–UV
C18 column, water, and
5 µg/kg
MeCN with phosphoric
acid
HPLC–FD
Zorbax Eclipse XDB-C18 0.001–
0.005–
column, water–MeCN
0.032 mg/kg 0.096 mg/
gradient elution
kg

80–104

[83]

70–114

[61]

88–97

[31]

75–105

[23]

63–102

[54]

84–126

[46]

94–106

[37]

Four phenylureas, five SUs SE

MeCN and n-hexane

SPE using
AccuBOND C18
cartridges

Soybean

Imazaquin

SE

MeOH and
dichloromethane

Strong anionexchange SPE

Rice, corn

15 Phenylureas

SE

Acetonitrile

Rice,
soybeans
Corn,
lemon, and
pecan

11 Herbicides

SE

Triflusulfuron-methyl,
rimsulfuron,
flupyrsulfuron-methyl,
and sulfometuron-methyl
Amitrole

SE

Acetone, water, and
n-hexane
MeCN and aqueous
dibasic potassium
phosphate buffer
solution
Borate buffer

Florisil SPE column,
postcolumn UV
degradation, and
derivatization using
Thiofluor and
o-phthalaldehyde
Florisil SPE column

SE

GC–MS

Rtx-1701 column

72–95

SE

Soybean

Apple

Detection

DB-1701

SPE using ENV
HPLC/MS/MS
Bond-Elut cartridges flow-injection
mode
HPLC–UV–
DAD

0.003 mg/kg

Hypersil ODS (C18)
column, MeCN, and
phosphate buffer with
0.015% triethylamine

0.10 mg/L

0.01 mg/kg

(Continued)
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C18 SPE cartridge
and eluting with
MeCN and water,
derivatized by
4-CNBF

20 µg/kg
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Table 10.3 (Continued)
Analytical Methods for Determination of Herbicide Residues in Food
Sample Preparation
Food
Sample

Herbicides
Pyroxsulam, flumetsulam,
metosulam, and
diclosulam

Soybean

Clomazone

Wheat

Fluroxypyr-meptyl

Rice

10 Triazines

Wheat

MCPA

Maize

Ioxynil octanoate

Fruit,
vegetables

Simazine, atrazine,
propazine, ametryn,
prometryn, terbutryn

Oysters

Four phenylureas and two
triazines

Green leafy
vegetables
Sheep liver

Thiobencarb

Onion

16 Herbicides

Simazine, atrazine,
propazine, prometryn

SE

Extraction Solvent/
Sorbent
Acetonitrile

Cleanup/
Derivatization

Detection

Column/Mobile Phase

Off-line C18 SPE
UPLC–MS/MS Acquity UPLC BEH C18
cartridge, with
column, MeCN, and
MeOH/water elution
0.1% formic acid in
water
SE
MeOH and water
Florisil SPE cartridge, HPLC–DAD
C18 column, MeOH, and
eluted with petroleum
water
ether/EtOAc
SE
Ethanol, water and
Florisil SPE cartridge, GC–ECD
HP-5 capillary column
dichloromethane
eluted with
petroleum ether/
EtOAc
SE
MeCN and water
Florisil SPE columns, HPLC–
Zorbax Eclipse XDB-C18
elution with
Orbitrap–MS
column, water
acetone/n-hexane
(containing ammonium
mixture
acetate and formic acid),
and MeCN
SE
MeOH/water and
SPE C18 cartridge,
HPLC–MS/MS C18 column, MeOH, and
dichloromethane
elution with water,
water
petroleum ether, and
dichloromethane
SE
Water and MeCN
Florisil SPE column, HPLC–UV
ODS C18 column,
elution with
MeOH, and water
n-hexane and
acetone
PLE
n-hexane and
SPE (Oasis MCX®
NACE
Fused-silica capillaries,
dichloromethane
sorbents), eluted
7.5 mmol/L HClO4, 40
with n-hexane and
mmol/L SDS in ACN/
dichloromethane
MeOH (30:70 v/v),
at 22 kV
PLE
Methylene chloride
SPE CN/SiOH, Oasis LC–ESI–MS/
Uptispher ODB, MeCN,
and acetone
MCX, and C18
MS
and acetic acid in water
cartridges
PLE
Graphitized carbon and
GC–MS
Fused-silica SGE BPX-5
EtOAc
column
MAE and then MeOH, petroleum
LLE with 0.1% NaCl HPLC–UV
Venusil C18 column,
LLE
ether
aqueous solution,
MeOH, and water
water, and
chloroform
MAE
Acetonitrile
Florisil SPE column
GC–MS
DB-5MS
eluted with
acetone/n-hexane

LOD
0.15–0.6 µg/
kg

LOQ

Recovery
(%)
Reference

0.5–2 µg/kg 75–105

[24]

10 µg/kg

97

[55]

5 µg/kg

84–108

[56]

3–12 µg/kg

11–45 µg/
kg

82–100

[57]

0.02 ng

10 µg/kg

88–91

[26]

10 µg/kg

86–104

[58]

10–14 µg/kg

92–116

[133]

3 µg/kg

29–75

[62]

4 µg/kg

84–96

[94]

0.01–0.09 µg/ 0.2–1 µg/
mL
mL

90–102

[115]

1–3 µg/kg

69–105

[59]

3–15 µg/kg

(Continued)
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Wheat

Method

Analytical Method
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Sample Preparation
Food
Sample

Herbicides

Method

Garlic

Pendimethalin

MAE

Cereals

Ametryn, atrazine,
desmetryn, simazine, and
propazine
Simazine, atrazine, and
propazine

DMAE-SFO

Lettuce,
apple

HPLC–UV
HPLC–UV

LOQ

Recovery
(%)
Reference

Column/Mobile Phase

LOD

Zorbax SB-C8 column,
MeCN, and water
XTerra MS C18 column,
MeCN, and water

0.059 µg/mL

1.1–1.5 µg/kg 3.5–4.8 µg/
kg

80–102

[27]

22–38 µg/kg

77–95

[114]

0.17 µg/mL 97

[116]

C18 column, MeCN, and
water

HPLC–DAD

Zorbax Eclipse XDB-C18 5–9 µg/kg
column, water, and
MeCN

60–133

[117]

GC–MS

HP Ultra 2 capillary
column

0.01–0.04 ppb

96–117

[95]

HPLC–UV

4 µg/kg

82–91

[113]

Extraction solvent was
n-propyl alcohol and
EtOAc and (C6MIM)
(PF6) as the foaming
agent
Dichloromethane

HPLC–UV

Hypersil ODS column,
MeOH/water acidified
with glacial acetic acid
Eclipse XDB-C18
column, MeCN, and
water

0.20–
0.60 µg/L

0.80–3 µg/L 87–119

[112]

GC–NPD

HP-5 capillary column

10–70 µg/L

3–10 µg/L

75–116

[43]

Chem Elut cartridgeloaded diatomaceous
earth
Sep-Pak Plus C18
cartridge, eluted with
MeCN

LC–MS/MS

Polaris C18-A column,
MeCN, and water both
with 0.1% acetic acid
Fused-silica capillaries,
74–150 µg/L
24 mM formic acid, and
16 mM ammonium
carbonate solution at pH
6.4, voltage at 25 kV
Kromasil C18 column,
MeCN, and DATB (with
phosphoric acid)

71–90

[124]

247–
500 µg/L

75–95

[137]

20 µg/kg

98–101

[47]

Sugarcane

Simazine, cyanazine,
secbumeton, and atrazine

Rice

Metsulfuron-methyl,
chlorsulfuron, and
bensulfuron-methyl
Simeton, simazine,
ILF-SF
chlortoluron, prebane,
isoproturon, ametryn,
propazine, and prometryn
Terbuthylazine, simazine,
and atrazine
Multiresidue

DDE

Soy milk

Cloransulam-methyl,
metosulam, flumetsulam,
florasulam, and
diclosulam

SPE

Maize

Glufosinate

SPE

Honey

Acetone, ethanol, and
water
1-Dodecanol and
MeOH

Detection

HPLC–UV

Chlortoluron, prometon,
propazine, linuron, and
prebane

Milk

Cleanup/
Derivatization

MMLLE-MIP Atrazine-imprinted
polymer, toluene
acceptor phase
DLLME
Triton X 114
dispersant and
1-hexyl-3methylimidazolium
hexafluorophosphate
as the solvent
DLLME-SFO 1-Undecanol as the
extraction solvent and
MeCN as the
disperser solvent
CPE
Triton X-114, Na2SO4
solution at pH 2.0

Honey

Yogurt

Extraction Solvent/
Sorbent

Analytical Method

On-column
LLE

C18 SPE cartridge,
eluting with MeCN
and water

CE–MS

Precolumn
derivatization with
CNBF

HPLC–UV

Herbicide Residues
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Table 10.3 (Continued)
Analytical Methods for Determination of Herbicide Residues in Food
Sample Preparation
Food
Sample

Herbicides

Method

Extraction Solvent/
Sorbent

Analytical Method
Cleanup/
Derivatization

Column/Mobile Phase

LOD

Chem Elut cartridges,
dichloromethane, and
EtOAc
Carbograph 4 cartridge,
water, and MeOH

HPLC–UV–
DAD

Synergi Hydro-RP-C18
column, MeCN, and
water
Alltech HP 5-µm C-18
column, formic acid in
MeOH, and aqueous
formic acid
Kromasil 5 ODS, MeCN/
water

2–4 µg/kg

7–10 µg/kg

78–100

[39]

0.008–
1.4 µg/L

0.008–
1.4 µg/L

78–104

[48]

45–105

[49]

71–98

[30]

Eight SUs

SPE

Bovine milk

Multiresidue

SPE

Corn,
carrot, pea,
and potato

Fenuron, metoxuron,
chlortoluron, linuron
isoproturon, and
metobromuron
Bensulfuron-methyl,
tribenuron-methyl,
metsulfuron-methyl, and
nicosulfuron
Simazine, atrazine,
prometon, prometryn
terbumeton,
terbuthylazine
Simazine, atrazine, diuron,
and terbuthylazine

MISPE

Toluene

RP-HPLC–
DAD

MISPE

Bensulfuron-methyl
MIP, MeCN, acetone,
and MeOH

HPLC–UV

C18 column, MeCN, and
water containing 0.01%
phosphoric acid

MASEMISPE

MIP and toluene as the
acceptor phase

HPLC-UV

C18 Hypersil column,
MeCN, and water

3 µg/kg

LLE and then
MSPD

Florisil cleanup using LC–TOF-MS
MeCN

Zorbax Eclipse XDB-C8,
MeCN, and water with
0.1% formic acid

1–5 µg/kg

Fruit juices

12 Pesticides including
simazine, atrazine,
diuron, and DNOC

MSPD

MeCN and petroleum
ether (LLE),
Bondesil-NH2
(MSPD)
Diatomaceous earth
and dichloromethane
as eluents

Tomato

Glyphosate

MSPD

NH2 silica

FMOC-Cl precolumn
derivatization

Apple juice

Multiresidue

MSPD

Rice, green
vegetables

Diuron, isoproturon, and
linuron

MSPD

Diatomaceous earth,
hexane, and
dichloromethane
C18-bonded silica,
dichloromethane as
the extracting solvent

Soybean

Corn, cow
peas

Olive oil

LC–ESI-MS/
MS

HPLC–MS/MS Zorbax Eclipse XDB-C18 0.01–0.94 ng/ 0.03–3.12
column, mobile-phase
mL
ng/mL
water, MeOH, and 10%
acetic acid
RP-HPLC–FD ResElut C18, MeCN, and 0.05 µg/g
a 0.002 M NaH2PO4
water solution
GC–MS–SIM DB-1701 fused-silica
3–16 µg/kg
column
CE–ECL

20 mmol/L phosphate
buffer with 12 mg/mL
poly-β-CD at pH 7.5
and 14 kV

0.1–0.2 µg/L

[52]

81–111

[60]

71–118

[68]

87

[84]

71–117

[135]

78.1–93.8

[121]

(Continued)
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Bovine milk

LOQ

Recovery
(%)
Reference

Detection

Free ebooks ==> www.ebook777.com
Analytical Methods for Determination of Herbicide Residues in Food
Sample Preparation
Food
Sample

Herbicides

Method

Extraction Solvent/
Sorbent

Fruit juices

Diuron, monuron, and
monolinuron

SPME

Rice, onion

Atrazine, simazine,
propazine, cyanazine,
ametryn, terbutryn, and
prometryn
Seven triazines

SPME-MIP

Metolachlor, propisochlor,
and butachlor
13 Phenoxy acids

SPME-MIP

Carrots,
apples

2,4-D, MCPA, MCPP,
fluazifop, and haloxyfop

QuEChERS

Acetonitrile

Wheat

MCPA

QuEChERS

Acetonitrile

Rye flour,
oat meal,
oat flakes,
and
dehusked
oat
Sugarcane
juice

2,4-D, dichlorprop,
dichlorprop-p, fluazifop,
fluroxypyr, MCPA,
mecoprop, and
mecoprop-p

QuEChERS

Alkaline hydrolysis
with sodium
hydroxide

Seven pesticides including
trifluralin, atrazine,
acetochlor, and alachlor
107 Pesticides including
simazine, alachlor,
metribuzin, propanil, and
trifluralin

QuEChERS

Acetonitrile

QuEChERS

MeCN with acetic acid

Rice, maize,
and onion
Soybean
corn
Rice

Cabbage,
radish

SPME-MIP

QuEChERS

Analytical Method
Cleanup/
Derivatization

PDMS/DVB, CW/
TPR, and MeOH/
water
Methacrylic acid–
ethylene glycol
dimethacrylateimprinted fiber
Ametryn MIP

Detection

Column/Mobile Phase

LC–QIT–MS

Luna C18 column,
MeOH, and water

5–10 µg/kg

GC–MS

CP-Sil5-CB capillary
column

d-SPE using C18 and
alumina

Dispersive SPE
cleanup with PSA
sorbent

LOQ
20–40 µg/
kg

Recovery
(%)
Reference
18–70

[71]

20–90 ng/mL

88–97

[70]

CP-Sil 8 CB capillary
column
HPLC–UV
Dikma C18 column,
MeCN, and water
UPLC–ESI–
Acquity BEH C18,
MS/MS
MeOH, and water with
formic acid
HPLC–MS/MS Aquasil C18 column,
MeCN, and water with
acetic acid
UPLC–MS/MS Acquity UPLC BEH C18
column, MeCN, and
formic acid in water
HPLC–MS/MS Zorbax XCB Eclipse
column, MeCN, and
water acidified with
acetic acid

14–95 ng/mL

85–95

[32]

3–38 µg/L

74–91

[77]

0.5–5 µg/kg

45–104

[122]

GC–ECD

HP-5 capillary column

4–11 µg/L

GC–MS–SIM

Fused silica J&W DB
5MS column

GC–FID

Metolachlor MIP,
hexane, and toluene
5% Formic acid in
MeCN

LOD

0.0007–
1.8 ng/mL

0.05–
21 ng/g

70–92

[83]

4–5 µg/kg

10–20 µg/
kg

75–94

[126]

20 µg/kg

90–120

[123]

7–22 µg/L

74–108

[75]

2–100 µg/
kg

80–115

[93]
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10.3.1.1 Electron Capture Detector

10.3.2.1 UV Detector and DAD

The most widely used detectors for herbicide residue determination in food samples are element-selective detectors, namely
electron capture detector (ECD) and nitrogen–phosphorus detector (NPD) [96]. The ECD is employed for identification of compounds that contain highly electronegative atoms (halogens)
or functional groups (carbonyls or double bonds) [8]. Thermal
stability and the presence of Cl atoms in some anilides, benzonitriles, dinitroanilines, triazines, triazolinones, and aryloxyphenoxy acids makes ECD preferable for their direct detection in
food [21,56,75,97–99]. Despite being specific to compounds that
contain an electronegative group, ECD has been employed in the
analysis of phenoxy acids after derivatization with halogenating
agents to increase the detector’s response [29].

HPLC–UV and HPLC–DAD identify and quantify analytes
based on their molar absorptivity in the UV region. The UV
detector with fixed or variable wavelength is the most widely used
traditional detector in the determination of imidazolinones [31],
phenylureas [112], SUs [30,113], triazines [27,52,112,114,115],
acetanilides [32], benzonitriles [58], dinitroanilines [116], and
glufosinate [47] in food matrices. Detection of herbicides in
food samples has also been achieved using DAD that is relatively inexpensive and offers sufficient selectivity and sensitivity
[37,39,49–51,117].

10.3.1.2 Flame Ionization Detector and NPD
The flame ionization detector (FID) is a sensitive but nonspecific
detector that responds to organic compounds on the basis of their
molecular weight. Djozan et al. [70] detected seven triazines in
rice, maize, and onion using FID and the detection limit was
in the range of 14–95 ng/mL. However, FID lacks selectivity;
hence, NPD, a modified FID that uses a heated ceramic bead
to produce ions from the analyte, has been exploited in herbicide residues in food analysis [44]. NPD responds to nitrogen
and phosphorus herbicides; thus, it can be used for the detection of amides [100–102], carbamates, dinitroanilines [102,103],
glyphosate, phenylureas, thiocarbamates [104], and triazines
[43,73,105].

10.3.1.3 Mass Spectrometry Detector
Several highly sensitive and selective methods based on GC
coupled to a mass spectrometer detector (MSD) have been developed for the determination of herbicides in various food samples
[38,54,59,71,93–95]. Herbicides are usually ionized in GC–MS
by electron impact (EI) and positive or negative chemical ionization (PCI, NCI) [106]. GC–MS can be operated in full scan
or, most commonly, in single-ion- monitoring (SIM) mode. In
addition to the single-quad GC–MS instruments, single quadrupole and triple quadrupole (TQ, QqQ) [107], quadrupole ion
traps (QITs), time of flight (TOF) [108], and tandem mass spectrometry (MS/MS) [33,109,110], mass spectrometers have lately
been used for targeted analysis of multiresidue analysis in food
matrices.

10.3.2 High-Performance Liquid Chromatography
GC determination for very polar, low volatility, and/or thermolabile herbicides often requires an additional derivatization
step that, in addition to being lengthy and laborious, can introduce inaccuracies [111]. HPLC is often preferred for analysis of
these polar and thermally labile herbicides without the need of
derivatization. The chromatographic separation is achieved using
the normal phase or, in most cases, reverse-phase columns and
subsequent detection using the conventional UV detector, diode
array detector (DAD), or MSD [39].

10.3.2.2 Mass Spectrometry Detector
LC–MS interfacing different ionization methods offers a highly
efficient separation, high sensitivity, and selectivity making
it an important technique in the detection and quantitation of
herbicide residues in various food matrices [39,44]. In LC–MS,
the type of interface such as electrospray or atmospheric pressure chemical ionization usually determines the sensitivity of
response of the instrument. Examples of interfaces used in herbicide residue analysis in food samples include TOF [60,61,118–
120], QIT [69,121], and Orbitrap [57]. Additionally, MS/MS is
commonly used as it offers high sensitivity and selectivity and
has been used in the analysis of phenoxy acids [26,122,123],
SUs [22,46], phenylureas [62], quaternary ammonium herbicides [34], triazines [62], and multiresidues [48,68,107,109,124].
However, the major drawback in quantitative analysis using
LC–MS is the matrix effect that can result in suppression or
enhancement of the herbicide response [125]. The effect of the
matrix on the method performance can be decreased by using
internal standards that are isotopically labeled [125]. In recent
years, ultra-performance liquid chromatography (UPLC) coupled to MS/MS is emerging as the technique of choice for the
analysis of herbicides in food samples such as rice [77], wheat
[24,126], and soybean [33].

10.3.3 Capillary Electrophoresis
Among the various separation and detection methods used in
herbicide residue analysis in food matrices, CE has been recently
exploited as a viable option. The key characteristics that have
made CE the premier separation technique are short analysis
times, high separation efficiencies, easy automation, precision,
simplicity, lower solvent consumption, and low costs [127]. In
CE, the basis of separation is different from that of chromatographic techniques, and solutes are separated based on their differential electrophoretic mobility inside a capillary influenced by
an electric field [128].
CE is a versatile technique with a wide range of separation modes
that include the most often used mode in herbicide analysis in
food capillary zone electrophoresis (CZE) [129,130] where separation occurs in a buffer solution called the background electrolyte (BGE). Although with little application in the period under
review, additional CE techniques, such as micellar electrokinetic
capillary chromatography (MEKC), microemulsion electrokinetic capillary chromatography (MEEKC), and capillary isoelectric focusing were developed by incorporating surfactants,
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oils, and ampholytes into BGE, respectively [131]. However, filling of the capillaries with a stationary phase created capillary
electrochromatography (CEC) that combines the principles of
electrophoretic and chromatographic separation, and has been
employed in the determination of PUHs in vegetables and processed vegetables as it is eﬀective for the analysis of complex
food matrices [132]. Although UV is the most common detection technique, various techniques such as DAD [129,133,134],
enhanced chemiluminescence (ECL) [135,136], MS [137], and
MS/MS [138] have been exploited, thus broadening the applicability of CE in the analysis of herbicides in food.

10.4 Application in Food Analysis
10.4.1 Anilines
Anilines, which are also called chloroacetamides, chloroacetanilides, or amides are extensively used as preemergence herbicides to control annual grasses and broad-leaf weeds in various
crops such as corn, soybean, and rice. The most widely used
aniline herbicides are alachlor, metolachlor, and acetochlor.
Chloroacetanilides contain a chlorine atom in their molecular
structure and are thermally stable, allowing them to be analyzed
by GC coupled to either NPD or ECD.

then centrifuged at 2500 g for 5 min. The supernatant (10 mL)
was concentrated and evaporated to dryness. The herbicide residues were reconstituted in MeOH (1.0 mL), cleaned up using
dispersive SPE with 30 mg of PSA, filtrated through a 0.22-μm
polypropylene filter, and then analyzed by HPLC–MS/MS. The
recoveries ranged between 82% and 114% and the limit of quantification (LOQ) was 0.01 mg/kg [140].

10.4.3 Bipyridylium
Bipyridylium such as diquat, paraquat, and difenzoquat are nonselective contact herbicides commonly used in weed control.
Paraquat and diquat have an ionic structure that makes them
highly polar, less volatile and hydrophilic, and hence, analysis
by GC can only be done after derivatization. HPLC is commonly
used for the determination of bipyridylium herbicides in food.

10.4.3.1 Determination of Diquat and Paraquat
in Olive Oil
Olive oil (2 g) was placed in a polystyrene test tube and dissolved with n-hexane (2 mL) and 10 mM aqueous solution of
HFBA (2 mL). The extraction solvent was stored at 4°C for 2 h
after shaking for 30 min and centrifugation. The aqueous phase
was taken for direct analysis by ion pair–HPLC–MS/MS. The
average recoveries were above 92% and the detection limit was
4 µg/ kg [34].

10.4.1.1 Determination of Anilines in Crops
Corn or soybean (5 g) was homogenized and extracted by ultrasonic extraction with 30-mL MeOH for 15 min. After sonication, the extraction solution was filtered and then concentrated
to 10 mL using a stream of nitrogen followed by the addition
of hexane (3 mL) and a magneton. A metolachlor–MIP-coated
stainless-steel fiber was dipped into the extraction solution
stirred at 750 rpm for 30 min, then withdrawn, and rinsed
for 10 s with hexane. The fiber was desorbed with MeOH for
10 min and then injected into the HPLC–UV. Recoveries for
metolachlor, propisochlor, and butachlor ranged between 85%
and 97% [32,139].

10.4.4 Dinitroanilines

10.4.2 Benzonitriles

Acetone (50 mL) was added to the homogenized garlic samples (10 g) and the extraction mixture was shaken for 30 min.
Samples were extracted by MAE at 60°C for 3 min, then centrifuged, and filtered. The extract was evaporated to near dryness,
reconstituted in MeCN (5 mL), and diluted with MeCN (10 mL).
The HPLC–UV analysis gave recoveries ranging between 80%
and 92% and the detection limit of 0.059 µg/mL [116].

Dichlobenil, bromoxynil, and ioxynil are systemic herbicides
widely used for the postemergence control of annual broad-leaved
weeds in crops such as soybean, apple, potato, onion, wheat, and
maize. In addition to the halogen atoms, benzonitrile herbicides
also contain a nitrile group bound to the phenyl group in their
molecular structure, making ECD and NPD a good option for
their analysis. However, bromoxynil and ioxynil have a hydroxyl
group, which renders them less volatile than dichlobenil and
unsuitable for GC analysis without derivatization.

10.4.2.1 Determination of Bromoxynil in Corn
Corn grain samples (10 g) were homogenized with 5 mL of
aqueous formic acid (0.1%, v/v) and MeCN (20 mL) by shaking
for 30 min on a mechanical shaker. The homogenized sample
was vortexed for 1 min after adding sodium chloride (3 g) and

Dinitroaniline herbicides such trifluralin, benfluralin, and, most
commonly, pendimethalin are used for preemergence control of
various annual grasses and broad-leaf weeds. GC–NPD or ECD
can be used for the determination of dinitroanilines as their molecules contain several N and halogen atoms. Dinitroaniline herbicides are highly polar and can be extracted by MeCN, MeOH,
and acetic ether that are less polar organic. Analysis of these herbicides has been carried out by GC–ECD and HPLC–UV.

10.4.4.1 Determination of Pendimethalin in Garlic

10.4.5 Diphenyl Ethers
Diphenyl ethers such as aclonifen, nitrofen, and fluoroglycofen
ethyl are pre- and postemergence herbicides used for controlling
some annual grasses and broad-leaved weeds in various crops
such as maize, rice, and cereals. These ester or acid compounds
are usually nonvolatile and thermally labile, thus making them
not amenable to GC analysis. However, oxyfluorfen and nitrofen have physicochemical properties that make GC analysis an
option for their determination in food.
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10.4.5.1 Determination of Fluoroglycofen
Ethyl in Soybean
Soybean sample (3 g) was extracted with MeCN (15 mL) by
vortexing, sonicated, and then centrifuged. The residue was
reextracted. The supernatant was pooled and concentrated, evaporated to near dryness, and reconstituted with MeCN (6 mL).
The extract solution was cleaned up using an SPE cartridge. The
herbicide residue was eluted by MeCN (15 mL), concentrated,
dried, redissolved in MeOH (2 mL), and filtered by a 0.2 µm
polyvinylidene fluoride (PVDF) syringe filter. The herbicide
residue was determined by UPLC–MS–MS that gave recoveries
between 83 and 93 and detection limits of 0.5 µg/kg [28].
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filtrates were combined, evaporated to dryness, and then redissolved with distilled water (50 mL) adjusted with 0.1 N NaOH
to pH 12. The extract was cleaned up using solvent extraction
by extracting with dichloromethane (50 mL and then 2 × 40 mL)
3 times. However, in the second washing step, pH of the aqueous phase changed to 1 using phosphoric acid step. The organic
phase was filtered through anhydrous sodium sulfate, evaporated
to dryness, and then reconstituted with aqueous NaOH (10 mL,
pH 8). After extraction and concentration, imazaquin residue was
purified on an SAX cartridge by elution with MeOH (12 mL) and
evaporated to dryness. The purified residue was redissolved in
50% aqueous MeOH solution (2 mL, v/v) and then filtered prior
to HPLC analysis. Average recoveries ranged between 88% and
97% and the LOQ was 0.005 ppm.

10.4.6 Glyphosate and Glufosinate
Glyphosate and glufosinate are postemergence herbicides offering high efficacy, good absorption, and a broad selectivity
spectrum. Determination of these herbicides often requires a
derivatization step because they have low volatility, high water
solubility, high polarity, and lack chromophores or fluorophores
in their molecular structure [85]. Consequently, glyphosate and
glufosinate have often been analyzed using HPLC or GC after
derivatization.

10.4.8 Phenoxy Acids
Phenoxy acid herbicides are widely used in the postemergence
control of annual and perennial broad-leaved weeds in crops.
These herbicides are further divided into phenoxyalkanoic acids
and aryloxyphenoxyacids. Most of the phenoxy acids can only
be determined by GC coupled to ECD or MS after derivatization since they are highly polar, nonvolatile, and thermally labile.
Derivatization techniques often used include esterification,
silylation, acylation, and alkylation.

10.4.6.1 Determination of Glufosinate in Maize
10.4.8.1 Determination of Phenoxy Acids in Rice

The homogenized maize grain sample (2 g) was extracted using
borate buffer (20 mL), centrifuged, and then cleaned up using
an SPE cartridge. The extract was evaporated to dryness and
then reconstituted with borate buffer (1 mL). Derivatization
was carried out by adding borate buffer (300 µL) and 4-CNBF
MeOH solution (100 µL) to the extract (200 µL) and diluting the
derivatization mixture with borate buffer (1 mL). After incubating the mixture, the reaction was stopped using 2 M HCl (10 µL)
and then filtered. Determination of glufosinate was carried out
by HPLC–UV at 360 nm. The average recoveries were above
98% and the detection limit was 0.02 mg/kg [47].

Water (5 mL) and MeCN (10 mL) were added to a homogenized
sample of rice (10 g) and the mixture was vigorously shaken.
The mixture was shaken again and then centrifuged after adding anhydrous MgSO4 (4 g) and NaCl (1 g). After adding C18
(0.25 g) and alumina neutral (1.50 g), the supernatant (1 mL) was
centrifuged. The upper layer (5 mL) was evaporated to dryness,
reconstituted in the mobile phase (1 mL), and then filtered prior
to UPLC–electrospray ionization (ESI)–MS/MS analysis. The
average recoveries ranged between 45% and 104% and the detection limit was 0.5 µg/kg or below for all 13 phenoxy acids [77].

10.4.7 Imidazolinones

10.4.9 Thiocarbamates

Imidazolinones that include imazapyr, imazethapyr, and imazaquin are a fairly new type of herbicides used for the postemergent control of grasses and broad-leaved weeds in crops.
The molecular structure of imidazolinone herbicides consists
of an imidazolinone ring that has isopropyl, methyl, and oxygen
atom branches. Different imidazolinone herbicides contain an
additional aromatic group, usually benzene, quinolone, or pyridine, substituted with a carboxylic acid moiety. Consequently,
imidazolinones have low volatility and high water solubility that
makes GC analysis difficult, despite having many N atoms that
are amenable to NPD detection.

Thiocarbamate herbicides are selective herbicides consisting of
sulfur, nitrogen, and a carbonyl group in their molecular structure. Owing to their high volatilities, thiocarbamates are often
used as preemergence or preplant, soil-incorporated herbicides.
These exceptional vapor pressures, in addition to nitrogen and
halogen atoms in their molecules make them amenable for GC
analysis coupled to ECD or NPD. The most commonly used
thiocarbamates are propham, thiobencarb, and S-ethyl dipropyl
(thiocarbamate) (EPTC).

10.4.7.1 Determination of Imazaquin in Soybean
The extraction mixture was shaken and filtered after adding
concentrated phosphoric acid (0.5 mL) and MeOH (50 mL)
to a homogenized soybean sample (20 g). MeOH (30 mL) was
added to the filtration residue and the mixture was filtered. The

10.4.9.1 Determination of Thiobencarb in Green
Leafy Vegetables
Homogenized green vegetables sample (2.5 g), mixed with anhydrous sodium sulfate (10 g) was packed on top of graphitized
carbon (12 g) and bridged with filter papers in the accelerated
solvent extraction vessel. The herbicide was extracted by PLE
using EtOAc. After extraction, the extract was evaporated and
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concentrated. Recoveries ranging from 84% to 96% and a detection limit of 4 µg/kg were obtained using GC–MS in the selected
ion-monitoring mode [94].

amitrole residue in apple. The mean recoveries of the method
ranged between 94% and 106% and the detection limit was
0.1 mg/L [37].

10.4.10 Triazines

10.4.12 Triazolopyrimidine Sulfonanilides

Triazines are heterocyclic nitrogen derivatives, soil incorporated, and postemergent-selective herbicides controlling broad
leaf and grassy weeds in various crops. Triazine herbicides can
be classified as s-triazines or the more polar 1,2,4-triazines.
However, s-triazines can be further classified according to the
type of substitution group on the two positions of the aromatic
ring as chlorotriazines (-azine), methylthiotriazines (-tryn),
methoxytriazines (-ton), and fluoroalkyltriazines (-aziflam) with
Cl atom, methylthio, methoxy, and fluoralkyl groups, respectively. Furthermore, this substitution also defines the solubility
of the herbicides with substitution with the methoxy group giving the highest solubility. Triazines can be determined in food
samples by HPLC–UV or DAD because they strongly absorb in
the UV region of 210–240 nm or by GC–NPD or MS since they
are thermostable and volatile.

Triazolopyrimidine sulfonanilides (TSAs) are a newer class of
herbicides family consisting of high herbicidal activity compounds developed from the structural modification of SUHs
[141]. These herbicides are often used for preemergence and/or
postemergence weed control in wheat, maize, and soybean farming. Examples of TSA include cloransulam methyl, diclosulam,
florasulam, flumetsulam, metosulam, penoxsulam, and pyroxsulam. TSAs can be determined in food samples by LC–UV, MS
and MS/MS, GC–ECD, or CE–UV.

10.4.10.1 Determination of Triazines in Rice
Rice (10 g) was soaked in water (10 mL), homogenized in MeCN
(50 mL), and then filtered. After adding NaCl (10 g) and shaking
vigorously, the filtrate was left to stand. The supernatant (25 mL)
was evaporated to dryness, redissolved in n-hexane (2 mL), and
then cleaned up using Florisil SPE columns. The extract was
eluted with acetone/n-hexane (10 mL, 20:80 v/v) and the eluent
was evaporated to dryness and then redissolved in MeCN/water
(5.0 mL, 50:50 v/v). The triazine residues were analyzed by
HPLC/Orbitrap–MS that gave recoveries ranging between 82%
and 100% and detection limits of 3–12 µg/kg [57].

10.4.11 Triazoles
Triazoles have a molecular structure similar to triazines consisting of three N atoms in their ring structures but with only two
carbon atoms. Most of the triazole compounds have fungicidal
activity except amitrole that is a nonselective herbicide that controls a broad spectrum of weeds. Determination of amitrole in
food by GC is challenging because of its high polarity and low
volatility even though it contains N atoms that can be detected by
NPD. Moreover, amitrole lacks a chromophore or fluorophore for
UV or fluorescence detection for LC; thus, its analysis requires
chemical derivatization.

10.4.11.1 Determination of Amitrole in Apple
A homogenized apple sample (1 g) was extracted with a borate
buffer (10 mL) and centrifuged. The supernatant (1 mL) was
cleaned up by passing through a C18 SPE cartridge. After clean
up, MeCN (0.1 mL) and borate buffer (1 mL) were added to the
extract (1 mL) and mixed. Amitrole was derivatized by adding
4- CNBF (0.2 mL, 10 g/L) solution and borate buffer (3 mL)
to the extraction solution and then incubating the reaction
mixture. The reaction mixture was quenched using 2 M HCl
(10 µL) and then filtered. HPLC–UV was used to determine the

10.4.12.1 Determination of Four Triazolopyrimidines
in Wheat
A homogenized wheat grains sample (10 g) was extracted with
MeCN (50 mL) by shaking and centrifugation. The supernatant
(25 mL) was evaporated to dryness and redissolved in MeOH
(2.5 mL). The extract was cleaned up on a C18 SPE cartridge
where the herbicides were eluted by MeOH/water (3 × 5 mL, 10:1
v/v) solution. Afterward, the eluent was evaporated to dryness and
redissolved in MeOH (2 mL) and then filtered before LC–MS/MS
analysis. The mean recoveries of the method ranged between 75%
and 10% and the detection limit was from 0.6 to 0.15 µg/kg [24].

10.4.13 Ureas
Substituted urea herbicides are intensively used for pre- or postemergence weed control in cereal, vegetable, cotton, and various other crops. These herbicides consist of a urea molecule with
one or more of the hydrogen atoms substituted with different
functional groups. The nature substituent determines the physicochemical properties and herbicidal activity of the compound.
The major classes of ureas are phenylureas and SUs.

10.4.13.1 Phenylureas
PUHs are extensively used in pre- and postemergence control,
broad-leaf weeds, and annual grasses in various agricultural
crops such as cotton, soy bean, and rice. They can be grouped
as N-phenyl-N′, N′-dialkylureas (chlorotoluron and diuron),
N-phenyl-N′-methoxyureas (linuron and monolinuron), and
the rest containing a heterocyclic group (methabenzthiazuron).
Most PUHs are non-GC amenable, because of their thermal
instability. PUH residues are often determined by GC or HPLC
after derivatization or direct analysis, respectively.

10.4.13.1.1 Determination of Phenylureas in Green
Vegetables, Rice, Corn, and Flour
A homogenized sample (0.5 g) was mixed with dried C18 (0.5 g)
materials and anhydrous sodium sulfate. Then, an MSPD column was prepared by adding from the bottom anhydrous sodium
sulfate, anhydrous alumina, a frit, sample mixture, and a second
frit. The MSPD column was dried three times after eluting with
dichloromethane (3, 3, and 2 mL). The extract was evaporated
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to dryness, redissolved in MeOH (1.0 mL), and then filtered.
Average recoveries for the seven PUHs in food samples ranging from 73.1% to 101% and detection limits <0.5 µg/L were
obtained using HPLC–UV [142].

10.4.13.2 Sulfonylureas
SUHs are extensively used in agriculture for selective weed control. Their molecules contain an aromatic, aliphatic, or heterocyclic group and a pyrimidine or triazine ring bound to a sulfur
atom and the nitrogen atom of the sulfonyl moiety, respectively.
SUHs are not amenable to GC analysis because they have high
polarity, low volatility, and lack thermal stability; thus, they can
only be analyzed in food samples after derivatization or using
HPLC or CE.

10.4.13.2.1 Determination of SUs in Cereals
A homogenized sample (5.0 g) was centrifuged after extraction
in an ultrasonic bath using phosphate-buffered solution/MeCN
(10 mL, 8:2 v/v) as the extraction solvent. The extraction procedure was repeated 3 times, the top layers were combined, and
the pH of the extraction solution was maintained at 2.5 using
phosphoric acid (85%). The extract was purified using a C18 SPE
cartridge by eluting with the phosphate-buffered solution/MeCN
(3 mL, 1:9 v/v), and evaporated to dryness. Afterward, the residue was reconstituted in MeCN (1 mL) and analyzed by HPLC–
MS/MS. The detection limits and limits of quantification of the
SUHs in cereal samples ranged between 0.043 and 0.23, and 0.14
and 0.77 μg/kg, respectively [22].

10.4.14 Multiresidue Analysis
Ideally, multiresidue methods (MRMs) can determine a broad
spectrum of herbicide residues in various food samples in a
single analysis, are adequately sensitive, accurate, and precise
for regulatory requirements and reduce analysis time and cost.
However, due to wide differences in the physicochemical properties of herbicides between and within their various structural
classes, MRMs cannot sufficiently optimize for all the three factors above. Furthermore, herbicides have a wide range of polarities, thus decreasing the selectivity of the MRMs. Selectivity
is increased through the use of more selective solvents such as
MeCN. QuEChERS method is one of the most extensively used
MRM in herbicide residue analysis in various food matrices.
Halogenated, volatile and thermally stable, and/or nitrogencontaining herbicides are determined using GC–ECD or NPD
whereas the nonvolatile and thermally labile herbicides use
HPLC. GC and HPLC are often coupled to either MS or MS/MS
to determine a wide range of herbicides in food samples [143].
MS and MS/MS are universal selective detectors.

10.4.14.1 Multiresidue Analysis of 16 Herbicides
in Onions
The enzyme alliinase in the onion sample (25 g) was inactivated by microwave pretreatment to prevent the formation
of sulfur-containing compounds followed by homogenization. NaCl (15 g) was added to the homogenized sample and
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the mixture was filtered, allowed to settle, and then the upper
layer (50 mL) was evaporated to near dryness. The extract was
cleaned up by elution with acetone/n-hexane (10 mL, 1:9 v/v)
mixture on a Florisil SPE cartridge, evaporated to 5 mL, and
then reconstituted in n-hexane (5 mL) prior to analysis using
UPLC–ESI–MS/MS. The average recoveries of the 16 herbicides ranged between 69% and 105%, and the LOQ ranged
from 3 to 15 µg/kg [59].

10.5 Future Trends
Currently, herbicides are determined in food matrices using
chromatographic techniques and CE. GC is often coupled to
NPD, ECD, and MSD and HPLC is coupled to UV, DAD, FD,
and also MSD. However, as legislations become stricter, there is
a need for the development of rapid and highly sensitive methods.
This has led to the extensive use of MS/MS that offer high selectivity and sensitivity.
The major bottleneck in herbicide analysis is sample preparation. Development of extraction methods that offer excellent
analyte recovery, minimum matrix interference, minimum solvent use, and low amounts of sample is a priority in herbicide
analysis. The need for using less solvents has led to the current
usage of microextraction techniques such as cloud-point extraction (CPE), dispersive liquid–liquid microextraction (DLLME),
DLLME based on the solidification of floating organic droplets
(DLLME-SFOs), solvent-bar microextraction (SBME), ionic
liquid foaming-based solvent floatation (ILF-SF), and diphasic
dialysis extraction (DDE). In a bid to enhance sensitivity while
using less solvent microextraction, membrane techniques have
been developed that include microporous membrane liquid–liquid extraction (MMLLE), MMLLE using molecular-imprinted
polymer (MMLLE-MIP), and SPME using molecular-imprinted
polymer (SPME-MIP).
Future progression in herbicide residue analysis in food will
advance in two avenues but with a goal of enhancing method
selectivity, sensitivity, and simplicity. Sample preparation and
detection methods will continue to be a challenge to analytical
chemists.

10.6 Conclusions
Herbicides are the most extensively used pesticides in many
countries and their residues are often found in food samples.
Consequently, the determination of herbicide residues in food
samples is essential to ensure the safety of foods for human consumption; hence, MRLs are established by various regulatory
organizations. The challenge of developing analytical methods
with detection limits that are less than the designated MRLs led
to the development of sensitive, robust, and accurate techniques
for herbicides residue analysis in food samples. Furthermore,
herbicides are a structurally diverse group with a wide range of
physicochemical properties and this resulted in the development
of a large number of analytical methods for their determination
in foods.
Despite advances in sample preparation, this step remains a
bottleneck in herbicide residue analysis. Sample preparation of
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herbicide residues in food samples involves homogenization of
the samples, solvent-based or sorptive-based extraction, purification, and concentration. Solvent-based extraction techniques
include the classical method that is still the most extensively
used, solvent extraction, and modern methods such as SFE,
MAE, UAE, and PLE. Sorptive extraction methods employed in
herbicide residue analysis are MSPD, SPME, and SPE. The most
commonly used sorptive-based extraction technique in herbicide
analysis is SPE.
Determination of herbicides in food samples is typically
achieved using gas or LC and CE by either direct analysis or
after derivatization. In GC analysis, derivatization is employed
to enhance the volatility of the analyte and in HPLC, it is usually employed to introduce a chromophore or a fluorophore on
the analyte molecule. Various derivatization techniques have
been used with great success in herbicide residue analysis that
include esterification, acylation, alkylation, and silylation. There
are a number of detectors used in the determination of herbicides
that offer different sensitivities and selectivities. In recent years,
a universal selective detector, mass spectrometry in the selective ion-monitoring mode has gained popularity because of its
high sensitivity and selectivity. However, the extent of selectivity of the detector determines the thoroughness required in the
cleanup step. Highly selective detectors such as NPD and ECD
will require less sample cleanup.
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11.1 Introduction
Nearly all of the food and drink that we buy and then consume
are packaged in some way. The main functions of food packaging are to protect and preserve the food, to maintain its quality
and safety, and to reduce food waste. There can be a downside
however and this is the possibility of contamination of the food
by chemical migration from the packaging. Food-packaging
materials are the most obvious example of the more general
group of food contact materials and articles, which includes
food-processing equipment, storage containers, kitchen utensils, and such like, that may come into contact (“touch”) with
the food.
There are many hundreds of substances used to make foodpackaging materials. For example, Table 11.1 summarizes the
number of substances in the various European inventory lists
for the different materials of plastics and paper/board. A similar
number and variety of substances are used worldwide, in different geographical, economic, and/or legislative areas. As well
as the main packaging materials, other products such as inks,

adhesives, and coatings (on metal substrates) are needed to make
the finished packaging and the number of substances in inventory
lists for these are listed in Table 11.1 too. There will be duplication in these lists, with substances used by two or more sectors.
Also, not all of these substances are actually used. Nevertheless,
as said before, there are several hundreds of substances used to
make today’s food-packaging materials.
These substances are used in different ways. The two main
classes are monomers and additives. Monomers and other starting substances are used to make the packaging material. An
example is styrene used to make polystyrene. There may be
residual levels of unreacted styrene monomer in the polystyrene
but any such residue is incidental and the residual monomer does
not serve any function in the polymer. In contrast, additives are
used to serve a function in the packaging material and so, they are
present intentionally. For polystyrene, the polymer may contain
a few hundred ppm (parts per million, milligram per kilogram)
of an antioxidant to protect the polymer or even a few percent by
weight of mineral oil as a flow promoter. Whatever the purpose
of the substance, when packaging materials touch the food, there
can be a transfer of these chemicals to the food.
241
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Table 11.1
 umber of Substances in the Inventory Lists for Different
N
Food-Packaging Materials (European Industrial Sectors)
Plastics
862

Paper/Board

Inks

Adhesives

Coatings on Metal

285

5721

370

592

11.2 Food Contact Materials and Chemical
Migration
11.2.1 Process of Chemical Migration
Chemical migration can be defined as “the mass transfer from
an external source into food by sub-microscopic processes.”
The extent to which any chemical substance migrates into a
foodstuff is controlled by processes that are subject to both
kinetic and thermodynamic control. The kinetics of migration can be described using diffusion coefficients and diffusion
models such as Fick’s second law. The thermodynamic aspects
of migration can be described using solubility and partitioning
considerations. Some migration processes are not solely under
the control of the physical processes of diffusion or partitioning, for example if there is chemical attack at a surface. The
leaching of elements from glass or ceramics is one example.
Another, very topical example currently (see later), is the
migration of the monomer bisphenol A (BPA) from polycarbonate plastics. Hydrolysis of the polycarbonate surface can be the
main process causing the release of BPA with diffusion-controlled migration of the residual monomer being only a minor
contribution.
Putting the detailed physicochemical description of the migration process to one side, the extent of any chemical migration is
dependent on the following factors:
•
•
•
•

The nature of the food contact material
The nature of the foodstuff
The nature of the migrating substance
The extent of direct or indirect contact between the
food contact material and the foodstuff
• The temperature of the contact
• The duration of the contact

a. Impermeable material
e.g, metals, glass, ceramics

Foodstuff

b. Permeable materia
e.g, plastics, rubber

Foodstuff

c. Porous material
e.g, paper and board

Foodstuff

Figure 11.1 Depiction of chemical migration from different materials.

food contact surface, from within the material, as well as any
substances contained in inks and coating applied to the nonfood
contact surface (Figure 11.1c).
Multilayer packaging materials are also a commonplace in
which a barrier layer such as aluminum foil or a plastic layer is
included in the packaging structure. In these cases, any migratable substances on the nonfood side of the barrier layer will not
be able to pass through to the food contact surface within the
foreseeable shelf life of the packed food. However, if the packaging material or article has been rolled (reeled) or stacked such
that the food contact surface is stored in contact with the nonfood contact surface, then transfer of chemicals between the two
surfaces can occur (Figure 11.2). This transfer process in known
as setoff and it is especially important when evaluating inks and
varnishes. When food then touches the set-off surface, contamination can occur to give packaging residues in the food.

11.2.3 Nature of the Foodstuff and the Chemical
Substance
When considering migration, foodstuffs are conventionally
split into five categories that describe their physical and chemical properties, aqueous, acidic, alcoholic, fatty, and dry. The
solubility of the migrating substance in the foodstuff will influence the extent of the migration. Lipophilic (“fat-loving”) substances have a greater solubility in fatty or oily foods and so,
the migration of such substances into these food types will be
greater than that into an aqueous foodstuff. Conversely, polar
or ionizable molecules and salts are more soluble in aqueous
media and less soluble in fatty foods. Dry foods have only a

11.2.2 Nature of the Food Contact Material
Migration from materials such as glass, ceramics, or metal occurs
only from the surface of the material (Figure 11.1a); no diffusion
of substances will occur from within these materials to the surface, within a normal time frame. Plastic and rubber materials
exhibit diffusivity to different extents depending on their structure, crystallinity, and so on and diffusion of substances from
within the material to the food contact surface can occur (Figure
11.1b) and over time from the external surface. Fibrous materials such as paper, board, and woven plastic fibers provide practically no resistance to the movement of some substances within
the matrix. Migration of substances can readily occur from the
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limited interaction with packaging materials and what migration there may be, is normally of lower-molecular-weight substances migrating from the packaging material into the food via
the vapor phase.
Substances such as from inks, may transfer from the printed
“outside” of the film onto what will then become the inside—
the food contact side—of any packaging made using the film.
The same can happen if printed containers are stacked one upon
another.

11.2.4 Extent of Contact and the Time and
Temperature Conditions
The surface area of the contact is clearly important—a large surface area would give a higher concentration of a packaging residue than a small area, for the same mass of packed food. Also,
migration is a time-dependent process and is accelerated by a
rise in temperature and so, the time and temperature conditions
for the packaged food have to be taken into account too. Volatile
substances can migrate via the gas phase and so, food can be
contaminated even if it does not make direct contact with the
packaging. Even semivolatile substances can have a sufficient
vapor pressure to transfer if the storage time of the packed food
is long enough. Vapor-phase transfer can be an important migration route for paper and board and for secondary packaging such
as outer cartons, cases, and outer wraps.

11.3 Testing Requirements and Legislation
11.3.1 Purpose of Testing
By the processes described above, any substance present in a
material placed into contact with a foodstuff has the potential
to migrate. This migration can impact on the safety of the food
because some substances used to make food contact materials
may be harmful if consumed in sufficient amounts. Migration
can also have an adverse effect on the quality of the food
because the transfer of sensorially active substances may impart
a taint or odor that is undesirable to the consumer. The need to
control the effects of food contact materials on both of these
aspects is considered in legislation. Although the detailed legislative and technical instruments used differ, the main principles
used worldwide are that food-packaging materials should not
transfer their constituents to food in quantities that could: (a)
endanger human health; (b) bring about an unacceptable change
in the composition of the food; and (c) bring about a deterioration in the organoleptic characteristics of the food. Extensive
references to the legislation in Europe, Mercosur, the United
States, Japan, and other countries, can be found in the section
“Further Reading.”
The food itself can be tested for undesirable chemical residues. Alternatively, the packaging material can be tested before
it is used to ensure that it does not contain residues that could
migrate at levels that could cause problems. Finally, uniquely
for food contact materials, the packaging can be tested for its
suitability before use by employing food simulants that are
intended to mimic the migration properties of different categories of foods.

11.3.2 Using Food Simulants
Food simulants are an important tool for testing the suitability of packaging materials for the food that they are intended
to be placed in contact with. Simulants are intended to mimic
the migration behavior of foods. Exact specifications and recommendations differ worldwide but some generally recognized
food simulants are listed below along with the food categories
(classes) that they are designed to simulate.
Food Type or Class
Aqueous foods of pH ≥ 4.5
Acidic foods of pH < 4.5
Alcoholic foods
Fatty foods
Dry foods and frozen foods

Corresponding Food Simulant
Distilled water, 10% ethanol
Dilute acetic acid solution
10% Ethanol solution (or higher alcohol
content)
Olive oil, vegetable oil, synthetic triglyceride,
95% ethanol, isooctane, and heptane
Often, no migration testing is specified, but
Tenax (a porous and finely powdered
polymer) may be used

Simulants were introduced at a time when instrumentation and
analytical methods were not available to test foods for all the substances of interest at detection levels of milligram per kilogram
to microgram per kilogram. Simulants also provide a means to
test for broad food categories rather than having to test individual food items. Consequently, most routine tests conducted
worldwide, and especially tests to demonstrate compliance with
regulations, use food simulants. However, as methodology and
instrumentation have advanced, our ability to measure migration
into foods has evolved rapidly.
The analytical approaches for food analysis that are described
later in this chapter, work equally well for the analysis of these
simplified food simulants.

11.3.3 W hat Substances Need Testing for?
As mentioned previously, a range of different chemicals are
needed to make materials intended for food contact. There are
thousands of chemicals in inventory lists used by producers and
of these, probably several hundred chemicals find regular use.
They include monomers and other starting substances needed to
make plastics, catalysts, and production aids to make plastics and
paper, additives to modify the properties of the finished products,
ingredients of inks and adhesives, and so on. Since most chemical migration is a diffusion phenomenon, then it is the small,
low-molecular-weight substances that tend to migrate fastest.
This is certainly true for the monomers used to make the highvolume plastics and coatings such as vinyl chloride, 1,3-butadiene, acrylonitrile, and styrene. Additives on the other hand must
remain in the finished material to have a technical effect and
so, they tend to be higher-molecular-weight substances, which
diffuse only slowly, to reduce their loss. As producers strive to
make materials with lower migration properties, they are turning
to the so-called polymeric additives of molecular weight of above
1000 Da, or to tethered additives that are covalently bound to the
polymer chains of the packaging material. This range of substance properties means that the full range of analytical methods
are deployed in testing for these residues; with headspace gas
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chromatography–mass spectrometry (GC–MS) for the volatiles,
GC–MS for the semivolatiles, and increasingly liquid chromatography (LC)–MS for the nonvolatiles and the polar residues.
The detection level needed depends on the toxicological or
organoleptic properties of the substances but typically, it is in the
range of a few ppm down to ca. 10 parts per billion (ppb, microgram per kilogram) in the food. We shall demonstrate some of
these analytical methods in the next section.

11.4 Examples of Migrants and Analytical
Methods
11.4.1 Analytical Method Example 1: Testing for a
Volatile Migrant Using Headspace–GC–MS:
Styrene
Some of the most important substances to be tested for are the
monomers and other starting substances used as the basic building blocks to make polymeric materials such as plastics, coatings, ink films, and so on. As small molecules, they can migrate
rather freely. Similarly, by virtue of their low molecular weight,
they are often volatile substances and so amenable to analysis by
headspace– GC–MS. Examples of monomers used in free-radical
addition polymerization include vinyl chloride (CH2∙CH–Cl),
1,3-butadiene (CH2∙CH–CH∙CH2), acrylonitrile (CH2∙CH–
CN), and styrene (CH2∙CH–Ph). The headspace– GC–MS
approach can also be used to determine solvent residues and
other volatile impurities. The technique can be applied to foods,
food simulants, and to the packaging materials themselves.
Reliable quantitation depends on a full equilibration between
the sample and the headspace gas. Making a slurry of foods with
cold water can help ensure that this equilibrium is achieved more
rapidly. Thin packaging films (e.g., 20 μm can be typical) can
equilibrate reasonably quickly and so can be analyzed directly.
Packaging materials such as thermoplastics and silicones can
be dissolved in the solvent. Thermoset plastics and paper/board
cannot be dissolved but they can be finely divided into a powder
by grinding or milling, taking care not to let the sample heat
with a consequent loss of any volatile analyte. Alternative headspace techniques such as purge-trap or solid-phase microextraction (SPME) are also possible. They offer higher sensitivity but
quantitation is more difficult. Many deuterated or 13C-labeled

substances are available as internal standards that help to get
good precision and accuracy. The following example of styrene
analysis is a typical approach, using deuterated (2H8) styrene as
the internal standard and using the method of standard additions
to nullify any matrix effect.
Purpose: Individual portion packs of a coffee creamer packed
in polystyrene are analyzed for styrene.
Procedure: The following is an outline of a procedure used
in the author’s laboratories. The product is mixed and poured
directly (5 g) into a headspace vial (10 mL capacity). The samples are analyzed in three ways: (a) as received (no additions); (b)
with d8-styrene internal standard added at 50 μg/kg (duplicates);
and (c) with d8-styrene internal standard added at 50 μg/kg and
with 10–200 μg/kg spike of styrene added (all in duplicate). The
specimens are incubated at 90°C for 30 min and a portion of
headspace gas (1 mL) is analyzed by GC–MS. Mass spectrometric detection is conducted in the selected ion mode with m/z 78
and 104 monitored for unlabeled d0-styrene and with m/z 84 and
112 monitored for d8-styrene.
Results: The concentration of styrene in the foodstuff is quantified using the standard addition calibration line generated by
plotting the peak area ratio of the d0 -styrene to the d8-styrene
against the concentration of styrene added to the sample and
extrapolating the line obtained. In this example (Figure 11.3),
the intercept of the standard addition line indicates that the sample contains styrene at ca. 62 μg/kg. The presence of styrene
was confirmed on the basis of the GC retention time and by
the ratio of the m/z 78 and m/z 104 ions by comparison with an
authentic standard.
Interpretation: If high migration levels are determined for
such products, it is probably due to the high ratio of surface area
to volume for these small pack sizes. A single-portion pack of
milk or creamer would contain 10 g and have an internal surface area of 25 cm 2, not including the peelable lid that is not
polystyrene. Contributory factors would be the long storage
time at room temperature for such products. High migration of
styrene can also be attributed to the fat content of the product
and the nonpolar (lipophilic) nature of styrene. Finally, polystyrene plastics contain a rather high residual monomer content
(ca. 500 mg/kg in the plastic) that cannot be removed completely
by vacuum stripping, because styrene can be reformed on thermal processing into materials and articles by “unzipping” of the
polystyrene chain.
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Figure 11.3 Styrene. Headspace–GC–MS standard addition line (ion 104 for styrene vs. 112 for d8-styrene, internal standard) in a cream sample—the
extrapolated intercept shows the sample contained styrene at ca. 62 μg/kg.
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11.4.2 Analytical Method Example 2: Testing for a
Semivolatile Migrant Using GC– MS:
Phthalates
Purpose: Phthalates is the common term used for the family of
(largely alkyl) esters of ortho-phthalic acid (benzene-1,2-dicarboxylic acid). Their main use in food contact materials is as plasticizers, especially for polyvinyl chloride (PVC) (tubing, seals,
and films) and also for inks. Because of their moderate environmental persistence, foods of vegetable or animal origin can contain background levels of phthalates from growing, harvesting,
transport, and processing. Since phthalates are lipophilic, fatty
foods are most prone to contamination both from environmental sources and by migration from food contact materials. Some
phthalates are considered to be endocrine disruption chemicals
(EDCs). Although the use of phthalates in packaging materials
has declined, they can still be encountered, for example, from the
use of recovered fibers to make recycled paper and board used for
food packaging. In these materials, the phthalates can originate
from non-packaging-related sources such as glues and inks used
in books brochures and magazines. In this example, a range of
prepackaged retail foods is tested for a suite of phthalates.
Procedure: Foodstuffs are homogenized and a mixed solution
of each of the internal standards (listed) is added into a portion
of the food (15 g) and allowed to infuse (15 min). The phthalates
are extracted into a 1:1 (v:v) mix of acetonitrile:dichloromethane
(15 mL) by shaking for 4 h at room temperature using an orbital
shaker. The samples are centrifuged (5 min at 3000 rpm) and
the supernatant is frozen (−20°C) to separate the fat. Following
evaporation to dryness, the residue is reconstituted in acetonitrile and transferred to a glass vial for analysis by GC–MS. Table
11.2 lists the phthalates monitored, their abbreviations, the isotope-labeled internal standards added, and the main quantifying
and confirmation ions used in the GC–MS analysis. Duplicate
samples are prepared in this way. Spiked food samples are prepared by adding each of the phthalate esters to the foodstuff. The
spiked samples are extracted in the same way. Spikes are prepared at two separate concentrations (50 and 250 μg/kg for the

individual phthalates, and 1000 and 5000 μg/kg for the diisononyl phthalate [DiNP] and diisodecyl phthalate [DiDP] isomeric
mixes). Procedural blanks and spiked procedural blank samples
are prepared in the same way but in the absence of the foodstuff. Confirmation criteria are defined as relative retention times
(±2%) and ion ratios that should be consistent (±20%) with the
solvent calibration standards analyzed at the same time.
Results: The performance of the method was assessed by the
analysis of three foods (cheese—high fat, orange juice—high
carbohydrate, and pork mince—high protein) spiked with all 15
phthalate diesters at 50 and 300 μg/kg for the individual diesters,
and at 1000 and 5000 μg/kg for the isomeric mixes. Limits of
detection (LoDs) for the single- phthalate diesters were in the
range 1–13 μg/kg in the three foodstuffs tested and for the isomeric mixes were in the range 26–214 μg/kg. Retail foodstuffs
were purchased and tested for their phthalate levels. Phthalate
diesters were confirmed to be present in 77 of the 261 samples
tested. Di-(2-ethylhexyl) phthalate (DEHP) was the most frequently detected (66 samples), although the highest levels found
were for the DiNP.
Interpretation: Care had to be exercised in the concentration
step to ensure that the smaller, more volatile phthalates were not
lost. Further clean-up steps were avoided due to risk of contamination of the sample with those phthalates that are ubiquitous. As well
as background levels in foodstuffs from the ubiquitous nature of
some phthalate diesters (in particular diisobutyl phthalate [DiBP],
di-n-butyl phthalate [DBP], and DEHP), phthalate contamination
of foodstuffs can occur during food production or following migration from food-packaging materials. Additional studies confirmed
that, for some foodstuffs, packaging materials did contribute to the
phthalate diester concentration in the foodstuff.

11.4.3 Analytical Method Example 3: Testing for a
Nonvolatile Migrant Using HPLC–FLD: BPA
BPA is used in the manufacture of polycarbonate plastics, epoxy
resins, and other polymeric materials. Polycarbonate plastics are

Table 11.2
GC–MS Analysis for Phthalate Diesters
Analyte

Abbr.

Ions Monitored

Internal Std.

Ions Monitored

Dimethyl
Diethyl
Diisopropyl
Diallyl
Dibutyl
Diisobutyl
Di-n-pentyl
Benzylbutyl
Di-n-hexyl
Dicyclohexyl
Di-n-octyl
Di-2-ethylhexyl
Diisononyl
Di-n-decyl
Diisodecyl

DMP
DEP
DiPP
DAP
DBP
DiBP
DPP
BBP
DHexP
DCHP
DOP
DEHP
DiNP
DDP
DiDP

77, 163, and 194
149, 177, and 222
149, 192, and 209
104, 149, and 189
149, 205, and 223
149, 205, and 223
149, 219, and 237
91, 149, and 206
149, 233, and 251
149, 167, and 249
149, 167, and 279
149, 167, and 279
149, 167, and 293
149, 167, and 307
149, 167, and 307

d4-DMP
d4-DEP
d4-di-nPr

167, 198
153, 181
153, 213

d4-DBP
d4-DiBP
d4-DPP
d4-BBP
d4-DHexP
d4-DCHP
d4-DOP
d4-DEHP
d4-DNP

153, 227
153, 227
153, 241
153, 210
153, 255
153, 253
153, 283
153, 283
153, 297
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used for food and liquid containers such as tableware, microwave
ovenware, and refillable water bottles. BPA-based epoxy resins
are used as protective linings for food and beverage cans and as
a lacquer of the inside surface of metal lids and tops for jars and
bottles. There is considerable interest in the migration of BPA
from these packaging materials because it is considered to be an
EDC. The molecular weight of BPA is not high, at 228 Da, but the
presence of two phenolic hydroxyl groups means that it has a very
low vapor pressure. Analysis by GC is possible, preferably with
derivatization (e.g., by acetylation using acetic anhydride) after
isolation from the food, but high-performance liquid chromatography (HPLC) is a more usual analytical approach. The BPA molecule has a strong fluorophore and so, HPLC with fluorescence
detection (FLD) is a sensitive analytical technique. BPA also ionizes well in LC–MS/MS. Both analytical approaches are outlined
here as exemplars for this type of food-packaging residue.
Purpose: The internal surface of metal food cans and closures
(lids, caps) used on bottles and jars are commonly protected
using an epoxy-phenolic coating (“lacquer”). Any residues of
incomplete polymerization of this coating may migrate into the
food product. In this example, the migration of BPA is tested for.
BPA is used in the manufacture of the BPA diglycidyl ether starting substance used in the preparation of the epoxy can coating.
Procedure: The following is an outline of a procedure used in the
author’s laboratories. A portion of the food is extracted with acetonitrile. The extract is evaporated to dryness under a gentle stream
of nitrogen and reconstituted in a 1:1 mix of water:acetonitrile. The
solvent is decanted from the foodstuff and is then stored at –18°C
overnight to precipitate the fat from the solution. The supernatant
is analyzed by HPLC–FLD (excitation 235 nm, emission 317 nm).
Duplicate samples are extracted and analyzed. Overspiked samples, spiked with BPA at 0.5, 1, 2, and 20 μg/kg (each in duplicate)
are extracted and analyzed in the same way.
Results: In this example (Figure 11.4), the solvent standard
establishes the retention time for BPA (lower panel). The extract
of the food sample shows no evidence of BPA at this retention
time (upper panel). Spiking the food sample with BPA at a level
of 2 μg/kg demonstrates that the test method would detect BPA
if it was present (middle panel).
Interpretation: The detection limit is estimated to be 1 μg/kg
or better. It is concluded that the sample contains no detectable

Bisphenol A
CH3
HO
CH3
Starting
subtance
used for can
coatings and
polycarbonates

BPA, not more than 1 μg/kg. If the sample had tested positive and
if the quantitative result needed further investigation, then LC–
MS would have been used and an isotope-labeled internal standard would have been added before the food sample was extracted
with the solvent. The use of MS as the detector provides extra
confidence in the correct identification of any BPA detected in the
sample. That procedure is described in the next section.

11.4.4 Analytical Method Example 4: Testing for a
Nonvolatile Migrant Using LC–MS/MS: BPA
Purpose: The LC–FLD analysis for BPA described above shows
quite a lot of background fluorescence activity in the chromatogram (Figure 11.4) that limits the sensitivity of the method and
also introduces some uncertainty in ascribing a peak to BPA—
even if the retention time criterion is met. For reasons of sensitivity and unambiguous identification, LC–MS/MS can be used
either as the first-line analytical method or as a confirmatory
method after LC–FLD screening.
Procedure: The following is an outline of a procedure used
in the author’s laboratories. A homogenized sample (5 g) is
extracted with a 1:1 mix of acetonitrile (5 mL) and hexane (5 mL)
by shaking for 16 h in an orbital shaker. The sample is centrifuged and the acetonitrile layer is collected and evaporated to
dryness at 40°C under nitrogen. For particularly fatty samples,
the solvent volumes are doubled and the mixture is frozen (to
−18°C, to precipitate the fat) before centrifugation and collection
of the acetonitrile layer. The residue is reconstituted in 1:1 (v/v)
water:methanol and analyzed by LC–MS/MS.
For each sample, five portions are prepared. One portion is
extracted and analyzed with nothing added. Two portions have
an internal standard (d16-BPA) added prior to extraction. A fourth
portion has an internal standard added and is also overspiked
with BPA at 5 μg/kg before extraction. A fifth portion has an
internal standard added and is also overspiked with BPA at
25 μg/kg before extraction.
Sample extracts are analyzed by LC–MS/MS operated in
the electrospray mode with negative mode ionization. The column is a pentafluorophenyl phase and the mobile phase is a
gradient of 1 mM ammonium fluoride in water plus methanol.
Concentrations were derived from the response in the quantifying
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Figure 11.4 HPLC–FLD chromatograms of (a) the sample extract, (b) sample spiked with BPA at 2 μg/kg, and (c) solvent standard of BPA.
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Figure 11.5 Top left panel: Calibration graph for 5–250 ng/mL BPA solvent standards, equivalent to 1–50 μg/kg in the foodstuff. Top right panel (orange
juice) and bottom panel (wine): LC–MS/MS chromatogram for m/z transition 227 > 212 for foodstuffs spiked with BPA at 5 μg/kg.

transition 227 > 212 unless matrix interferences in this transition
necessitated the use of the qualifying transition 227 > 133.
Results and interpretation: As for the phthalates method
described in Section 11.4.3, the performance of the method
was assessed by the analysis of three foods (cheese—high fat,
orange juice—high carbohydrate, and pork mince—high protein) spiked with all BPA at 5 and 25 μg/kg. Figure 11.5 (top left
panel) shows the calibration line for solvent standards equivalent to 1–50 μg/kg in the foodstuff. Reporting limits were calculated taking into account the concentrations of the analyte
determined in the procedural blank samples. BPA is ubiquitous and so, measures were taken throughout the procedure to
minimize contamination. So, for example, in Figure 11.5 (top
right panel), there is a strong response for orange juice spiked
with BPA at 5 μg/kg whereas the unspiked juice has a small
background level (ca. 0.7 ppb) that is indistinguishable from the
analytical blank. In contrast, the wine sample (Figure 11.5, bottom panel) shows a slightly larger BPA peak than the analytical
blank and it also has an extra peak that elutes alongside the main
BPA peak. The BPA in the wine sample, estimated to be less
than ca. 0.4 μg/kg, may be due to storage of the wine in a vat
coated with a heavy-duty epoxy resin.
Other method performance parameters (e.g., repeatability,
linearity, precision, etc.) were within the tolerances defined in
international guidelines for single laboratory method validation. The robustness of the method has been demonstrated by the

successful application of the method to determine BPA concentrations in a range of foodstuffs. As in most studies determining
concentrations of BPA in foodstuffs, in general, the concentrations of BPA in canned foods were significantly higher than in
the same food types not canned. The reason for this is because of
migration from the can coatings.

11.4.5 Analytical Method Example 5: Testing for
Substances Not Used Intentionally: A
Polyester Can Coating
Purpose: As well as testing for known substances used to make
food contact materials, a proper safety assessment must go further, to assess the safety of all potential migrants and not only
the starting substances. This includes what have become known
as the NIAS (nonintentionally added substances) such as impurities, reaction, and breakdown products.
Procedure: There is a good range of powerful analytical techniques available for the detection of the NIAS. Investigation
would normally start with analysis of the packaging material
itself, or a solvent extract of it, since the substances are there
in higher concentrations than in foods or food simulants after
migration. To ensure a wide coverage, the following analyses
may be performed. Identification of the potential migrants is
achieved through the application of a suite of analytical methods,
focusing on the analysis of substances with a molecular weight
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below 1000 Da. This molecular weight cutoff is chosen in view
of toxicological significance—larger molecules tend not to be
absorbed in the stomach or the gastrointestinal tract. Analysis of
a packaging material is made using:
• GC–MS with headspace- or purge-trap sampling for
volatiles
• Solvent extraction followed by GC–MS for semivolatiles
• Solvent extraction followed by LC–MS for polar and
nonvolatile substances
• Acid digestion followed by inductively coupled plasma
(ICP)–MS for trace elements
The following outlines the procedure used for one of these four
complementary approaches, using LC–MS. Samples of tinplate
coated with the polyester coating under examination, are cut into
0.5 × 0.5 cm pieces and randomized. Samples (200 cm2, in triplicate) are extracted by total immersion in acetonitrile (100 mL)
for 18 h at room temperature. The extract is concentrated 10-fold
under a gentle stream of nitrogen gas at 40°C. A procedural
blank (solvent alone, no coated panel) and coated panels overspiked with an oligomer standard at 1.7 μg/100 cm2 are prepared
in the same way. The extracts are analyzed by liquid chromatography–time of flight–mass spectrometry (LC–TOF–MS) using a
C18 column, a water/methanol gradient, and with the TOF–MS
operated in the positive and then negative mode electrospray to
maximize the detection coverage.
Results: An example of a total ion chromatogram (TIC) of the
extract run in the positive ionization mode is shown in Figure
11.6. Simple visual inspection shows that there is a large number
of peaks with much coelution. The data were processed using
proprietary qualitative software for substance identification
that revealed more than 200 chemical entities. For quantification, estimated concentrations were calculated by comparison of
selected ion chromatogram peak areas of the substances detected

Figure 11.6

LC–TOF–MS TIC for a solvent extract of a polyester coating.

to the peak area of the representative oligomer standard overspiked into the acetonitrile extracts. In the absence of authentic
standards, this approach assumes equal substance response.
The accurate mass information for the substances detected
is compared with a user-prepared database from the analysis of
substances used in the manufacture of the coating (including the
impurities) but this needs coworking with manufactures and their
suppliers. The user-prepared database can also contain the oligomers and reaction products predicted from the known ingredients and their impurities. This requires a good level of chemical
knowledge coupled with as much detailed information as possible on the formulation details and the manufacturing process.
If the accurate mass determined for a given peak in the chromatogram is not in the user-prepared database, then the high-resolution LC–MS software proposes molecular formulae for each
of the accurate masses detected. The number of acceptable fits
depends on the mass resolution of the instrument. Even with the
best instruments, it is normal for several or even many possible
formulae to be an acceptable match with the experimental accurate mass. Deciding on which is the most likely formula does
itself require insight and judgment.
Interpretation: Taking the peak at a retention time of 47.3 min
as an example (Figure 11.7) from the mass spectrum of this peak,
the three most diagnostic ions observed were at masses 444.1648
(assigned [M+NH4]+), 449.1203 ([M+Na]+), and 875.2507
([2M+Na]+). From this, the mass of the substance measured was
426.1303. Chemcalc (http://www.chemcalc.org/mf_finder) found
49 formulae within 3 ppm of the experimental accurate mass of
426.1303. Eliminating the possibility of halogens (leaving just
CHNO) still gave four possibilities: C21H20N3O7, C20H14N10O2,
C22H16N7O3, and C23H22O8. Eliminating the possibility of nitrogen left just the last. Chemspider (http://www.chemspider.com/
Search.aspx) found 136 known structures for C23H22O8. Knowing
that the sample was a polyester and knowing the ingredients,
allowed the structure in Figure 11.7 to be assigned.
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Figure 11.7 Proposed structure for the peak at a retention time of
47.3 min in Figure 11.6.

As in this example, it is not unusual to find 200–400 “peaks”
(unique species) in LC–TOF–MS analysis of a food contact
material extract. Clearly, attention must focus first on the largest peaks but a full elucidation can be very time consuming.
Although modern instruments are very sensitive and the detection of a range of NIAS is quite straightforward, it is in contrast
rather difficult to prove that the suite of techniques is fully comprehensive and that no substance or class of substance has not
been missed. This has implications in making declarations of
compliance, namely, the impossibility of proving a negative—
the absence of any substance that is either hazardous or is simply
not authorized on a positive list of permitted ingredients.

11.5 Other Packaging Concepts
11.5.1 Active and Intelligent Packaging
An innovative development in food packaging in recent years
is the use of active and intelligent packaging. Active-packaging
materials can be defined as: “food packaging which has an extra
function, in addition to that of providing a protective barrier
against external influence.” It is intended to change the condition of the packed food, to extend shelf life, or improve sensory
properties while maintaining the freshness and the quality of
the food. This can be achieved through the removal (scavenging) of substances that have a detrimental effect on food quality.
Examples of active absorbers and scavengers include:
Oxygen scavengers

Amine scavengers

Moisture absorbers
Ethylene and off-flavor scavengers
Acetaldehyde scavengers

Sulfide scavengers
Bitter taste removers

Active-packaging systems can also aim to emit substances that
improve the foodstuff. Examples of active-releasing substances
include:
Carbon-dioxide-regulating systems
Antimicrobial-releasing systems
Nitrogen releasers

food.” Examples of monitoring systems used in food contact
applications include:

Antioxidant releasers
Sulfur dioxide releasers
Flavor releasers

Intelligent-packaging materials can be defined as: “Concepts
that monitor to give information about the quality of the packed

Oxygen indicators
Carbon dioxide indicators

Consequently, for active packaging, the packaging is intended
to influence the food and for intelligent packaging, the food is
intended to influence the packaging. Intelligent-packaging systems to more closely monitor and indicate the freshness and shelf
life of packs, may have a role to play in ensuring freshness while
reducing food waste.
There are relatively few implications with respect to packaging residues in the food. If a substance is released, then it must
be an approved food additive. If a scavenging mechanism operates, then substances are removed rather than added to the food.
Finally, the intelligent-packaging system should not migrate.
Thus, only the “normal” chemicals used in the packaging may
migrate and these are dealt with in the normal way.

11.5.2 Nanomaterials
Developments in nanotechnology promise a technological
revolution in a number of industrial sectors. Nanotechnology
represents a broad assemblage of processes, materials, and applications that span physical, chemical, biological and electronic
science, and engineering fields. The common theme is that they
involve manipulation of materials at a size range in the nanometer scale. There are differences in scientific and legal definitions
worldwide, but for simplicity here, materials smaller than about
100 nm in one or more dimension are collectively termed as
nanomaterials. Nanomaterials could help meet some of the performance requirements of food-packaging materials and other
materials used in food contact such as machine parts, valves,
and so on. Some nanotechnology-derived products are near to
a commercial reality. Examples include increased mechanical
properties to allow further light weighting of food packaging and
using nanocomposites and nanocoatings to improve gas barrier
properties. There are also a number of nanoproducts under development for active packaging as described above—as releasers
or absorbers of chemicals—or as intelligent-packaging materials
using nano-based sensors.
The specific properties of nanomaterials may affect their toxicokinetic and toxicology profiles. As nanomaterials have been
specifically designed to be “different” from their bulk counterparts, it seems appropriate to consider their safety assessment
separately.
There is some controversy if nanomaterials can migrate or
if, compared to simple molecules, they are too large to migrate
at all. Probably, for a well-designed packaging material with
the nanomaterial properly embedded and compatibilized with
the polymer, then migration should be effectively zero. On the
other hand, some applications include the use in biodegradable
materials that are designed to interact with water and could
eventually be broken down. The release of nanomaterials from
such packaging materials during normal use may be possible.
It is difficult to characterize, detect, and measure nanomaterials in food and food-packaging materials. This being so, the
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possible presence of nanomaterials as residues in food is an
area that has considerable associated uncertainty. If migration
were to occur, information on the following aspects is likely to
be needed; particle size and size range; physical form and morphology; chemical reactivity including catalytic activity; and
photocatalytic activity.

11.6 Conclusions
Chemical residues in food may occur as a result of migration
from food contact materials, of which food-packaging materials
are the most important example. Analysis of the food for these
chemical residues basically uses the same chemical analytical methods that are in the food analysts armory. What makes
the topic special is the added dimension of needing to analyze
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also the food-packaging materials themselves (to indicate what
chemical(s) may migrate) and analysis of food simulants used to
test materials to determine their suitability for contact with different types of foods.
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12.1 Introduction
Milk is one of the most widely consumed foods, especially during
the earliest stages of our life. During later stages, both milk and
milk-derived dairy products remain important for human nutrition. This nutritional value as well as the abundant functional
properties (e.g., foaming, emulsifying) of milk constituents make
them highly attractive ingredients for the food industry [1,2].
However, milk is also well known for being allergenic. Milk
allergy affects around 2% of children and 0.1%–0.5% of the adult
population [3,4]. Like the other food allergies, it can induce mildto-severe reactions that can even be fatal [5]. Since no treatment
exists to cure food allergy, only a strict avoidance of the offending food (in this case, milk and its derived forms) can prevent an
allergic reaction from occurring [6]. This stresses the necessity
for allergic individuals to be aware of the presence of allergenic
ingredients in food products. Accurate labeling in combination

with good manufacturing practices should help the allergic consumer to avoid unintended exposure to milk. To assist the allergic
consumer, the European Commission issued directive 2007/68/
EC [7], which stipulates that milk, as one of the major allergenic
foods, has to be declared on the label of food products when used
as an ingredient. This also holds true for milk-derived products.
To support this legislation, accurate and sensitive analytical
methods are required to detect milk allergens and to monitor
their presence in food products even at trace levels [8].
This chapter focuses on the characteristics of milk allergy and
the variety of allergens present in milk. In addition to this, the
effects of food processing, as applied during the manufacture of
dairy products, are discussed in relation to allergenicity and the
detection of milk allergens. Finally, the techniques with which
the detection of milk allergens can be achieved are described
along with their application for the detection of hidden milk
allergens in food products.
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12.2 Characteristics of Milk Allergy
Milk allergy results from a hypersensitivity of the immune system to milk proteins that should normally be tolerated. This is
potentially due to the immaturity of the immune system or its
failure [9]. Sensitization occurs when the immune system reacts
aberrantly during a primary contact with milk proteins by the
production of specific antibodies (immunoglobulin E or IgE) that
bind to immune cells (mast cells, basophils). A second exposure
to the allergic food results in an activation of the immune cells,
which release inflammatory mediators leading to the allergic
reaction. Milk allergy is characterized by two types of allergic
reactions: (1) an immediate IgE-dependent reaction that occurs
within minutes after contact with the allergen, and (2) a delayed
reaction appearing after several hours and mainly mediated by
immune cells (degranulation) [10]. Milk allergy induces a spectrum of clinical symptoms involving the skin (hives, eczema, and
swelling), gastrointestinal tract (nausea, vomiting, diarrhea, and
stomach cramps), respiratory tract (runny nose, nasal congestion,
wheezing, and coughing), and in more severe cases, anaphylaxis
[11]. Milk allergy should not be confused with milk intolerance
that does not involve the immune system despite similar symptoms [12]. Milk intolerance mainly refers to lactose intolerance
attributed to the lack of lactase, the enzyme needed for the digestion of the milk sugar lactose [13].
Milk allergy predominantly affects children, the majority
of whom outgrow this allergy by the age of 5 years. However,
around 20% of the affected children remain allergic (persistent
allergic patients) and in some cases, milk allergy can develop
after childhood [14]. More than 90% of children who are allergic
to cow’s milk also react to goat’s milk and sheep’s milk [15–17].
However, there are examples of isolated allergies to goat and
sheep milk without cross-reaction to bovine milk [18,19] or vice
versa [20].

12.3 Identification and Characterization of Milk
Allergens
Typically, the allergenicity of milk is triggered by its proteins
[21]. The identification of milk-allergenic proteins is established
by the determination of their reactivity toward milk-allergic
patients in in vitro as well as in vivo tests.

12.3.1 Double-Blind Placebo-Controlled Food
Challenge
The most reliable in vivo test to assess the capacity of milk proteins to trigger allergic reactions is the double-blind placebocontrolled food challenge (DBPCFC) test [22]. The suspected
milk-allergic patients are orally challenged with milk protein
extracts and the provocation symptoms emerging after the ingestion are studied under strict clinical conditions [23]. The power
of this test resides in its capability to trigger allergic reactions
in people; however, since this can threaten the health of the
allergic individuals, it is tended to be supplanted by other tests.
Defining the threshold at which milk proteins induce an allergic
reaction is difficult, since this varies considerably from patient
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to patient and from protein to protein. For sensitive allergic individuals, tiny amounts, in the order of 5 μg or 0.1 mL of milk,
have been reported to trigger allergic reactions in DBPCFC tests
[24,25]. A sorbet containing trace levels of whey proteins as low
as 8.8 μg/mL has been reported to elicit systemic reactions in a
milk-allergic individual after ingestion of only 120–180 μg of the
offending food [26].

12.3.2 Skin Prick Test, RAST/EAST Inhibition,
and Allergen Microarrays
Skin prick test and radio-allergosorbent/enzyme-allergosorbent
(RAST/EAST) tests are among the most popular in vivo and in
vitro assays for diagnosing a food allergy [27]. These qualitative
tests, which are based on the immunoreaction of food-specific
IgE from the blood of allergic patients with the allergenic food,
provide an identification of the allergenic compounds to which
the individual reacts.
In skin prick tests, a very small amount of extracted cow’s
milk proteins (the allergens, e.g., caseins [CNs], β-lactoglobulin
[β-LG], and α-lactalbumin [α-LA]) are introduced under the
outer layer of the skin. The weal size of the localized reddening and swelling that develops when a milk-allergic reaction
occurs provides an indication of the severity of the allergic
reaction [28].
RAST and EAST are in vitro tests that analyze the blood of
individuals suspected to have a food allergy to assess the level
of IgE antibodies that recognize milk proteins or their derived
peptides [29]. Microarrays are emerging techniques based on
the same principle as RAST, but offer the possibility to simultaneously measure the reaction of IgE antibodies from allergic
patients with a battery of immobilized food allergens (proteins
or derived peptides) on a chip [30]. Recently, such a sensitive
microarray assay was used to study the immune response to
milk and purified milk proteins [31]. Also, a peptide microarray
immunoassay has been developed for milk allergens (CNs and
β-LG), which was used to map allergenic milk-derived peptide
epitopes responsible for triggering the allergic responses [32].
This tool might be useful for developing hypoallergenic formulae, containing milk-derived ingredients devoid of epitopes that
are known to trigger allergic reactions.

12.3.3 Patch Tests
A number of infants and the majority of adults with milk allergy
do not have freely circulating IgE specific to milk proteins that
can be highlighted by skin prick tests and in vitro blood tests.
Patch tests are employed in such cases, which are based on the
application of a patch containing milk allergens on the skin of
the patient’s back [33]. Such a commercially available noninvasive epicutaneous delivery system has been designed to diagnose
allergy to cow’s milk protein in infants, children, or adults with
delayed allergic reactions [34,35].

12.3.4 Allergen Recognition
Employing the in vivo and in vitro tests described earlier, it has
become apparent that nearly all milk proteins (more than 30
so far, including all CNs and the whey proteins β-LG, α-LA,

Free ebooks ==> www.ebook777.com
253

Allergens

Linear
epitope
Conformational
epitope

Denaturation

transformation into derived products, while degradation of milk
allergens occurs during fermentation, ripening, and enzymatic
hydrolysis, which are all processes that are frequently employed
by the food industry. All these processes are very likely to impact
allergenicity and are discussed here.

Digestion

12.4.1 Heat Treatment

figure 12.1 Antibody detection of conformational and linear epitopes
within a native, denatured, or digested allergenic protein.

bovine serum albumin [BSA], and lactoferrin [LF]) can trigger
allergic responses [36]. However, the majority of allergic reactions are attributed to the most abundant milk proteins (αs-CN
and β-LG) [37]. The allergenicity of milk proteins resides in specific amino acid sequences within the protein, called epitopes,
which are recognized by IgE antibodies. Epitopes can be conformational (domains of proteins made up of nonadjacent amino
acids that depend on the three-dimensional structure) or linear
(continuous amino acid sequences, which only depend on the
primary structure). Epitope mapping that has been performed
for the main allergenic milk proteins revealed multiple allergenic epitopes within each protein as well as a high heterogeneity among allergic individuals concerning the epitopes to which
they react [38–40]. While β-LG is likely to be the main elicitor
of milk allergy (80%) in children and infants [40,41], CNs are
apparently the major cause for allergic reactions in adults and
persistent allergic patients [42] exposed to milk or to its derived
products such as cheese [20,43]. This is potentially linked to the
structural characteristics of the allergenic proteins. The poor
three-dimensional structures of CNs favor the existence of linear epitopes that may participate in the persisting allergy, while
whey proteins with their globular structure are characterized by
conformational epitopes [43–45]. After denaturation or digestion
of the protein into small fragments, the conformational epitopes
can no longer bind the antibody in contrast to linear epitopes as
depicted in Figure 12.1.

12.4 Effects of Food Processing on Milk
Allergenicity
Milk is usually submitted to different technological processes to improve its safety and shelf life before consumption.
Alternatively, it is transformed into a variety of dairy products
(e.g., yogurts, cheese, ice cream, butter, and cream) [46]. These
manufacturing procedures can modify the structure of milk proteins, which might alter their immunodominant epitopes and
thereby modulate allergenicity [47]. The effects are likely to
be process dependent. Theoretically, allergenicity can decrease
because of the destruction of epitopes or it can increase because
of the formation of new epitopes or an improved accessibility
of cryptic or hidden epitopes after allergen denaturation. From
the large number of industrial processes used to manufacture
dairy products or specialized foods, only few were investigated
for their impact on allergenicity [9,48,49]. Heat treatment is a
basic process that milk undergoes before its consumption or its

Thermal treatment is known to induce physicochemical changes
in milk constituents [50]. The stability of milk-allergenic proteins
submitted to heat treatment differs according to the structure of
the protein, the intensity of the thermal treatment [51], and the
animal species the milk originated from. For instance, the heat
stability of caprine and ovine milks is lower than that of bovine
milk [52]. During heating, proteins with a globular tertiary structure (especially BSA, IgE, and β-LG) lose their conformational
structure during unfolding. This is illustrated by the decrease in
recognition by specific antibodies [53,54] or by the modification
of the charge-state distribution of β-LG as analyzed by electrospray ionization mass spectrometry (ESI-MS) [55]. Higher
degrees of protonation were observed in whey protein solutions
after increased heat exposure, reflecting the opening up of the
molecule, but the presence of other components present in milk
was shown to partly protect β-LG from denaturation [55]. The
thermal treatment of BSA, IgE, and β-LG is associated with an
alteration of their conformational epitopes that can no longer be
recognized by IgE resulting in a reduction of allergenicity [56].
The antigenicity of milk allergens depends on the conditions of
thermal treatment. Below 90°C, the allergenicity of milk proteins
such as β-LG increases when submitted to pasteurization most
likely caused by the unmasking of cryptic epitopes [57]. This
is confirmed by the stronger allergic response after oral challenge (DBPCFC) of cow’s milk-allergic children and adults with
pasteurized milks (15 s, 75°C) when compared with raw milk
[58]. Inversely, heating at temperatures above 90°C drastically
decreases the allergenicity of milk as shown by an impaired IgE
binding [53], which is most likely to result from a combination of
the loss of conformational epitopes and a masking of sequential
epitopes [59]. In fact, the denaturation of milk proteins that is relatively negligible with pasteurization (20% denaturation of whey
proteins) is still incomplete after ultrahigh temperature (UHT)
treatment (60% denaturation of whey proteins) and only boiling
(100°C, 10 min) represented a treatment strong enough to annihilate prick test reactivity of BSA and β-LG. But, even this only
partially reduces the allergenicity of α-LA and CNs (50%–66%
of IgE binding) [47]. The fact that CNs do not possess a highly
structured configuration and that they have predominantly linear
epitopes explains their thermostability and their persistence after
thermal processing [60]. The maintenance of immunoreactivity of heat-treated milk can also be based on coaggregation and
complexation of whey proteins with the CN micelles [61,62], or
by the emergence of Maillard products (e.g., lactosylated milk
proteins). Both processes might lead to the formation of neoepitopes [63,64].

12.4.2 Fermentation
Other technological processes used in the manufacture of dairy
products such as fermentation also affect the allergenicity of
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milk allergens [53]. Fermented milk products such as yogurt or
kefir produced from cow’s and ewe’s milk are recognized to have
beneficial effects on the immune system. Such effects are linked
to the presence of viable bacteria that improve gastrointestinal
immunity as well as to milk-derived bioactive peptides emerging
during proteolysis [65]. Clinical reports have suggested that consumption of fermented foods, such as yogurt, might reduce the
development of allergies, possibly via a mechanism of immune
regulation [66] and the presence of tolerogenic peptides emerging from the degradation of cow’s milk proteins by lactic acid
bacteria [67]. The changes of milk protein profiles by the action
of yogurt bacteria (Lactobacillus delbrueckii ssp. bulgaricus and
Streptococcus salivarius ssp. thermophilus) were analyzed to
identify the emerging peptides [68]. Proteolytic activity during
fermentation in kefir manufacturing [69,70] involves the degradation of αs-CN followed by αs-CN, which is mediated by proteinases originating from lactic acid bacteria [71]. The extent of
proteolysis of milk proteins varies according to the lactic acid
bacteria employed for fermentation [72]. L. delbrueckii ssp. bulgaricus is able to eliminate more than 99% of the antigenicity
of α-LA and β-LG. However, despite this drastic diminution
of IgE binding, the allergenicity of the product is maintained
as observed by provocation tests [73]. S. salivarius ssp. thermophilus is also able to efficiently diminish the immunoreactivity of α-LA (99.95%) and β-LG (91.26%). The same effect
was observed for a whole panel of lactic acid bacteria where
the remaining antigenicity of around 10% was detected [74].
Fermentation of milk from bovine species for the production of
yogurt yields a variety of peptides [75], some of which contain
epitopes that are recognized by milk-allergic patients [38–40].
Fermented milk products are therefore likely to remain allergenic for consumers with a milk allergy.

12.4.3 Ripening
During cheese making and ripening, proteolysis takes place to
form free amino acids from large water-insoluble peptides, as
well as medium-sized and small soluble peptides [76]. Currently,
complex food matrices such as cheese are subjected to proteomic
analyses, which provide insight into the multitude of milk-derived
proteins (e.g., CNs and whey proteins), their degradation products
(peptides), and to the microbial-produced proteins (enzymes) in
this type of food [77]. The proteolysis of milk proteins (mainly
CNs) has also been monitored with capillary electrophoresis or
high-performance liquid chromatography (HPLC) techniques
coupled to mass spectrometry aiming at the detection of bioactive
peptides [78,79]. But, such studies do not report on the residual
allergenicity of these products. Despite a continuous hydrolysis of
milk proteins during cheese ripening, alteration of the allergenicity of cheese during ripening seems to be limited [80].

12.4.4 Enzymatic Hydrolysis
The use of enzymatic hydrolysis of milk products is widespread
within the food industry and often aims to reduce allergenicity
by enzymatic degradation of milk proteins to obtain nutritional
substitutes for milk-allergic children [81]. In addition to this, it can
be employed to generate milk protein-derived peptides with bioactive properties [82]. A variety of hydrolyzed milk formulae based
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on CNs or whey with different degrees of hydrolysis (partial or
extensive) are commercially available. The antigenicity of these
formulae is profoundly reduced [83]. But, even if the majority of
the extensively hydrolyzed formulae developed for milk-allergic
children are well tolerated, their consumption is known to have
triggered allergic reactions in several cases [84]. A study on different hypoallergenic formulae supposed to be deprived of “antigenic-binding sites” has shown that β-LG traces could be detected
in CN-based hydrolyzates, indicating that during precipitation of
CNs, contamination with whey proteins occurs [85]. Caprine milk
hydrolyzates have also been developed and marketed since their
proteins show a better gastrointestinal digestion than cow’s milk
proteins. This faster and stronger degradation of caprine milk proteins, especially β-LG, is likely to be caused by differences in the
tertiary structure and physicochemical properties [86,87]. New
investigations to decrease the allergenicity of milk-allergenic proteins have focused on enzymatic hydrolysis under high pressure,
which is suggested to be more effective; but it seems that depending on the conditions, the antigenicity can be intensified [88].

12.4.5 Homogenization
Homogenization is often employed for the manufacture of dairy
products such as ice cream or fluid milk [89]. By destroying milk
fat globules into smaller droplets under pressure, homogenization induces profound modifications in the structure of milk,
which potentially affects allergenicity [90]. Homogenization of
milk seems to increase its allergenicity, which is potentially due
to the exposure of milk-allergenic proteins at the surface of the
fat globules [89].

12.5 Analytical Tools for the Detection of Milk
Allergens in Food Products
The analytical tools that have been developed to detect milk allergens in food products are either target (allergenic) proteins or
deoxyribonucleic acid (DNA). DNA-based methods for the detection of milk traces in food products are hardly used, since milk
contains relatively little DNA (compared with a rather high protein
content) and such methods are not specific for milk, but would
detect meat as well. A panel of screening methods available for
the detection of milk allergen proteins in food products is based
on immunoassays. Such assays usually employ animal-produced
antibodies raised against the allergenic proteins [91]. Furthermore,
proteomic techniques are used to confirm the presence of milk
allergens in food products, and to identify milk protein/peptide
sequences even after food processing [92]. These analytical tools
have been described extensively in several reviews that focus on
the detection of food allergens [93,94]. The availability of methods
capable of detecting milk allergen traces in food products at levels
that are relevant to improve the protection of the health of allergic
consumers is very important, and therefore, an overview of the
commonly used methods is presented here.

12.5.1 Immunodetection
Immunochemical methods developed to detect traces of milk
allergens and dairy products in food products are based on the
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recognition of milk-allergenic proteins by specific antibodies
raised against these milk proteins. Binding of allergens and antibodies leads to the formation of an allergen–antibody complex
that is subsequently detected.
Free milk allergens

12.5.1.1 Immunoprecipitation and Immunodiffusion
The detection and quantitation of milk-allergenic proteins were
initially assessed by radial immunodiffusion techniques [95].
The sensitivity of this methodology was subsequently improved
and currently, radial immunodiffusion kits are commercially
available for the specific quantitative measurement of native
β-LG, α-LA, BSA, and LF in milk and dairy products from species such as cow, goat, sheep, and camel.
Briefly, as illustrated in Figure 12.2, fixed concentrations of
anti β-LG, α-LA, BSA, or LF antibodies are incorporated into
an agar gel. Standards of diluted milk protein (C1, C2,…) as well
as test samples (C?) are deposited in holes in the gel and their
proteins diffuse in the gel. The antibodies in the gel bind their target proteins and at the equilibrium, a precipitation ring is formed
with a diameter that is proportional to the concentration of milkallergenic proteins present in the sample. Monitoring the progress
of denaturation and hydrolysis of milk proteins during industrial
processing (i.e., heat treatment and proteolysis) is feasible with
a limit of detection (LOD) around 1 μg/mL in a measurement
range between 1.5 and 12 μg/mL for α-LA [96].

IgE-specific milk allergen
Milk allergens

Ig conjugate

figure 12.3

Principle of EAST and RAST inhibition.
Substrate

Enzyme-labeled Ig
Signal
Ig-specific milk allergen
Milk allergen

12.5.1.2 RAST/EAST Inhibition
RAST and EAST have been utilized to estimate the presence
and level of milk allergens in food products [18]. As illustrated
in Figure 12.3, solid-phase-attached milk allergens and free milk
allergens from the test sample compete for binding to human
IgE. Subsequently, IgE bound to immobilized milk allergens is
detected by labeled antibodies (radiolabeled [RAST] or enzymatically labeled [EAST]). IgE binding of allergens from the
test sample leads to the reduction of signal intensity, which is
proportional to the level of milk-allergenic protein present in the
food sample. An LOD of around 1 mg/kg can be achieved with
this methodology [8].

12.5.1.3 Enzyme-Linked Immunosorbent Assay
Enzyme-linked immunosorbent assay (ELISA) is the type of
method that is most commonly employed to detect trace amounts
of food allergens in industrial food products. It is usually based
on immobilized antibodies of animal origin that were raised
against milk proteins. The milk proteins in test samples are
bound and immobilized, which allows their detection by means

C1

C2

Milk
protein

C3

C?

Enzyme or
radiolabeled

Antibodies
in agar gel

Sample

figure 12.2 Principle of radial immunodiffusion.

Ig-specific milk allergen
figure 12.4

Principle of sandwich ELISA.

of a second (labeled) antibody (Figure 12.4). Several commercial kits as well as in-house-developed ELISAs are available to
detect and measure the amount of milk allergens present in a
food matrix [97]. ELISAs for the detection of milk traces are
usually directed against CNs, β-LG, or total milk and use either
a sandwich configuration (as described earlier) or a competitive
detection. LODs for such kits generally range from below 1 to
7.5 ppm [97].

12.5.1.4 Lateral-Flow Immunoassays or Dipsticks
Lateral-flow immunochromatographic test systems, also called
dipsticks, have been developed to provide food manufacturers
with easy-to-use (on-site) fast qualitative tests for the detection
of milk proteins in food products. Specific antibodies (raised
against milk proteins) are attached to stained latex beads
and deposited at the extremity of a nitrocellulose membrane
(Figure 12.5). They bind to milk proteins in a sample extract
and migrate as a complex along the membrane driven by capillary forces (Figure 12.5). The complexes are captured by a secondary milk allergen-specific antibody immobilized on the test
line of the membrane. This leads to the appearance of a colored
line reflecting the presence of milk protein.
Dipsticks for the detection of milk traces are commercially
available and claim to have a sensitivity of around 5 ppm.
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Principle of the dipstick device and interpretation.

12.5.1.5 Biosensor and Surface Plasmon Resonance
Surface plasmon resonance (SPR) immunoassays represent an
emerging and attractive technology for the food industry, since it
monitors in real time the presence of milk allergen traces in food
products. Also, with this methodology, detection is based on recognition of milk proteins by antibodies. Binding of milk proteins
to antibodies immobilized on a sensor chip leads to variation in
the measurement of a refractive index that allows quantification
of the milk content in the samples. Simultaneous quantification
of CNs (αs1, β, and κ) in dairy products [98] in their intact form
can be assessed with an optical immunosensor technique in a fast
and sensitive manner (LOD 0.87 μg/mL), and is adapted to the
analysis of raw [99] and drinking milk [100]. The use of optical
biosensors allows the detection of milk proteins at levels around
1–12.5 mg/kg in food samples [101]. The residual immunogenicity of food products submitted to different processes [102]
such as heat treatment can be effectively estimated for the main
whey proteins with LODs of 13, 27, and 20 ng/mL for α-LA,
β-LG A, and B, respectively [103]. In processed complex food
matrices (baby food products such as crème dessert and fruit
yogurt), β-LG could be specifically and rapidly identified with
a biosensor at concentrations ranging from 500 μg/mL to 2 mg/
mL, similar to the immunochemically detectable β-LG content
of the products [104].

12.5.1.6 Western Blotting
With this technique, milk allergens present in a sample are
separated by gel electrophoresis in one or two dimensions and
electrotransferred onto a membrane. Subsequently, specific antibodies are employed to reveal the presence of milk proteins. The
antibodies employed can originate from the serum of allergic
patients [36], or can be raised in animals. The residual antigenicity of food and especially of hypoallergenic formulae can be
assessed by this technique [105].

12.5.2 Proteomic Techniques
Proteomic techniques are more and more used to detect and confirm the presence of milk allergens in food products. Indeed, this
approach allows an unambiguous identification of milk proteins
in food matrices, which cannot be achieved with immunological
methods such as ELISA owing to the potential cross-reactivities
of antibodies. Another advantage of proteomic techniques resides
in their ability to detect potentially allergenic milk-derived

peptides that emerge during food processing. Proteomic techniques are usually based on a combination of separation and
identification techniques. Separation of milk protein or peptide
mixtures (e.g., hypoallergenic formulae) is generally achieved
either by electrophoresis or chromatography. This is then followed by their unambiguous amino acid sequence identification
with mass spectrometry [106,107]. For this, the separated sample
(milk proteins/peptides) entering in the mass spectrometer is ionized with matrix-assisted laser desorption/ionization (MALDI)
or electrospray ionization (ESI) and the resulting ions are propelled into the mass analyzer by an electric field resolving the
ions by their mass-to-charge ratio [108].
High-resolution two-dimensional gel electrophoresis (2-DE)
resolves milk proteins according to their isoelectric point in the
first dimension (isoelectric focusing [IEF]) and their relative
molecular weight in the second dimension (SDS-PAGE) [109]
before being digested in situ into peptides and identified by mass
spectrometry [77]. This technique has been used for the detection and characterization of milk allergens in commercial milk
powder [106] and for monitoring the proteolysis during cheese
ripening [110,111].
Liquid separation techniques such as liquid chromatography
and capillary electrophoresis are applied as separation methods that offer a variety of separation principles (size exclusion,
reverse phase, ion exchange, IEF, etc.). Reversed-phase chromatography constitutes the method of choice for the separation of
allergens preceding mass spectrometry. Mass characterization
of milk proteins and peptides and their sequence identification
have been determined with liquid chromatography–mass spectrometry (LC–MS) methodology, which allowed their detection
in complex food matrices, after hydrolysis, fermentation [112], or
during the cheese-making processes [79]. Capillary electrophoresis represents an alternative high-resolution separation technique for the analysis of milk proteins in food products and their
quantification [113] and has been proven to be useful to rapidly
resolve milk allergens from different matrices including milk,
milk powders, hypoallergenic formulae, dairy products, and
cheeses [114–118].
A limitation of proteomic techniques resides in the fact that
the analysis of complex mixtures such as milk hydrolyzates or
cheese can be difficult to interpret without prefractionation steps.
This is due to the relatively low number of allergen-derived ions
compared with all detectable ions, and also to the fact that short
peptides (below five amino acids) cannot be clearly attributed to
their mother protein(s).

12.6 Detection of Milk Allergens in Dairy Foods
and Other Food Products: Hidden Allergens
Milk and its derivatives (e.g., whey proteins and CNs) are more
and more incorporated as ingredients into a wide range of nondairy food products because of their broad functional properties
[119]. Whey proteins (β-LG and α-LA), for instance, find their
application in meat, reformed fish products as gelling additives,
or can replace skim milk in ice cream, or even fat or whole egg
in dairy and nondairy dessert products (e.g., meringue) owing
to foaming and whipping properties [2]. Milk powders having a
high-nutritional value can supplement food, beverages, cereals,
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and specific nutritional products (e.g., sports drinks and infant
formulae) [120,121]. A large variety of essentially nondairy
products such as bakery products, pastry, chocolate, sausages,
hot dogs, tuna, ham, meringue, and many more products have
been reported to trigger severe allergic reactions and were demonstrated to contain milk proteins by ELISA analyses [122,123].
Functional foods that are entering the market, products that contain milk protein-derived ingredients valued for their new functionalities (e.g., as a biopreservative for fresh-cut vegetables), or
nutraceuticals could be threatening for the milk-allergic population [124,125]. Probiotics that are added to food products for
their potential ability to decrease allergy are also not always
safe for milk-allergic patients who can react to remains of the
media on which the probiotics were grown (whey protein and
CN) [126]. Furthermore, the ubiquity of milk proteins in food
products will be reinforced by the appearance in the market of
health benefit products supplemented with milk-derived peptides [127]. This strengthens the necessity to be able to detect
the presence of milk proteins or milk-derived peptides in food
products. Some of the methods mentioned above have been
tested and optimized for this purpose. Immunological assays
were applied for testing for traces of β-LG in infant formulae
[128]. Furthermore, a series of nonmilk-containing products
(fruit juices, fruit juice bars, sorbets, and dark chocolate) as well
as food products that were suspected to have triggered allergic
reactions were evaluated for the presence of CN employing a
sandwich ELISA test, detecting CN levels that varied from 0.5
(LOD) up to 40,000 ppm [129]. A competitive ELISA that is
more suited to detect smaller proteolytic fragments was also
successfully used to detect the presence of CN in foodstuffs
(flour mix, instant potato, soup, and spice mix) with a limit of
quantification (LOQ) around 1 mg/kg [130].
So far, only a single-validation study of ELISA methods
for the detection of milk proteins in food products has been
reported. In Japan, an interlaboratory study investigating
three types of ELISA kits reported the detection of milk proteins spiked into food products (sausages, sauces, cookies,
and cereals) [131]. Besides immunochemical detection, proteomic techniques have been developed to assess and confirm

the presence of milk allergens in food products. An LC–MS
method has been set up for the detection and quantification
of whey proteins (β-LG and α-LA) in mixed fruit juices at
concentrations ranging from 5 to 40 μg/mL. This method
was shown to have an LOD of 1 μg/mL and an LOQ of 4 μg/
mL [132]. Another LC–MS method was developed to detect
CNs in spiked cookies and was able to detect 1.25 ppm CN.
This method is based on the detection of two peptides derived
from αs-CN (FFVAPFPEVFGK; YLGYLEQLLR) that were
identified as markers for the presence of milk in food matrices [133]. Techniques such as capillary electrophoresis have
been employed to detect whey proteins in soybean dairy-like
products with an LOD of 0.6 and 1.0 μg/g for α-LA and β-LG,
respectively [134]. The further development of methods based
on capillary electrophoresis might advance the detection of
milk and dairy traces in food products.

12.7 Conclusion
Milk proteins constitute a very rich source of nutrients with
a wide variety of functional properties and are utilized to
manufacture a multitude of food products. However, a proper
assessment of the allergenicity and a correct declaration of
milk-derived ingredients on the label of food products are of
paramount importance to prevent a nightmare for milk-allergic
consumers [135]. The panel of technological treatments referred
to in this chapter unfortunately cannot guarantee the elimination of allergenic components, while contamination with milk
allergens is also a cause for concern [136]. It is therefore crucial
that the labeling of food products is clear without ambiguity to
help consumers to protect their health. To support this, a number of highly sensitive methods that are described earlier and
depicted in Figure 12.6 are available to determine the presence
of milk components in food matrices. The availability of such
methods is crucial to detect and estimate the level of contamination of food products with allergenic ingredients, to identify
mislabeling or adulteration practices, and finally to protect the
allergic consumer.
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figure 12.6 Analytical tools for the detection and identification of milk allergens.
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13.1 General Remarks
Polychlorinated dibenzodioxins (PCDDs) and polychlorinated
dibenzofurans (PCDFs)—altogether also commonly known
as “dioxins”—are two groups of tricyclic aromatic compounds
containing between one and eight chlorine atoms, thus resulting
in 210 congeners (75 PCDDs and 135 PCDFs), different in the
number and/or position of chlorine atoms. PCDDs and PCDFs
are insoluble in water, exhibit a strong lipophilic character, and
are very persistent. PCDDs and PCDFs are not produced intentionally. In fact, their formation and release into the environment
occur primarily as a consequence of thermal or combustion processes or as unwanted by-products of industrial processes involving chlorine.
Of the 210 congeners, only 17 with chlorines at positions 2, 3,
7, and 8 are of toxicological interest.* Risk assessment/management is facilitated as a toxicity equivalency factor (TEF) relative to 2,3,7,8-T4CDD that can be assigned to each of the toxic
*

These are the congeners the term “dioxins” normally refers to.

congeners: for food and feed in the European Union (EU), the
TEFs adopted in 1997 by the World Health Organization (WHO)
(Van den Berg et al., 1998) were used until 2011 when an update
of the aforesaid WHO TEFs carried out in 2005 (Van den Berg
et al., 2006) officially replaced the former TEF system in the
European feed and food legislation (Recommendation 2011/516/
EU and Regulation 1259/2011/EU).
Polychlorinated biphenyls (PCBs) are a family of 209 chlorinated compounds produced commercially for over four decades
under various trade names by direct chlorination of biphenyl. As
PCDDs and PCDFs, PCBs are substantially insoluble in water,
strongly lipophilic, and very persistent. For their chemical–physical stability and dielectric properties, they were used worldwide mainly in transformer and capacitor oils, hydraulic and
heat exchange fluids, and lubricating and cutting oils. PCBs are
divided into two groups according to their toxicological mode of
action: dioxin-like PCBs (DL-PCBs) consisting of 12 congeners
with toxicological properties similar to PCDDs and PCDFs, and
non-dioxin-like PCBs (NDL-PCBs), with a different toxicological profile. 2,3,7,8-T4CDD WHO TEFs have also been assigned
to DL-PCBs (Van den Berg et al., 1998, 2006). Both NDL-PCBs
263
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Table 13.1
Inventory of Peer-Reviewed Reports Describing Widespread Dioxin Contamination in Food of Animal Origin
Year

Country

Food Items

Feed

1957
1998
1998
1998
1999
2003
2004
2008
2008
2008
2010

United States
Germany
United States
United States
Belgium
Germany
The Netherlands
Chile
Italy
Eire
Germany

Broilers
Dairy
Eggs
Fish
Pork, poultry
Dairy
Dairy
Pork
Dairy
Pork
Pork, eggs

Rendered fats
Citrus pulp
Clays
Clays
Rendered fats
Bakery waste
Potatoes
Mineral supplement
Forages
Dried feeds
Rendered fats

a
b
c

Levelsa
>1000 pg I-TEQ/g
Increase of background levels
9.7–16 pg TEQ97/gb
0.37–0.87 pg TEQ97/gc
>1000 pg TEQ97/g
15 pg TEQ97/g
20 pg TEQ97/g
2.17–36.7 pg TEQ97/g
20.0 pg TEQ97/g
200 pg TEQ97/g
1–3 pg TEQ97/g

Reference
Firestone (1971)
Malisch (2000)
Hayward et al. (1999)
Hayward et al. (1999)
Bernard et al. (2002)
Hoogenboom et al. (2004)
Hoogenboom et al. (2010)
Kim et al. (2011)
Esposito et al. (2010)
Marnane (2012)
Weber and Watson (2011)

Levels expressed on fat basis except where noted.
Assuming a 10% fat content.
Levels expressed on ww.

and DL-PCBs bioaccumulate in animals and humans and biomagnify in the food chain.
Humans are exposed to PCDDs, PCDFs, and DL-PCBs principally through the diet. The contribution of meat and meat products and fish and fishery products together may be higher than
90% of the total exposure to PCDDs, PCDFs, and DL-PCBs
(Fattore et al., 2006; Domingo and Bocio, 2007; EFSA, 2012a).
The exposure of food-producing animals to PCDDs, PCDFs,
and DL-PCBs has been described in the scientific literature since
1956. At that time and in the following two decades, the reports
were mostly focused on outbreaks of acute intoxication in locally
exposed flocks/herds and their follow-up. Owing to the lack of
regulatory limits for the aforesaid contaminants in food of animal
origin and the implementation of routine monitoring plans, PCDD,
PCDF, and PCB analysis was mainly framed within the veterinary toxicology discipline. In 1999, a widespread contamination
occurred in Belgium in the agro-industrial feed sector and in the
connected intensive farming system provoked an enormous scare
in the public opinion (Bernard et al., 2002): this fact induced the
EU authorities to set up regulatory limits for PCDDs + PCDFs, and
later, for DL-PCBs, and to implement specific monitoring plans
in food and feed. Moreover, in 2002 the European Food Safety
Authority (EFSA) was established to provide scientific advice and
technical support to the European Commission (EC) in all areas
influencing food safety (Regulation 178/2002/EC).
Apart from the compliance/noncompliance judgment on different food items placed in the market, the increasing amount
of results on occurrence in foods of PCDDs, PCDFs, and
DL-PCBs—achieved under Quality Assurance/Quality Control
schemes from accredited laboratories—allows to perform intake
estimates in the population and sensitive groups: the kind of
food items consumed, their relative amounts, and the associated
PCDD, PCDF, and DL-PCB occurrence, makes today intake
assessment achievable and reliable, with respect to health guidance values (e.g., tolerable weekly intake [TWI], proposed by
national and international bodies). On a regional basis, the different food consumption habits may reflect on intakes. Nowadays,
the toxicological focus has been shifted from the former acute
toxicological cases in food producing animals to the long-term
human dietary exposure risk assessment of PCDD, PCDF, and

DL-PCB congeners. Human intake assessment may represent
in the near future the basis of a risk-oriented approach in food
monitoring plans, performed by official authorities.
The ports of entry of PCDDs, PCDFs, and DL-PCBs into the
food chain production recorded in the past may still be present
today: even if their impact on animal health and welfare is generally reduced, their presence could still determine food safety
(regulatory) noncompliances, and may possibly impact on food
security (limitations in the trade/consumption of foods) and on
human health when the related estimated intakes are around
or above the health guidance value. Therefore, in this article
important past food incidents concerning contaminations from
PCDDs, PCDFs, and PCBs have been reviewed concisely, also to
allow a better focus on the most cost-effective risk management
measures to be taken. A particular emphasis has been given to
widespread contamination outbreaks, in most cases determined
by inadequate levels of PCDDs, PCDFs, and/or DL-PCBs in
commercial feed (Table 13.1). Section 13.2.1 will be also devoted
to environmental factors that a major role in the exposure of
extensively farmed animals.

13.2 Food Contamination Accidents
13.2.1 Chlorophenols and the Chick Edema Factor
In 1957 and 1960, acute intoxication outbreaks were reported
by the U.S. Food and Drug Administration (FDA) in broilers,
with millions of deaths due to the use of fats recovered from the
rendering of hides treated with 2,4,5-trichlorophenol and pentachlorophenol (PCP) salts as preservatives (Firestone et al., 1971;
Kins and Barandy, 1972) in animal feed. The source of contamination stemmed from the use of technical grade PCP, typically
about 86% pure. PCP contained a large number of impurities,
depending on the manufacturing method. Impurities consisted
of other chlorophenols and several microcontaminants, mainly
PCDDs (in particular hexa-, hepta-, and octa-chlorinated congeners). Several years later, a PCP-mediated PCDD contamination
occurred again in feeds, due to feed additive choline chloride dispersed on sawdust from treated pinewood, replacing the original
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and preferable vegetal support from corn curb (Llerena et al.,
2003).
Other studies described the impact of PCP-treated wood fencing, barns, silos, and wood shavings as contact materials with
animals and/or forages in raising the levels of PCDDs in milk,
meat, and eggs, respectively, in dairy cows, beefs, and laying
hens (Huwe et al., 2004; Brambilla et al., 2009; Marchand et al.,
2010). In 2008, several consignments of guar gum, a food additive from India, were found contaminated with PCP and related
PCDDs. Possibly, the contamination originated due to the use of
PCP as preservative for guar seeds. Finally, chlorophenols were
associated with a widespread PCDD noncompliance in pork
meat in Germany during 2011, due to the use of rendered free
fatty acids formerly intended for biodiesel synthesis in animal
feed production. Again, the analytical profile showed the presence of typical PCDD congeners attributable to chlorophenols,
possibly originating from tall oil recovered from treated timbers
(Weber and Watson, 2011).

13.2.2 Feeds Contaminated by DL-PCBs
The most worldwide known crisis that prompted the issue of specific PCDD + PCDF and later DL-PCB management measures
and regulation for food and feed occurred in Belgium in 1999,
due to the use of rendered fats in animal feeding which had been
accidentally contaminated by heat-stressed dielectric fluids containing PCBs (Bernard et al., 2002). As for the chick edema disease, poultry exposure was acute, with deaths formerly attributed
to vitamin A deficiency. Six months later, the etiological agent
was disclosed, but too late to limit the spread of the corrupted
feed within Belgium and the placing of a variety of food items
suspected of being heavily contaminated by the presence of fats
of animal origin in the market. The contamination profile in pork
and eggs was dominated by PCDF and DL-PCB congeners, the
former originating from thermal degradation of PCBs at temperatures in the optimal range 250°C–450°C (Shibamoto et al., 2007).
Other sources of PCDFs associated to DL-PCB contamination occurred in forages (Marnane, 2012) and bakery wastes
(Hoogenboom et al., 2004) intended as feed materials and dried
with a hot air stream originating from open flame devices fuelled
with PCB-contaminated oils and woods. In other cases, PCDF
and DL-PCB contamination in dairy milk and meat was ascribed
to fires close to grazing areas that had contaminated both topsoils and fodders, thus determining the carryover of the contamination to animal products (Esposito et al., 2010).
A high PCDD, PCDF, and DL-PCB contamination background in feeds and feed components (also used in terrestrial
animal farming) may originate from wild fish caught in impacted
sea basins: such undesirable contamination may easily propagate
to food for human consumption. Hites et al. (2004) in a global
assessment of organic contaminants in farmed salmon highlighted how in South America (Pacific coast) fish fed on fish oil
were less contaminated with PCDDs, PCDFs, and PCBs than
north European species fed with fish oils derived from fishery
activities from the more anthropogenically impacted north-eastern Atlantic ocean. In terms of intake, the contamination found
in the Pacific salmon more often would allow to consume such
geo-referenced fish than the corresponding European species. As
management option, now farmed fish are fed on decontaminated
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fish oil obtained by using silicon-based and carbon-based solid
adsorbents capable to trap PCDD, PCDF, and non-ortho DL-PCB
congeners.
To reduce the exposure, fish oils are also blended with vegetal
oils to improve the overall sustainability of aquaculture practice,
thus determining a progressive reduction of contamination levels
in farmed fish (Berntssen et al., 2010).

13.2.3 Kaolin Clays
Ball clays and derived products are often used as anti-cacking
agents (additives) in feed production. However, they can be naturally contaminated with PCDDs, thus bringing into the food
chain a contamination that could be transferred to food products,
eventually determining noncompliances. Rappe et al. (1998)
described an unusual PCDD contamination in a fish feed formula: the cause was ascribed to the geological contamination
of clays used as anti-caking agent in the soya meal component
of the feed. More recently, Huwe and Archer (2013) analyzed
the PCDD congener patterns in commercial catfish from the
United States drawing again the indication that mineral clays
were a potential source. The presence of contaminated clay was
also confirmed in feed for other animal production as reported
by Ferrario et al. (1997). In 1997, PCDD and PCDF concentrations in dairy products in Germany and other European countries increased. The contamination source was contaminated
lime obtained from landfills close to a mining site. At the end of
2004, during a routine monitoring study, high levels of PCDDs
were found in milk from two farms. The source was traced back
to the use of kaolinic clay for sorting potatoes in the production
process of French fries. Rest of the products, especially peelings after scrubbing, were used as feed for dairy cows. Levels of
PCDDs + PCDFs in this product amounted to 44 ng TEQ97/kg
(88% dried weight [dw]). The maximum level (ML) observed in
milk was 20 pg TEQ97/g fat (Hoogenboom et al., 2010).

13.2.4 Mineral Feed Supplements
Zinc oxide and related mineral supplements are widely used
as feed additives in animal nutrition, especially in intensively
farmed pigs, also for their antimicrobial effects. However, the
industrial origin of the aforesaid mineral products may bring into
the food chain PCDD and PCDF contamination. This was the
case in Chile where a zinc oxide-based premix (6673 pg TEQ97/g)
was responsible for noncompliances in pig meat exported to
Korea (Kim et al., 2011). The PCDDs were formed in a metal
refinery process to collect zinc oxide. Similar cases related to
mineral feed supplements were described in the United States
and Italy in fresh dairy cows (Huwe and Smith, 2005; Brambilla
et al., 2008). Again, the contamination was mainly restricted to
PCDD congeners.

13.2.5 Environment Quality and Farmed Animal
Susceptibility as Determinants for Dioxin
Contamination in Food of Animal Origin
Apart from feed contribution, the environment can play a relevant role in food contamination as food-producing grazing
animals can take up topsoil, eat fodders under impact of air
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Table 13.2
Highest Levels of Soil Intake in Selected Farmed Species, As
Percentage of Dry Matter Intake (DMI) of the Feeding Regimen
Specie

% DMI

Reference

Poultry
Sheep
Cattle
Pigs

50
30
20
20

Waegeneers et al. (2009)
Abrahams and Steigmajer (2003)
Gummow (2006)
Edwards (2003)

depositions, and drink water along with nonnegligible amount of
suspended particulate matter and sediment. The existing literature suggests that soil intake may be a relevant source of contamination in grazing animals, remarkably depending on location
and strongly seasonal, with inter-season variations between one
and two orders of magnitude. Soil intake may be dependent on
the herd/flock density on pasture, as well. It was estimated that in
chickens and free grazing dairy animals, soil intake could represent up to 50% and 30%, respectively, of the dry matter intake
of the feed, thus representing a potentially relevant contribution
to contamination intake (Herlin and Andersson, 1996; Abrahams
and Steigmajer, 2003; Gummow et al., 2006; Smith et al., 2009;
Waegeneers et al., 2009) (Table 13.2). EFSA, in a recent opinion on PCDD, PCDF, and PCB levels in sheep liver, estimated a
median soil intake of 8% for sheep (EFSA, 2011).
Guidance values have been proposed by national agencies,
such as the New Zealand Environment Ministry (2011) for soil
contamination, to limit the direct and indirect human exposure
(i.e., via the intake of heavily contaminated crops and animal
food). Scientific evidences suggest a threshold level of 2–3 pg
TEQ97/g dw in the grazing soil of laying hen flocks (Kijlstra
et al., 2009). In Germany, a soil contamination lower than 5 pg
I-TEQ/g soil is acknowledged as safe with respect to dairy milk
level and human intake (Fiedler, 2003). Above the aforesaid
levels in soil, noncompliances in eggs, milk, and dairy products
may reasonably be expected.
Air deposition on fodders intended for animal nutrition may
also determine noncompliances in food; for a safe use of forages, such depositions should not be greater than 8 pg TEQ97/m2
per day to prevent an increased intake of PCDDs, PCDFs, and
DL-PCBs in humans (Cornelis et al., 2007). This guidance value
for air deposition seems to be also valid to keep the contamination of dairy products below the maximum regulatory levels
(Brambilla et al., 2013).

13.2.6 Contamination Transfer from the
Environment, Feed, and Forage to Food of
Animal Origin
The efficacy of contamination transfer from environment, feed,
and forage to food depends on different factors such as: (a) the
source of contamination; (b) the pattern of congeners and their
amount; (c) the pathway and duration of exposure; and (d) the
species and physiological status of the animal (Travis and Arms,
1988; Slob et al., 1995; Fries et al., 1999; Thomas et al., 1999).
The source of contamination can be characterized by different
contributions of PCDD, PCDF, and non-ortho and mono-ortho
DL-PCB congeners to toxic equivalency (TEQ) cumulative

figures. In general, congeners show a diverse bioavailability, the
highly chlorinated ones being less bioavailable but more bioaccumulative than the lighter congeners due to their greater lipophilicity. More toxic congeners such as 2,3,7,8-T4CDD show an
average carryover rates (CORs) of 40%, whereas for the less toxic
but more chlorinated PCDDs and PCDFs the reported CORs fall
below 10% (Hoogenboom, 2004). For DL-PCBs, only sparse data
are available as to their bioavailability. In exposed goats, CORs
of 40%–80% have been reported for dioxin-like compounds
(Costera et al., 2006). A summary of CORs available for dairy
animals exposed to PCDDs, PCDFs, and DL-PCBs under field
conditions is reported in Table 13.3. Some species, such as poultry
and rabbit, seem to be more liable to absorb efficiently PCB congeners, even with a high chlorination number (Ábalos et al., 2010).
Liver appears to be the more bioaccumulating organ; it could
exhibit noncompliant levels (Table 13.7) even if meat and milk
are compliant (Bruns-Weller et al., 2010). Bioaccumulative features of liver likely reflect the high density of aryl hydrocarbon
receptor (AhR) expressed in the cells membrane, capable of trapping PCDDs, PCDFs, and DL-PCBs in a lipid-independent way.
In addition, the metabolic activity of hepatocytes can determine a
change in congener profile, as that present in other edible tissues
(Rose et al., 2010). This results in a shift in congener profile toward
a relative prevalence in the occurrence of low chlorinated PCDFs
(EFSA, 2011). Figure 13.1 exhibits the analytical profile of the
PCDD and PCDF congeners involved in relevant “dioxin” crises,
while Figure 13.2 shows the differences between the analytical
profiles found in meat, milk, and liver of the same dairy buffalo.
From the papers cited in this paragraph, it may be inferred that
the congener-specific bioavailability of the aforesaid contaminants may determine remarkable differences in the contaminant
profile detected in the tissues of the exposed animal, compared
with the contamination recorded in feed and/or environmental
matrices. This is particularly evident when several congeners are
involved in the cumulative exposure.

13.3 Food Contamination Sources
13.3.1 Source Identification
Backtracking contamination sources are generally acknowledged as the basic and most effective tool to prevent the presence
of unacceptable contamination in food, thus reducing human
intake. In risk management of PCDD, PCDF, and DL-PCB presence in food, this can be achieved with both quantitative and
qualitative approaches.
The quantitative approach is based on the evaluation of background contamination levels in a determined food production,
accounting for all possible contributions arising from the environment, feed, forage, and contact materials (i.e., wooden barns,
litter from timber, sawdust). Generally, such background values can differ from species to species, reflecting differences in
the quality of the farming environment (i.e., confined vs. free
grazing housing), in trophic levels, and in the different farming
practices (e.g., organic vs. conventional hens farming, wild vs.
farmed fish). Reliable estimates of background levels in different
foods can be gathered from PCDD, PCDF, and DL-PCB occurrence distributions obtained from monitoring plans on food,
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Table 13.3
Animal Diet-to-Milk Carryover Rates (CORs) for PCDDs, PCDFs, and DL-PCBs from Different Sources at Dairy
Farm Levels
Municipal Waste Incinerator
Congener
2,3,7,8-T4CDD
1,2,3,7,8-P5CDD
1,2,3,4,7,8-H6CDD
1,2,3,6,7,8-H6CDD
1,2,3,7,8,9-H6CDD
1,2,3,4,6,7,8-H7CDD
O8CDD
2,3,7,8-T4CDF
1,2,3,7,8-P5CDF
2,3,4,7,8-P5CDF
1,2,3,4,7,8-H6CDF
1,2,3,6,7,8-H6CDF
1,2,3,7,8,9-H6CDF
2,3,4,6,7,8-H6CDF
O8CDF
PCB 77
PCB 81
PCB 126
PCB 169
PCB 105
PCB 114
PCB 118
PCB 123
PCB 156
PCB 157
PCB 167
PCB 189

(Slob et al.,
1995)
15
10
5.6
6.4
3.1
0.6
0.1
—
—
12.0
4.3
3.6
4.2
—
—
1.2
—
35.0
31.0
—
—
—
—
—
—
—
—

(Nielsen
et al., 2007)

Pentachlorophenol

Citrus Pulp

Hay

Zinc Oxide

(Fries et al.,
1999)

(Malisch,
2000)

(Costera
et al., 2006)

(Brambilla
et al., 2008)

35
39
15
18
13
3.3
0.4
17
14
15
9
3.5
4.3
0.3
—
—
—
—
—
—
—
—
—
—
—
—
—

58
49
51
77
35
18
3.7
2.8
3.8
58
33
30
19

38
35
25
22
14
7
1
9
13
29
21
18
5
12
—
9
23
50
41
90
75
82
18
78
81
50
66

30
54
41
48
28
10
0.4
—
4.2
56
42
44
8.1
39
—
—
—
—
—
—
—
—
—
—
—
—
—

30
20
8
—
2
0.8
2
4
50
7
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—

considering the percentile range Q.25–Q.75 (EFSA, 2012a) (Table
13.4). According to toxicokinetics, the doubling of contamination level within a time frame of 2–3 months is generally considered a sentinel of the presence of a relevant source of exposure,
even if the overall contamination is not higher than the pertinent
regulatory levels. In this case, usually follow-up investigations
are carried out at both farm and feed mill level to identify and
remove/mitigate the source of exposure.
In some cases, qualitative data such as contamination profiling
may be helpful to address the follow-up investigation in a riskoriented way. Profiling is generally achieved through normalization of congener values relative to the predominant congener,
or relative to the sum of all congeners’ analytical contributions.
Similarly, profiling can also be exhibited after conversion to TEQ
(Figure 13.3). The difference between analytical and toxicological
profilings is that on a TEQ basis potential diagnostic congeners
with low TEFs may not be adequately represented. The profiling
approach may be more effective in tracing back the sources under
the following conditions: (a) one source is highly prevalent among
the others, as in the case of PCDDs from caolin clays and PCPcontaminated oils and litter; (b) animals are at steady state; (c) the
correlation between environment, feed, and forage contamination
profiles and that recorded in food is known from the literature,

—
—
—
—
—
—
—
—
—
—
—
—
—

accounting for congener CORs. Figure 13.4 shows how profiles
can differ between sediments and bivalve molluscs, such as clams
in close contact with sediments and mussels suspended in the
water column, both collected from the same area of the Venice
lagoon (Miniero et al., 2003). A sharper correlation between profile of contamination in food and that of potential contamination
sources may be obtained by the application of principal component analysis (PCA). PCA uses an orthogonal transformation to
convert a set of observations of possibly correlated variables into
a set of values of linearly uncorrelated variables called principal
components. This transformation is defined in such a way that the
first principal component has the largest possible variance (that is,
accounts for as much of the variability in the data as possible), and
each succeeding component in turn has the highest variance possible under the constraint of being orthogonal to (i.e., uncorrelated
with) the preceding components.
Another tool is represented by the cluster analysis (CA),
which aims at sorting out the different contaminant patterns
into groups in such a way that the degree of association between
two samples is maximal if they belong to the same group and
minimal otherwise. Graphically, CA output is often represented
as a dendrogram. PCA and CA tools are available in most of
the statistic softwares available in the market, and have been
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Figure 13.1 PCDD and PCDF profiles recorded in heavily contaminated foods (contributions from DL-PCBs not accounted for): (a) hens exposed to beddings of PCP-contaminated wood shavings (Adapted
from Brambilla, G. et al. 2008. Chemosphere 73:S216–S219.); (b) dairy buffalos exposed to contaminated forage (Adapted from Esposito, M. et al. 2010. Chemosphere 79: 341–348.); (c) and (d) cows exposed
to contaminated potato scraps (Adapted from Hoogenboom, L. et al. 2006. TrAC-Trend Anal Chem 25: 410–420.) and to contaminated citrus pulp (Adapted from Malisch, R. 2000. Chemosphere 40:352–355.),
respectively; (e) and (f) pigs exposed to PCB-containing feed (Adapted from Bernard, A. et al. 2002. Environ Res A 88:1–18 and Hoogenboom, L.A.P. 2004. In: Preedy, V.R. and Watson, R.R. (Eds), Reviews in
Food and Nutrition Toxicity, vol. 2, CRC Press, London (UK), August 13, 2004, pp. 269–299.) and to contaminated mineral feed (Adapted from Kim, M. et al. 2011. Chemosphere 82:1225–1229.), respectively.
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Table 13.4
Synoptic View of the Occurrence of PCDDs, PCDFs, and DL-PCBs in Foods of Animal Origin in EU Countries
PCDDs + PCDFs

TEQbTOT

DL-PCBs

Food Items

Unit Basis

“X” a

Q.25–Q.75

“X”a

Q.25–Q.75

“X”a

Q.25–Q.75

Dairy products
Eggs
Liver, fish
Liver, terrestrial animals
Meat, eel
Meat, fish
Meat, pork
Meat, poultry
Meat, ruminants

Fat
Fat
Wet weight
Fat
Wet weight
Wet weight
Fat
Fat
Fat

0.67
0.83
7.10
2.63
2.21
1.45
0.42
0.64
2.39

0.22–0.75
0.26–0.90
1.68–11.9
0.71–2.96
0.79–3.39
0.12–1.46
0.16–0.58
0.23–0.89
0.23–0.94

0.95
0.88
20.2
2.30
3.56
1.65
0.28
0.36
0.93

0.23–0.95
0.11–0.75
5.00–38.5
0.13–1.30
0.03–5.35
0.20–1.71
0.02–0.23
0.09–0.39
0.30–1.16

1.61
1.71
27.3
4.93
5.77
3.09
0.69
1.00
3.33

0.58–1.70
0.41–1.60
9.12–46.7
0.86–4.41
2.68–7.68
0.31–3.24
0.20–0.85
0.38–1.24
0.67–2.15

Source: EFSA 2010a. EFSA J 8:1385.
Values expressed as pg TEQ05/g on fat or wet weight. Q and “X” stand for percentile and mean.
a The occasional “X” values greater than Q
.75 reflect a severe tailing of original data distributions.
b PCDDs + PCDFs + DL-PCBs.

extensively applied to trace back the main source of contamination in fish caught from the Baltic sea (Rahmberg et al., 2010), or
to assess if a point source emission of PCDDs and PCDFs was
tmainly responsible for a heavy PCDD and PCDF contamination
recorded in eggs from free-range flocks in an industrial/rural district of Taiwan (Lin et al., 2012) (Figure 13.5).

13.3.2 Food Processing and PCDD, PCDF, and PCB
Levels in Food
Due to their lipophilic behavior, PCDDs, PCDFs, and DL-PCBs
are sensitive to those food processes that can affect the fat composition of the food. Fat trimming and smoking have been successfully
applied to salmons to abate more than 40% of contamination levels.
In this way, consumers are protected from potential overexposures,
and the marketing of a compliant product is guaranteed (Cederberg
et al., 2010). Skimming can determine a 50% abatement of PCDDs
and PCDFs present in raw milk (Durand et al., 2008). The use of a
highly contaminated frying oil could increase PCDD, PCDF, and
DL-PCB level in the cooked food, while the use of low-contaminated oil may decrease the native contamination (EFSA, 2011).
More recently, it was highlighted a possible role of caseins precipitates in transferring PCB contamination from raw buffalo milk to
cheese, due to an increased hydrophobicity of the curd, irrespective
of the fat content of the milk (De Filippis et al., 2013). An exhaustive review on the impact of home cooking and food processing
methods on levels of the aforesaid contaminants was provided by
Wang and Rideout (2010). This point highlights a potential relevant
source of uncertainty in estimating the dietary intakes of lipophilic
contaminants, on the basis of occurrence data recovered from raw/
unprocessed food, at least in foods of animal origin.

13.4 Assessment and Management of Food
Quality in the EU
13.4.1 Regulatory Measures
The cases of PCDD and PCDF contamination in feed (Table
13.1) detected in Europe since 1997 from local monitoring

programs focused the attention of public authorities on the
impact of contaminated feed as a source of contamination
of food of animal origin. In addition, the “dioxin crisis” in
Belgium in 1999 highlighted the absence of EU legislation in
this field. Temporary restrictions were imposed on the trade
of products of animal origin within EU countries, but many
efforts have been made to reduce the presence of PCDDs,
PCDFs, and PCBs in the environment and bring the exposure
of EU population below safe levels. In response to this need,
starting from 2001 legislative measures were adopted in the
EU to regulate PCDDs, PCDFs, and PCBs in food and feed
(Table 13.5).
The first measure is to abate emissions of the aforesaid
substances into the environment, and consequently reduce
their presence in feed and food, was addressed in 2001 in the
Communication from the EC to the Council, the European
Parliament, and the Economic and Social Committee on
Community Strategy for PCDDs, PCDFs, and PCBs. Three scientific opinions were the input to the development of this strategy: the opinion of the Scientific Committee on Animal Nutrition
(SCAN) on “Dioxin contamination of feeding stuffs and their
contribution to the contamination of food of animal origin” (EC
SCAN, 2000) and the opinions of the Scientific Committee on
Food (SCF) on the “Risk assessment of dioxins and dioxin-like
PCBs in food” (SCF, 2000, 2001). All the assessments available
showed that the most appropriate way to reduce human exposure
was to reduce the levels in the food chain as food consumption
was recognized to be the most important route of human exposure (accounting on average more than 90% of total exposure).
However, such reduction could be successfully achieved only if a
simultaneous reduction of contamination in the environment was
obtained. In this sense, the EC adopted an integrated strategy
providing management tools to reduce the presence of PCDDs,
PCDFs, and PCBs simultaneously in the environment and in
food and feed, with the final aim to bring the exposure of a large
portion (e.g., 95%) of the EU general population below the TWI
(14 TEQ97/kg-bw week).
As the predominant source of dietary exposure to PCDDs,
PCDFs, and PCBs was recognized to be the food of animal
origin—whose contamination is directly related to feed and
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Figure 13.3 Analytical and TEQ05 profiles of PCDD and PCDF congeners in pigs (Adapted from Brambilla, G. et al. 2011. J Food Prot 74, 261–269.),
buffalo (Adapted from De Filippis et al. 2013. J Agric Food Chem 61:6552–6561.), and sheep (Adapted from Bruns-Weller and Heberer, 2010.) livers. Values
normalized on PCDD and PCDF analytical sums and on the correlated cumulative TEQ values.

pasture contamination—regulatory measures were recommended by the EC “to reduce dioxin and PCB incidence all along
food chain, from feed material through food-producing animals
to humans.” These measures relied on the following “pillars”:
MLs, action levels (ALs), and target levels (TLs).
With regard to products intended for human consumption, in 2001 the EC set for the first time MLs in TEQ97 for
PCDDs + PCDFs (Regulation 2375/2001/EC): any product
including meat, fish, milk, eggs, and oils and fats of animal
and vegetable origin in which PCDDs + PCDFs exceeding the
pertinent ML was not allowed to be marketed. Due to a lack of

sufficient data on DL-PCBs, at that time these pollutants were not
included in the legislation. When more information on the presence of DL-PCBs in food became available, mandatory limits
for the combined TEQ levels of PCDDs + PCDFs and DL-PCBs
(TEQTOT) were set based on 1997 WHO TEFs (Van den Berg
et al., 1998), while the MLs already set for PCDDs + PCDFs
remained in force (Regulation 1881/2006/EC).
In accordance with the 2001 EU strategy, several recommendations were adopted to set ALs for PCDDs + PCDFs and DL-PCBs
with the aim to highlight those cases where it was appropriate
to identify a source of contamination and take measures for its
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Figure 13.4 Comparison of PCDD and PCDF analytical profiles, normalized on the most abundant congeners, in sediments, clams, and mussels from an
area under industrial impact of the Venice lagoon. (Adapted from Miniero R. et al. 2003. Organohalogen Compd 62:144–147.)

reduction or elimination. Later, the EC introduced regular monitoring by Member States for the presence in food* of the aforesaid
contaminants and, if possible, of NDL-PCBs (Recommendations
2004/705/EC and 2006/794/EC). The data collected during the
last few years were subjected to an evaluation by EFSA and published in scientific reports (EFSA, 2010a, b, 2012a).
In 2005 the 1997 WHO TEFs for PCDDs, PCDFs, and
DL-PCBs were re-evaluated (Van den Berg et al., 2006): a number
of TEF values were changed, notably for both pentachlorinated
PCDFs, octachlorinated PCDD and PCDF congeners, and several DL-PCBs. The impact of this change on data concerning the
presence of these substances in food and feed was recently evaluated by the EFSA (cfr. Section 13.4.2), which reported a general
reduction of the TEQ05 values compared to TEQ97 values (EFSA,
2010a). As a consequence revised ALs and MLs were adopted.
In August 2011, the EC updated the ALs for PCDDs + PCDFs
and DL-PCBs in food on the basis of 2005 WHO TEFs
(Recommendation 2011/516/EU): lower ALs were set for all food
categories. In the case of fish and fishery products, ALs were limited to the farmed produce. Updated ALs have been recently provided by Recommendation 2011/711/EU (Table 13.6).
At the end of 2011, Regulation 1881/2006/EC was amended
(Regulation 1259/2011/EU): the new MLs for PCDDs + PCDFs
and TEQTOT expressed in TEQ05 values were reduced for almost
all food categories (Table 13.7).
*

The EU legislation provides management measures and monitoring
criteria for PCDDs, PCDFs, and PCBs in feed and feed components.

The new regulation also established de novo MLs for the sum
of the six NDL-PCBs 28, 52, 101, 138, 153, and 180. These congeners, including all relevant degrees of PCB chlorination, were
chosen as “indicators” for the occurrence of NDL-PCBs and represent about 50% of the total NDL-PCBs in food (EFSA, 2005a,
2010b). In addition, with the new regulation specific MLs for
PCDDs + PCDFs and DL-PCBs in food for infants and young
children were introduced for the first time, in consideration of
the recent monitoring data relative to this kind of food products.
Furthermore, temporary derogations for certain fish from the
Baltic area marketed in Finland, Sweden, and Latvia were made
permanent. Finally, for the first time MLs were established also
for food with less than 2% fat in order to manage cases with
food characterized by very low fat content but with high levels of
PCDDs + PCDFs and DL-PCBs in fat.

13.4.2 Activity of the EFSA for a Risk-Oriented
Approach
The EFSA is the EU risk assessment body for food and feed safety
and cooperate with EU risk managers as regards the safety of contaminated food and feed. A summary of the EFSA activities in
the field of PCDDs, PCDFs, and PCBs is reported in Table 13.8.
In 2010 EFSA received the mandate from the EC to collect and
analyze on a regular basis all available data on PCDDs, PCDFs,
and PCBs in food and feed. The mandate included the publication every 2 years of a report with the results of this evaluation.
Since 2010 three EFSA reports were published.
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Figure 13.5 (a) Example of a PCA analysis concerning the DL-PCBs patterns recorded in eggs from caged (C 1–12) and free-range (F 1–6) flocks, in
which two main groups (I and II) were identified (possibly related to two different sources). (b) PCDD and PCDF congener profiles in the same eggs clustered
in three main groups, indicating the presence of PCDD and PCDF sources independent from those of DL-PCBs. (Adapted from Lin, C., Hsu, J.F., Liao, P.C.
2012. J Agric Food Chem 60:1963–1972.)

The first report was based on over 7000 samples collected in
EU between 1999 and 2008 (EFSA, 2010a). EFSA was asked by
the EC to evaluate PCDD, PCDF, and DL-PCB contamination
levels in relation to MLs and assess the impact on PCDD, PCDF,
and DL-PCB levels if the TEF values adopted by WHO in 2005
(cfr. Section 13.4.1) were used.

Statistical analysis showed that the highest average levels of
PCDDs + PCDFs, DL-PCBs, and TEQTOT in food expressed on
fat basis were observed for liver and liver products from terrestrial animals, and on wet weight (ww) for fish liver and its
products. In animal feed, the highest average levels were found
in fish oil. An overall 8% of the samples exceeded the pertinent
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Table 13.5
Food and Feed Risk Management Measures Taken by the European Union after the Belgium Dioxin Crisis in 1999
Year

Action

1999

Directive 1999/29/EC of April 22, 1999

2001

2001

Communication from the Commission to the
Council, the European Parliament and the
Economic and Social Committee (2001/C
322/02) (COM(2001) 593 final)
Regulation 2375/2001/EC of November 29, 2001

2002

Directive 2002/32/EC of May 7, 2002

2002

Recommendation 2002/201/EC of March 4, 2002

2003

Directive 2003/57/EC of June 17, 2003

2004

Recommendation 2004/704/EC of October 11,
2004
Recommendation 2004/705/EC of October 11,
2004
Recommendation 2006/88/EC of February 6,
2006

2004
2006

2006
2006

Recommendation 2006/794/EC of November 16,
2006
Regulation 1881/2006/EC of December 19, 2006

2006

Regulation 1883/2006/EC of December 19, 2006

2011
2011

Recommendation 2011/516/EU of August 23,
2011
Regulation 1259/2011/EU of December 2, 2011

2012

Regulation 252/2012/EU of March 21, 2012

2013

Regulation 1067/2013/EU of October 30, 2013

2013

Recommendation 2013/711/EU of December 3,
2013

2014

Regulation no. 589/2014/EU of June 2, 2014

a

b

c

Content
Maximum content for PCDDs + PCDFs in citrus pulp used as animal feed, expressed
according to the 1988 International TEF system (NATO/CCMS, 1988)
Community strategy for PCDDs, PCDFs, and PCBs to reduce their presence in the
environment and in feed and food

MLsa for PCDDs + PCDFs in food, expressed according to the 1997 WHO TEF system
(Van den Berg et al., 1998)
Maximum content for PCDDs + PCDFs in citrus pulp used as animal feed, expressed
according to the 1988 International TEF system (NATO/CCMS, 1988)
Random monitoring of PCDDs and PCDFs in feed materials, feeding stuffs, and foodstuffs.
ALsb for PCDDs + PCDFs in feed and food, expressed according to the 1997 WHO TEF
system (Van den Berg et al., 1998)
MLs for PCDDs + PCDFs in animal feed, expressed according to the 1997 WHO TEF system
(Van den Berg et al., 1998)
Random monitoring of PCDDs, PCDFs, and DL-PCBs in feed materials and feeding stuffs
using a recommended minimum frequency of samples to be analyzed yearly
Random monitoring of PCDDs, PCDFs, and DL-PCBs in foodstuffs using a recommended
minimum frequency of samples to be analyzed yearly
Random monitoring of PCDDs, PCDFs, DL-PCBs, and, if possible, NDL-PCBs in foodstuffs
using a recommended minimum frequency of samples to be analyzed yearly. ALs for
PCDDs + PCDFs and DL-PCBs in food, expressed according to the 1997 WHO TEF system
(Van den Berg et al., 1998)
Random monitoring of PCDDs, PCDFs, DL-PCBs, and, if possible, NDL-PCBs in foodstuffs
using a recommended minimum frequency of samples to be analyzed yearly
MLs for PCDDs + PCDFs, and for PCDDs + PCDFs + DL-PCBs in animal foodstuffs,
expressed according to the 1997 WHO TEF system (Van den Berg et al., 1998)
Methods of sampling and analysis for the official control of PCDDs, PCDFs, and DL-PCBs in
foodstuffs
ALs for PCDDs + PCDFs and DL-PCBs in foodstuffs, expressed according to the 2005 WHO
TEF system (Van den Berg et al., 2006)
MLs for PCDDs + PCDFs and PCDDs + PCDFs + DL-PCBs, expressed according to the 2005
WHO TEF system (Van den Berg et al., 2006) and for Σ6(NDL-PCBs)c in animal foodstuffs
Methods of sampling and analysis for the official control of PCDDs, PCDFs, DL-PCBs, and
Σ6(NDL-PCBs) in foodstuffs (amended by Regulation no. 589/2014/EU of June 2, 2014)
MLs for PCDDs + PCDFs and PCDDs + PCDFs + DL-PCBs, expressed according to the
2005 WHO TEF system (Van den Berg et al., 2006) and for Σ6(NDL-PCBs)c in liver of
terrestrial animals
ALs for PCDDs + PCDFs and DL-PCBs in foodstuffs, expressed according to the 2005 WHO
TEF system (Van den Berg et al., 2006). Increased monitoring of free-range eggs, organic
eggs, lamb and sheep liver, Chinese mitten crab, dried herbs and clays as food supplement
Setting confirmatory criteria for HRGC-LRMS/MS analysis

MLs, maximum levels. Products containing contaminants exceeding the MLs should not be placed on the market either as such, after mixture with other
foodstuffs or used as an ingredient in other foods.
ALs, action levels. ALs, whose values are somewhat lower than the parallel MLs, act as a tool for early warning of higher than desirable levels of
PCDDs + PCDFs and PCBs in food and feed. They are designed to trigger a proactive approach from competent authorities and operators to identify sources
and pathways of contamination and to take measures to eliminate them. Identification of sources/pathways is achieved by continuous monitoring in feed and
food.
Σ6(NDL-PCBs), sum of congeners 28, 52, 101, 138, 153, and 180.

MLs set out in EU legislation and a further 4% exceeded some
ALs. In the assessment of the impact of changing from the
1997 WHO TEF system to the 2005 WHO TEF system, EFSA
concluded that the use of the new TEF values would formally
reduce the overall TEQTOT levels by an average 14%, although
the extent of this reduction varied remarkably across food and
feed categories.

In July 2010, EFSA released a report on NDL-PCB levels
in food and feed (EFSA, 2010b). The evaluation was based on
the occurrence data of the six indicator NDL-PCBs (congeners
28, 52, 101, 138, 153, and 180, expressed as the analytical sum
Σ6(NDL-PCBs)) obtained from the analysis of over 11,000 food
and 1300 feed specimens, collected in EU countries between
1999 and 2008. The highest average contamination levels were
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Table 13.6
Action Levels (ALs) for PCDDs + PCDFs and DL-PCBs according
to Recommendation 2013/711/EU
Food Items
Meat and meat products (excluding
edible offal) of the following
animals:
• Bovine animals and sheep
• Poultry
• Pigs
Mixed fats
Muscle meat of farmed fish and
farmer fishery products
Raw milk and dairy products,
including butter fat
Hen eggs and egg products
Clays as food supplement
Fruits, vegetables (including fresh
herbs) and cereals
a

PCDDs + PCDFs

DL-PCBs

pg TEQ05/g fat

pg TEQ05/g fat

1.75
1.25
0.75
1.00
1.50a

1.75
0.75
0.50
0.75
2.50a

1.75

2.00

1.75
0.50a
0.30a

1.75
0.35a
0.10a

ALs expressed in pg TEQ05/g ww.

observed in several fish and fish products, whereas the lowest
values were found in fruit and vegetables. Congeners 138 and
153 contributed up to at least 50% to the sum Σ6(NDL-PCBs)
followed, in decreasing order, by NDL-PCBs 180, 28, 101, and
52. The sum of the six NDL-PCBs was on average close to five

times higher than the analytical sum of the 12 DL-PCBs: variations occurred across food groups and were presumably related
to the origin of samples and contamination source.
The last report on levels of PCDDs + PCDFs and PCBs in food
and feed was published in 2012 (EFSA, 2012a). Data on some
33,000 samples collected between 1995 and 2010 were statistically evaluated in order to identify the background contamination levels of food and feed available on the EU market. In about
10% of food samples the level of PCDDs + PCDFs and DL-PCBs
exceeded the pertinent MLs; the level of the Σ6(NDL-PCBs)
exceeded the MLs in 3.0% of the food samples. Occurrence and
food consumption data were used to assess the dietary exposure
of the EU population to PCDDs + PCDFs, DL-PCBs, TEQTOT,
and NDL-PCBs: depending on population group, between 1.0%
and 52.9% of individuals were estimated to exceed the TWI
of 14 pg TEQ97/kg-bw established for PCDDs + PCDFs and
DL-PCBs together. The major contributor to total exposure was
milk and dairy products for almost all infant and toddler groups,
whereas it was fish and seafood products for most of the adolescents, adults, elderly, and very elderly groups. Meat and meat
products also contributed significantly to total exposure.
With regard to the exposure of vulnerable population groups
such as infants and children, in 2011 EFSA was requested to
deliver a scientific opinion on the presence of PCDDs, PCDFs,
and DL-PCBs in commercially available foods for infants and
young children in order to assess whether the pertinent MLs set

Table 13.7
Maximum Levels (MLs) for PCDDs + PCDFs, TEQTOT, and the Six Indicator NDL-PCBs according to Regulation 1259/2011/EUa
PCDDs + PCDFs

Food Items
Meat and meat products (excluding edible offal) of the following animals:
• Bovine animals and sheep
• Poultry
• Pigs
Liver of terrestrial animals and derived products thereof
Muscle meat of fish and fishery products and products thereof, with the exception of
wild caught eel, wild caught fresh water fish (with the exception of diadromous fish
species caught in fresh water), fish liver and derived products, and marine oils
Muscle meat of wild caught fresh water fish, with the exception of diadromous fish
species caught in fresh water, and products thereof
Muscle meat of wild caught eel (Anguilla anguilla) and products thereof
Fish liver and products thereof, with the exception of marine oils
Marine oils (fish body oil, fish liver oil, and oils of other marine organisms intended
for human consumption)
Raw milk and dairy products, including butter fat
Hen eggs and egg products
Fats of the following animals:
• Bovine animals and sheep
• Poultry
• Pigs
Mixed animal fats
Vegetable oils and fats
Foods for infants and young children

a
b
c

TEQTOT

Σ6(NDL-PCBs)

pg TEQ05/g fat

pg TEQ05/g fat

ng/g fat

2.5
1.75
1.0
4.5
3.5b

4.0
3.0
1.25
10.0
6.5b

40
40
40
40
75c

3.5b

6.5b

125c

3.5b
—
1.75

10.0b
20.0b
6.0

300c
200c
200

2.5
2.5
2.5
1.75
1.0

5.5
5.0
4.0
3.0
1.25

40
40
40
40
40

1.5
0.75
0.1b

2.50
1.25
0.2b

40
40
1.0c
2
0.75

TEQTOT, PCDDs + PCDFs + DL-PCBs; Σ6(NDL-PCBs), sum of congeners 28, 52, 101, 138, 153, and 180.
MLs expressed in pg TEQ05/g ww.
MLs expressed in ng/g ww.
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Table 13.8
Activities of the European Food Safety Authority (EFSA) concerning PCDDs, PCDFs, and PCBs
Year

Activities

Reference

Evaluations of Monitoring Results
2010
Results of the monitoring of PCDD and PCDF levels in food and feed
2010
Results of the monitoring of NDL-PCBs in food and feed
2012
Update of the monitoring of levels of PCDDs, PCDFs, and PCBs in food and feed
Scientific Opinions
2005
Opinion of the Scientific Panel on Contaminants in the Food Chain on a request from the Commission related to the presence of
NDL-PCBs in feed and food
2005
Opinion of the Scientific Panel on Contaminants in the Food Chain related to the safety assessment of wild and farmed fish
2011
Scientific Opinion on the risk to public health related to the presence of high levels of PCDDs, PCDFs, and DL-PCBs in liver
from sheep and deer
2012
Scientific Opinion on the presence of PCDDs, PCDFs, and DL-PCBs in commercially available foods for infants and young
children
Statements
2008
Statement of EFSA on the risks for public health due to the presence of PCDDs, PCDFs, and PCBs in pork from Ireland

in Regulation 1259/2011/EU would result in a decrease of the
dietary exposure of this population group. A total of 516 data
was included in the evaluation, provided by 13 EU countries,
and covering the period 2003–2011. All the evaluated data were
below the current MLs for foods for infants and young children. Therefore the current MLs were not to be an incentive to
decrease the concentrations of PCDDs, PCDFs, and DL-PCBs in
the relevant foods (EFSA, 2012b).
Other EFSA activities in the field of PCDDs, PCDFs, and
PCBs included the evaluation of contamination levels in sheep
liver, sheep meat, and deer liver in order to estimate the exposure through consumption of sheep liver for adults and children.
Based on the available data, EFSA concluded that regular consumption of sheep liver would on average result in an approximate 20% increase of the median background dietary exposure
to the aforesaid contaminants. On individual occasions, consumption of sheep liver could result in high intakes exceeding
the TWI (EFSA, 2011).

13.4.3 Analytical Methods
Methods of sampling and analysis for official control of PCDDs,
PCDFs, and PCBs in food are established by Regulation 252/2012/
EU. To assure high sample throughput and fast response times, a
screening-confirmatory approach is actually adopted. In this context, samples exceeding the levels of regulatory interest (MLs or
ALs) can be initially identified by validated rapid screening methods
and then unequivocally identified and quantified by confirmatory
methods, at present utilizing high-resolution gas chromatography
coupled with high-resolution mass spectrometry (HRCG-HRMS).
Particular attention will be given in this chapter to analytical methods developed for congener-specific determination of
PCDDs, PCDFs, and PCBs (Section 4.3.1), that is HRGC coupled
with low-resolution mass spectrometry (HRGC-LRMS) or with
tandem mass spectrometry (HRGC-MS/MS): both techniques
are used as screening methods, while HRGC-HRMS is employed
as confirmatory method. In Section 13.4.3.2, a brief mention of
biological screening methods will also be made.

EFSA (2010a)
EFSA (2010b)
EFSA (2012a)

EFSA (2005a)
EFSA (2005b)
EFSA (2011)
EFSA (2012b)

EFSA (2008)

13.4.3.1 Congener-Specific Determination
of PCDDs, PCDFs, and PCBs
13.4.3.1.1 Overview of Analytical Methods and
Requirements
The standard methods developed for congener-specific determination of PCDDs, PCDFs, and PCBs in food generally include
the assessment of (a) the 17 2,3,7,8-chlorosubstituted PCDDs and
PCDFs, (b) the 12 DL-PCBs including four non-ortho-substituted
congeners (77, 81, 126, and 169) and eight mono-ortho-substituted congeners (105, 114, 118, 123, 156, 157, 167, and 189), and
(c) the six indicator NDL-PCBs, including congeners 28, 52, 101,
138, 153, and 180.
The analysis of these substances in food is generally complicated by their low concentrations (for PCDDs, PCDFs, and
non-ortho DL-PCBs in the low picogram per gram range; for
mono-ortho DL-PCBs and NDL-PCBs in the order of nanogram
per gram) and by the complexity of the matrix. The latter generally contains large amounts of interfering substances whose
removal requires laborious cleanup procedures. To provide an
overview of the relevant analytical methods, the most specialized literature has been reviewed (Table 13.9).
Methods traditionally employed for official control of PCDDs,
PCDFs, and PCBs in food were developed according to the
determination procedures described in the U.S. Environmental
Protection Agency methods 1613 (U.S. EPA, 1994) and 1668
(U.S. EPA, 1994) by HRGC-HRMS (Regulation 1883/2006/
EC). They follow the general scheme of Figure 13.6. The test
sample is generally homogenized and, if solid, dehydrated with
anhydrous sodium sulfate or freeze-drying in order to obtain a
friable product. Because some amounts of the chemicals under
investigation may be lost during the complex preparative procedures, the internal standard (IS) technique is generally adopted
to provide proper correction for analyte losses. To this aim,
known quantities of isotopically labeled analytes are added to the
samples at the earliest possible stage of extraction and, possibly,
during pretreatment. The analytes of interest are extracted with
a suitable organic solvent and the extract is purified to remove
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Table 13.9
Examples of Determination Methods of PCDDs, PCDFs, DL-PCBs, and NDL-PCBs in Food Samples
Food Items

Analytesa

Meat and Meat Products
Poultry
TEQTOT

Extractionb
PLE, n-hexane

Pork, poultry, beef

PCDDs,
PCDFs

Beef

TEQTOT

Beef, pork, chicken,
lamb

PCDDs,
PCDFs

Hamburger,
chickens, steak

TEQTOT

Beef, chicken

TEQTOT

Pork

TEQTOT

Beef, pork, chicken,
and so on

TEQTOT

Beef, pork, lamb
and poultry

TEQTOT

Soxhlet extraction, n-hexane
or toluene or their mixtures

Beef, pork, sheep,
and so on

NDL-PCBs

PLE, n-hexane

Liver of Terrestrial Animals
Sheep liver
TEQTOT

Pig liver

TEQTOT

Fish and Fishery Products
Mackerel fillet
TEQTOT

Fish

TEQTOT

Fish

TEQTOT

White fish, seafood,
blue fish, tinned
fish

PCDDs,
PCDFs

Freeze-dried sample
extracted with 2:1
n-hexane–acetone
Blending with n-hexane and
acidified silica gel;
extraction through a
multilayer column
Soxhlet, toluene

PLE, 35:30:35
2-propanol-n-hexane–
dichloromethane
PLE, toluene

PLE with fat retainer,
n-heptane
PLE, n-hexane

Cleanup, Fractioning, and Instrumental Analysis
Fat removal with GPC; fractioning with disposable
prepacked columns containing multilayer silica,
alumina, and carbon; HRGC-HRMS
Fat removal with multiple chromatographic steps on
multilayer silica, charcoal, and Florisil columns;
HRGC-HRMS
Fractionation on a carbon column; further purification of
non-ortho DL-PCBs, PCDDs, and PCDF fraction by
treatment with H2SO4 and elution through silica gel and
alumina columns; HRGC-HRMSc and HRGC-LRMSd
Fat removal with multiple chromatographic steps on a
multilayer column; fractioning with an alumina column;
HRGC-HRMS
Cleanup and fractionation with disposable pre-packed
columns containing multilayer silica, alumina, and
carbon; HRGC-HRMS
Fat removal with Extrelut impregnated with concentrated
H2SO4; fractioning with disposable pre-packed columns
containing multilayer silica, alumina, and carbon;
HRGC-HRMS
Fractioning of extract on activated carbon column AX-21
with Celite®; HRGC-HRMS
Filtration through anhydrous Na2SO4; fractioning with
disposable pre-packed columns containing multilayer
silica, alumina, and carbon; HRGC-HRMS
Purification in a multilayer column; fractioning in SPE
pre-packed carbon tubes; further fractioning of PCB
fraction performed on 5-PYE HPLC column;
HRGC-HRMS
Fat removal with multiple chromatographic steps on a
multilayer column; HRGC-MS/MS

Reference
Focant et al. (2001)

Mayer (2001)

Fernandes et al.
(2004)

Bocio and Domingo,
(2005)
Huwe and Larsen
(2005)
Loutfy et al. (2007)

Wiberg et al. (2007)
Windal et al. (2010)

Marin et al. (2011)

Cimenci et al. (2013)

Transfer into
chromatographic glass
column and elution with
50:50 cyclohexanedichloromethane mixture
Sonication with n-hexane

Fat removal with multiple chromatographic steps on a
multilayer column; fractioning of PCBs and PCDD/Fs
on Florisil column; fractioning of PCBs by HPLC with
Carbopack B-silica gel column; further clean-up of
PCDD/F fraction on multilayer columns; HRGC-HRMS
Fat removal with Extrelut® impregnated with
concentrated H2SO4; fractioning with disposable
pre-packed columns containing multilayer silica,
alumina, and carbon; HRGC-HRMS

PLE, n-hexane

Fat removal with GPC; fractioning with disposable
pre-packed columns containing multilayer silica,
alumina, and carbon; HRGC-HRMS
Multiple chromatographic steps on multilayer silica,
charcoal, and Florisil columns; HRGC-HRMS

Focant et al. (2001)

Fractionation on a carbon column; purification non-ortho
DL-PCBs, PCDDs, and by treatment with H2SO4 and
elution through silica gel and alumina columns;
HRGC-HRMSc and HRGC-LRMSd
Fat removal with multiple chromatographic steps on a
multilayer column; fractioning with an alumina column;
HRGC-HRMS

Fernandes et al. 2004

Freeze-dried sample
extracted with 2:1
n-hexane-acetone
Blending with n-hexane and
acidified silica gel;
extraction through a
multilayer column
Soxhlet, toluene

Bruns-Weller et al.
(2010)

Brambilla et al. (2011)

Mayer (2001)

Bocio and Domingo
(2005)
(Continued)
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Table 13.9 (Continued)
Examples of Determination Methods of PCDDs, PCDFs, DL-PCBs, and NDL-PCBs in Food Samples
Food Items

Analytesa

Extractionb

Seafood

TEQTOT

PLE, toluene

Fish tissue

TEQTOT

Salmon, tuna, cod,
harring, mollusc,
etc.
Mackerel, salmon,
eel, sardine, etc.

TEQTOT

PLE with fat retainer,
n-heptane
PLE, n-hexane

TEQTOT

Soxhlet extraction, n-hexane
or toluene or their mixtures

NDL-PCBs

PLE, n-hexane

TEQTOT,
NDL-PCBs

PLE, n-hexane

Fish Liver
Cod liver

TEQTOT

Soxhlet extraction with
n-hexane–dichloromethane
mixture

Marine oils
Fish oils

TEQTOT

Fish oils

TEQTOT

Salmon, tuna, cod,
etc.
Fish and crustacean

Milk and Dairy Products
Milk
TEQTOT

Cow milk

Soxhlet extracted with
pentane–dichloromethane
(1:1) mixture
LLE, 2:1 n-hexane–acetone

Whole milk,
cheese, yogurt

PCDDs,
PCDFs
PCDDs,
PCDFs

Butter

TEQTOT

Butter

TEQTOT,
NDL-PCBs

Cow milk

TEQTOT

LLE, diethyl ether, and
petroleum ether

Milk, cheese, butter,
cream

TEQTOT

LLE, ethanol, ammonia,
diethyl ether, n-hexane

Cheese, milk,
yogurt

TEQTOT

LLE, n-hexane or toluene or
their mixtures

Soxhlet, toluene

Sonication with n-hexane

Cleanup, Fractioning, and Instrumental Analysis
Fat removal with 20-g Extrelut impregnated with 40-g
H2SO4; fractioning with disposable pre-packed columns
containing multilayer silica, alumina, and carbon;
HRGC-HRMS
Fractioning of extract on activated carbon column AX-21
with Celite; HRGC-HRMS
Filtration through anhydrous Na2SO4; fractioning with
disposable prepacked columns containing multilayer
silica, alumina, and carbon; HRGC-HRMS
Purification in a multilayer column; fractioning in SPE
prepacked carbon tubes; further fractioning of PCB
fraction performed on 5-PYE HPLC column;
HRGC-HRMS
Fat removal with multiple chromatographic steps on a
multilayer column; HRGC-MS/MS
Fat removal with Extrelut impregnated with H2SO4;
fractioning with disposable prepacked columns
containing multilayer silica, alumina, and carbon;
HRGC-HRMSc and HRGC-LRMSd

Reference
Loutfy et al. (2007)

Wiberg et al. (2007)
Windal et al., 2010

Marin et al. (2011)

Cimenci et al. (2013)
Pacini et al. (2013)

Fat removal on acid-silica gel column; fractioning with
disposable prepacked columns containing multilayer
silica, alumina, and carbon; HRGC-HRMS

Chovancová et al.
(2005)

Purification in a multilayer column; fractioning in SPE
prepacked carbon tubes; further fractioning of PCB
fraction performed on 5-PYE HPLC column;
HRGC-HRMS
Purification using multiple column chromatography;
HRGC-HRMS

Marin et al. (2011)

Fat removal with GPC; fractioning with disposable
prepacked columns containing multilayer silica,
alumina, and carbon; HRGC-HRMS
Multiple chromatographic steps on multilayer silica,
charcoal, and Florisil columns; HRGC-HRMS
Fat removal with multiple chromatographic steps on a
multilayer column; fractioning with an alumina column;
HRGC-HRMS
Fat removal with Extrelut impregnated with concentrated
H2SO4; fractioning with disposable prepacked columns
containing multilayer silica, alumina, and carbon;
HRGC-HRMS
Fat removal by GPC, S-X3 Biobeads column; further
purification on multilayer column; fractioning on
Florisil column; purification of PCDD/PCDF fraction
on Carbopack B-column; HRGC-HRMS
Fatty co-extracted material removed by sulfonation;
clean-up and fractioning with disposable prepacked
columns containing multilayer silica, alumina, and
carbon; HRGC-HRMS
Filtration through anhydrous Na2SO4; fractioning with
disposable prepacked columns containing multilayer
silica, alumina, and carbon; HRGC-HRMS
Purification in a multilayer column; fractioning in SPE
pre-packed carbon tubes; further fractioning of PCB
fraction performed on 5-PYE HPLC column;
HRGC-HRMS

Focant et al. (2001)

Suominen et al.
(2011)

Mayer (2001)
Bocio and Domingo
(2005)
Loutfy et al. (2007)

Malisch and Dilara
(2007)

Durand et al. (2008)

Windal et al. (2010)

Marin et al. (2011)

(Continued)
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Table 13.9 (Continued)
Examples of Determination Methods of PCDDs, PCDFs, DL-PCBs, and NDL-PCBs in Food Samples
Food Items

Analytesa

Milk, butter, etc.

NDL-PCBs

Cheese, whey
cheese, milk

TEQTOT

Hen Eggs and Egg Products
Yolk
TEQTOT

Yolk

Extractionb

Cleanup, Fractioning, and Instrumental Analysis

Reference

LLE, acetone–n-hexane
mixture
LLE, methanol, diethyl
ether, and n-hexane
mixture

Fat removal with multiple chromatographic steps on a
multilayer column; HRGC-MS/MS
Fat removal with Extrelut impregnated with concentrated
H2SO4; fractioning with disposable pre-packed columns
containing multilayer silica, alumina, and carbon;
HRGC-HRMS

Cimenci et al. (2013)

PLE, n-hexane

Fat removal with GPC; fractioning with disposable
prepacked columns containing multilayer silica,
alumina, and carbon; HRGC-HRMS
Multiple chromatographic steps on multilayer silica,
charcoal, and Florisil columns; HRGC-HRMS
Fat removal with multiple chromatographic steps on a
multilayer column; fractioning with an alumina column;
HRGC-HRMS
Purification in a multilayer column; fractioning in SPE
prepacked carbon tubes; further fractioning of PCB
fraction performed on 5-PYE HPLC column;
HRGC-HRMS
Filtration through anhydrous Na2SO4; fractioning with
disposable prepacked columns containing multilayer
silica, alumina, and carbon; HRGC-HRMS

PCDDs,
PCDFs
PCDDs,
PCDFs

Blending with 2:1
n-hexane–acetone
Soxhlet, toluene

Eggs

TEQTOT

LLE, n-hexane or toluene or
their mixtures

Eggs

TEQTOT

LLE, ethanol, ammonia,
diethyl ether, n-hexane

Fats
Pork, poultry, and
beef fat
Chicken, beef, and
pork fats

PCDDs,
PCDFs
TEQTOT

Eggs

Abdominal cattle
fat

TEQTOT

Vegetable Oils and Fats
Olive oil, sunflower
PCDDs,
oil, corn oil, etc.
PCDFs
Foods for Infants and Young Children
Milk formulae
TEQTOT
Soxhlet, n-hexane–
dichloromethane mixture
Commercial baby
food

TEQTOT,
NDL-PCBs

Soxhlet, hexane–acetone
mixture

Milk formulae,
freeze-dried baby
food
Dry powdered
formulae, milk,
meat, and fish
based baby foods

TEQTOT

PLE, n-hexane:acetone

TEQTOT,
NDL-PCBs

LLE, diethyl ether and
petroleum ether (milk and
infant formulae); PLE,
n-hexane–cetone (other
samples)
Soxhlet extraction with
dichloromethane or LLE,
diethyl ether and petroleum
ether

Milk formulae,
baby food based
on cereal, beef,
poultry, etc.

TEQTOT

De Filippis et al.
(2013)

Focant et al. (2001)

Mayer (2001)
Bocio and Domingo
(2005)
Marin et al. (2011)

Windal et al. (2010)

Multiple chromatographic steps on multilayer silica,
charcoal, and Florisil columns; HRGC-HRMS
Cleanup and fractionation with disposable prepacked
columns containing multilayer silica, alumina, and
carbon; HRGC-HRMS
Cleanup and fractionation with disposable prepacked
columns containing multilayer silica, alumina, and
carbon; HRGC-HRMS

Mayer (2001)

Fat removal with multiple chromatographic steps on a
multilayer column; fractioning with an alumina column;
HRGC-HRMS

Bocio and Domingo
(2005)

Fat removal on acid-silica gel column; fractioning with
disposable prepacked columns containing multilayer
silica, alumina, and carbon; HRGC-HRMS
Fat removal on a column diatomaceous earth
impregnated with concentrated H2SO4 and on
multilayer column; fractioning on activated alumina;
HRGC-MS/MS
Fat removal on multilayer column; further cleanup and
fractioning with alumina and carbon columns;
HRGC-HRMS
Fat removal by portioning with concentrated H2SO4;
further cleanup with multilayer column; fractioning
with disposable prepacked columns containing
multilayer silica, alumina, and carbon; HRGC-HRMS

Chovancová et al.
(2005)

Fat removal and fractioning with Carbosphere column;
further cleanup with acid-silica column and alumina;
HRGC-HRMS

Huwe and Larsen
(2005)
Kim et al. (2013)

Lorán et al. (2010)

Pandelova et al.
(2011)
Ceci et al. (2012)

Costopoulou et al.
(2013)

(Continued)
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Table 13.9 (Continued)
Examples of Determination Methods of PCDDs, PCDFs, DL-PCBs, and NDL-PCBs in Food Samples
Food Items

Analytesa

Fruits, Vegetables, and Cereals
Apple, orange, pear,
TEQTOT
banana, lettuce,
tomato etc.
Vegetables, bean
TEQTOT
products, potatoes,
cereals

Extractionb

Soxhlet, toluene

PLE, n-hexane–
dichloromethane mixture

Cleanup, Fractioning, and Instrumental Analysis

Fat removal with multiple chromatographic steps on a
multilayer column; fractioning with alumina;
HRGC-HRMS
Fat removal by shaking with acid-modified silica gel;
further cleanup and fractioning with disposable
prepacked columns containing multilayer silica,
alumina, and carbon; HRGC-HRMS

Reference

Domingo et al. (2012)

Zhang et al. (2013)

Food items in accordance with the food categories mentioned in Recommendation 2011/516/EU and Regulation 1259/2011/EU.
a TEQ
TOT, PCDDs + PCDFs + DL-PCBs.
b PLE, pressurized liquid extraction; LLE, liquid–liquid extraction.
c Used for the instrumental analysis of PCDDs, PCDFs, and non-ortho DL-PCBs.
d Used for the instrumental analysis of mono-ortho DL-PCBs.

Sample
Pre-treatement
• Solids: grinding, mixing, drying (addition of anhydrous sodium sulfate or
freeze-drying)
• Liquids: stirring, freeze-drying
Extraction

• Solids: Soxhlet, PLE, sonication with solvent, etc.
• Liquids: liquid–liquid extraction
Raw extract
Removal of fat

Nondestructive methods
(GPC, liquid–liquid partitioning,
adsorption chromatography)

Destructive methods
(treatment with concentrated
sulfuric acid)

Purified extract
Fractionation
(multiple chromatographic steps)
Instrumental analysis
(HRGC-HRMS, HRGC-MS/MS, HRGC-LRMS, HRGC(ECD))
Figure 13.6 General scheme adopted for the analysis of PCDDs, PCDFs, and PCBs in food.

interfering compounds and prepare the sample for instrumental determination. Purification procedures are often based on
the use of concentrated sulfuric acid, generally adsorbed on an
inert support such as Extrelut®. The rationale is that all the analytes of interest are resistant to acid treatment and this property
is exploited to selectively destroy or remove most of the interfering species co-extracted with the target compounds. Due to
difference in concentrations between planar/pseudo-planar and

nonplanar analytes,* and to the presence of other co-extractive
compounds resistant to cleanup procedure (e.g., chlorinated
*

Non-ortho DL-PCBs can acquire a pseudo-planar configuration when
interacting with the aryl hydrocarbon receptor (AhR). Mono-ortho
DL-PCBs can acquire a quasi-planar structure when interacting with the
AhR but likely less efficiently than the non-ortho congeners. NDL-PCBs
cannot assume planarity.
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Table 13.10
Principal Basic Requirements to be Met by Analytical Methods Used in Official Control of PCDDs, PCDFs, and DL-PCBs in
Foodstuffs in Accordance with Regulation 252/2012/EU
Basic Requirements
Congener-specific low working ranges and LOQsa
• PCDDs and PCDFs, upper femtogram range
• Non-ortho DL-PCBs, picogram range
• Mono-ortho DL-PCBs, nanogram range
Selectivity
• Differentiation among various congeners is necessary, such as between toxic (e.g. the 17 2,3,7,8-substituted PCDDs and PCDFs, and the 12
DL-PCBs) and other congeners
LOQ (as TEQ)b
• One-fifth of the level of interest (ML or AL)c
Analytical criteria
Screening with bioanalytical
Confirmatory
or physico-chemical
methods
methods
False-compliant rate
—
<5%
Trueness
–20% to
—
Repeatability (RSDr)
+20%
<20%
Within-laboratory reproducibility (RSDR)
—
<25%
<15%
Specific Requirements for HRGC-HRMS Methods Used in Screening or in Confirmatory Methods
Difference between upper bound (UB) and lower bound (LB) levels (expressed in pg TEQ05/g fat)
• ≤20% for foodstuffs with a contamination of about 1 pg TEQ05/g fat
• 25%–40% for foodstuffs with low contamination levels (e.g. 0.5 pg TEQ05/g fat)
IS recoveries (to be added mandatory prior to extraction for foodstuffs containing less than 10% fat)
• 60–120% (lower or higher recoveries for individual congeners are acceptable if their contribution to TOTTEQ is <10%)
Removal of interfering substances
• Separation of PCDDs and PCDFs from interfering chlorinated compounds, such as NDL-PCBs and chlorinated diphenyl ethers, carried out
by suitable chromatographic techniques (i.e., Florisil, alumina, and/or carbon columns)
• GC separation of congeners, 25% peak to peak between 1,2,3,4,7,8-H6CDF and 1,2,3,6,7,8-H6CDF
a

b
c

LOQ, limit of quantification. LOQ of an individual congener is defined as the concentration of an analyte in the extract of a sample which produces
an instrumental response at two different ions to be monitored with a signal/noise ratio (S/N) of 3:1 for the less intensive signal.
LOQ of a cumulative TEQ value.
ML, maximum level; AL, action level.

pesticides), fractioning steps are generally included during purification before instrumental analysis.
The basic requirements to be met by analytical procedures for
official control of PCDDs, PCDFs, and DL-PCBs are given in
Table 13.10 together with the specific requirements for HRCGHRMS methods. The cumulative concentrations of PCDDs,
PCDFs, and DL-PCBs are expressed as upper bound (UB) TEQ,
that is, all congeners present below the limit of quantification
(LOQ) are entered in cumulative estimates with concentrations
equal to their LOQs. In Table 13.11 the basic requirements for
NDL-PCB methods are presented.

13.4.3.1.2 Matrix Pretreatment
Before matrix homogenization, extraneous matter has to be
removed. Depending on the food to be analyzed, fresh products
may be separated into core and outer and inner tissues. In the
case of large fish, the skin has to be removed as the MLs apply to
skinned muscle meat (Regulation 252/2012/EU), whereas small
fish can be blended as a whole after removing the entrails to avoid
risk of contamination. Shellfish are shucked, eggs are broken to
isolate the liquid interior, and meat is removed as completely as
possible from bone.

Once removed the extraneous matter, the matrix has to be
extensively homogenized so that samples representative of the
entire food material are analyzed. To this aim, solid or semi-solid
food items are finely divided by means of mechanical grinding,
mixing, stirring, and pulverizing. Liquid samples can be mixed
using magnetic stirrers or sonicators.
Solid or semi-solid samples may need to be dried prior to be
extracted. In fact, the ideal sample for extraction is a dry, finely
divided solid: a high surface area of the test matrix is recommended to improve the contact of the solvent with test molecules and obtain quantitative recoveries. Anhydrous sodium
sulfate is added to a nondried matrix until a friable mixture is
obtained or, alternatively, a freeze-drying procedure may be
adopted.
From liquid samples (i.e., milk and eggs) water can be removed
with difficulty and normally requires vacuum methods such as
freeze drying.

13.4.3.1.3 Extraction
Extraction techniques for food samples are generally based on
the principle that highly lipophilic organic compounds such as
PCDDs, PCDFs, and PCBs (log KOW > 6) are predominantly
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Table 13.11
Principal Requirements to be Met By Analytical Procedures Used in Official Control of the Six Indicator NDL-PCBs in Foodstuffs
According to Regulation 252/2012/EU
Applicable detection methods: GC(ECD), GC-LRMS, GC-MS/MS, GC-HRMS
Identification and confirmation of analytes of interest
• Acceptable deviation of relative retention time in relation to ISs or reference standards, ±0.25%
• GC separation of all six indicators from interfering substances, especially co-eluting PCBs, in particular if measured levels are in the range of legal
limit and noncompliance is to be confirmed
• For GC-MS monitoring at least
Two specific ions for HRMS
Two specific ions of m/z > 200 or three specific ions of m/z > 100 for LRMS
One precursor and two product ions for MS/MS
• Relative deviation of abundance ratio of selected mass fragments from theoretical abundance or calibration standard for target ion (most abundant ion
monitored) and qualifier ion(s)
Relative intensity of qualifier ion(s)
GC-MS(EI)
GC-MS(CI), GC-MSn
relative deviation
Compared to target ion
relative deviation
>50%
±10%
±20%
>20%–50%
±15%
±25%
> 10%–20%
±20%
±30%
>10%
±50%
±50%
• For GC(ECD)
Confirmation of results exceeding the tolerance level with two GC columns with stationary phases of different polarity
LOQa: blank values not higher than 30% of the level of contamination corresponding to the MLb
IS recoveries (mandatory addition prior to extraction for foodstuffs whose MLs are expressed on ww)
• Methods using all six isotope-labeled indicator NDL-PCB congeners
Acceptable recoveries, 50%–120% (lower or higher recoveries for individual congeners with a contribution to the sum of the six indicator NDL-PCBs
below 10% are acceptable)
• Methods not using all six isotope-labelled ISs or other ISs
Acceptable recoveries, 50%–120%
• Recoveries of unlabeled congeners checked by spiked samples or quality control samples with concentrations in the range of the level of interest
Aacceptable recoveries for these congeners are between 70% and 120%
Performance characteristics referred to the sum of the six indicator NDL-PCBs at the level of interest
• Trueness, –30% to +30%
• Intermediate precision (RSD%), ≤20%
• Difference between UB and LB level, ≤20%
a
b

LOQ, limit of quantification.
ML, maximum level.

associated with the fat fraction* of the matrix. Therefore, the
extraction methods used for removal of these compounds are
based on general methods employed for the determination of the
fat content. Different extraction methods may be used depending
on whether the test portion is solid or liquid.
For solid matrices (i.e., fish, meat, or freeze-dried eggs and
milk) a number of well-established extractive techniques are
available, which traditionally include Soxhlet extraction or sonication with solvent. These procedures are shown to be highly
efficient and do not require expensive instrumentation. For
these reasons they are still in use in several routine laboratories.
*

Fat is usually defined as glycerides of fatty acids, while lipids comprise
different substances that include fat, waxes, phospholipids, glycolipids,
and so on (Hyvönen, 1996). As the extraction procedures utilized for
the determination of the compounds of interest are mainly worked out
to get maximum analyte recovery rates regardless of the composition of
removed lipid fraction, the two terms (fat and lipids) are generally used
interchangeably. In compliance with current regulatory measures, in this
paper the extracted lipid material is plainly referred to as fat. The issue
of fat removal efficiency and reliability, which has a bearing on reporting
dependable concentration data, is a matter of an ongoing evaluation at EU
level (Kotz et al., 2012a).

However, the main disadvantages presented by these procedures,
that is, a large solvent consumption and a long time required
for extraction, have determined the diffusion of more sophisticated extraction techniques such as pressurized liquid extraction
(PLE), suitable to work at elevated temperatures (100°C–135°C)
and pressures (usually, 1500 psi), thus drastically improving the
speed and yield of extraction process.
The application of liquid–liquid extraction (LLE) to milk and
dairy products is widely accepted in routine methods: mixtures
of water-miscible and immiscible solvents and sodium oxalate
are commonly used to avoid the formation of emulsion during
extraction.
Quantitative extraction of fat from food samples is a critical
step for determination of PCDDs, PCDFs, and PCBs also in consideration that most MLs are expressed on fat basis. Appreciable
differences in quantities and/or kinds of lipid material extracted
may be observed when solvent mixtures with different polarity
are used as extracting agent. Kotz et al. (2012a) compared the
extraction methods used for samples of animal origin and the
consequences when the compliance with MLs was checked: it
was found that for food samples containing a high contribution
of phospholipids (e.g., liver and, to a lesser extent, eggs), the
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amount of extracted fat highly depended on extraction solvent.
For liver samples, a more complete extraction was achieved with
a mixture of polar and nonpolar solvents (e.g., ethanol–toluene).
The variability associated with PCDD, PCDF, and PCB concentrations were considerably higher when reported on fat basis
(CV%, 24%–29%) compared to ww basis (CV%, 15%–18%),
thus confirming that different solvents extracted the contaminants of interest quite comparably but removed variable quantities and/or kinds of lipid material. For food samples with a lower
content of phospholipids (e.g., beef), comparable amounts of
fat were extracted with polar and nonpolar extraction solvents:
contaminants concentrations expressed on fat basis were comparable regardless of the solvent used for extraction. As a result,
the harmonization of extraction methods to avoid unacceptable
variations of fat-based results is under evaluation at EU level (see
Note on p. 278).

13.4.3.1.4 Cleanup and Fractionation
The nonselective nature of the exhaustive extraction procedures
results in complex extracts that contain the analytes of interest
together with fat material and other interfering compounds (e.g.,
organochlorine pesticides, polychlorinated naphthalenes and camphenes, polycyclic aromatic hydrocarbons (PAHs), brominated
organocompounds, etc.) (U.S. EPA, 1994, 2008). Therefore, the
purification methodology used for PCDD, PCDF, and PCB analysis requires first the elimination of fat and then a fractionation step
to separate the analytes from other co-extractive species.
For the removal of fat, two approaches are generally employed:
destructive and nondestructive methods. The nondestructive fat
removal principally includes the use of gel permeation chromatography (GPC) with SX-3 BioBeads columns, followed by
adsorption chromatography with alumina, silica, and Florisil®.
Destructive methods comprise oxidative dehydration by concentrated sulfuric acid mixed either with anhydrous sodium sulfate
and the lipid extract (“slush” technique) (Harrad et al., 1992) or
adsorbed on solid support through which the extract is eluted
(Berdié and Grimalt, 1998).
Fractionation of the extract into groups of analytes is normally required prior to instrumental analysis. In fact, with the
exception of DL-PCB 118, and to a minor extent DL-PCB 105,
all mono-ortho and non-ortho DL-PCBs, PCDDs, and PCDFs
are present at substantially lower concentrations relative to the
remaining NDL-PCBs (EFSA, 2010b). Therefore, the range of
concentrations of target compounds is normally too large to measure all congeners without additional dilution or concentration.
The methods available for the isolation of the analytes of interest into separate fractions utilize the spatial planarity (as said,
potential for DL-PCBs) of these molecules to selectively adsorb
them on the surface of carbonaceous material such as activated
or graphitized carbon. At the end of 1990s, an automated cleanup
system (PowerPrepTM) was developed, capable to rapidly separate planar and nonplanar organochlorine molecules (Focant
et al., 2001). This system uses a sequence of a high capacity
disposable multilayer silica column, a basic alumina column,
and a PX-21 carbon column. Fractionation allows isolation of
two fractions, one containing NDL-PCBs and the eight monoortho DL-PCBs, the other containing the 17 PCDDs and PCDFs
and the four coplanar non-ortho-DL PCBs (Pirard et al., 2002;
Focant et al., 2004).
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13.4.3.1.5 Instrumental Analysis
In the determination of PCDDs, PCDFs, and DL-PCBs, NDLPCB interferences can be eliminated by fractioning the extract
into analyte groups or by analyzing the final extract on multiple column (U.S. EPA, 2008). In the attempt to reduce the
need for multicolumn analysis, a number of analyte-specific
GC columns have been developed: the low-polarity 5%-phenyl
type columns are the most widely used for PCDD, PCDF, and
PCB analysis.
HRMS based on magnetic sector instruments operating at
resolving power of 10,000 is the reference method for the determination of PCDDs, PCDFs, and DL-PCBs (U.S. EPA, 1994,
2008) and, at the moment, is the only one required by EU for
official confirmatory analysis of food. Electron impact (EI) ion
sources are normally used in the HRMS determination of these
compounds, with conventional electron energies of 30–35 eV.
The selected ion monitoring (SIM) mode is employed to obtain
the required specificity and sensitivity (Regulation 252/2012/EU).
Although HRCG-LRMS is officially usable for screening, the
use of this techniques for PCDD, PCDF, and DL-PCB determination is very limited: the criteria to fulfil are nearly the same as
those for confirmatory HRCG-HRMS, the only difference being
the use of the type of mass analyzer. Therefore, in spite of the
higher cost of a HRMS instrument compared to other MS analyzers used in screening methods, many laboratories prefer to
invest in confirmatory instrumentation rather than in its screening equivalent (Eppe and Focant, 2013).
In the last few years a number of papers were published on
the applicability of GC-MS/MS for determination of PCDDs,
PCDFs, and DL-PCBs in food samples (Fürst et al., 2011;
Ingelido et al., 2011; Kotz et al., 2011; Sandy et al., 2011). These
studies seem to confirm that the performances of the new generation of triple quadrupoles are not dissimilar from those of
HRMS systems, when evaluated within the framework of the
current EU legislation in food (Kotz et al., 2012b). In fact, when
operating in the selected reaction monitoring (SRM) mode, the
analytical selectivity of a triple quadrupole can be compared
to that of a HRMS instrument used in the SIM mode, a feature
that meets a selectivity criterion based on the desired number of
identification points while providing a sensitivity in the upper
femtogram (fg = 10−15 g) range requested for medium hyphen
compliance analysis of food (Ingelido et al., 2011). The potentialities of HRGC-MS/MS in the analysis PCDDs, PCDFs, and
DL-PCBs in food at levels of regulatory interest were extensively evaluated by an international Core Working Group
formed ad hoc in 2010 within the EU Reference Laboratory/
National Reference Laboratory network for dioxins and PCBs
in Feed and Food (Kotz et al., 2012b). The evaluation of the
available HRGC-MS/MS systems included the definition of the
working range, the assessment of linearity, reproducibility, and
robustness of the systems, the applicability in routine analysis,
and the comparison with HRGC-HRMS results obtained in
proficiency tests. Based on the conclusion of this evaluation in
2012, the Core Working Group proposed amendments of current
EU regulation on methods of sampling and analysis of PCDDs,
PCDFs, and DL-PCBs in food, including the possibility of using
HRGC-MS/MS systems in confirmatory methods (Kotz et al.,
2012b). As established for HRMS systems, these amendments
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set comparable strict criteria also for MS/MS systems in order
to guarantee the high analytical quality and reliability requested
for confirmatory methods. Particular attention was given to the
definition of the LOQ of individual congeners whose calculation
from the 3:1 signal-to-noise ratio (S/N)* for the less sensitive
signal is not always possible in the case of MS/MS acquisitions. In fact, due to the very low noise generated by an MS/
MS instrument, a high S/N ratio is generally yielded even when
very weak signals are detected and high fluctuations of signals
and background noise can be expected (Ingelido et al., 2011). An
alternative approach was proposed for LOQ calculation based
on the lowest concentration point on a calibration curve associated with a relative standard deviation (RSD) of the relative
response factor (RRF) from repeated measurements not exceeding │±30%│ (Kotz et al., 2012b).
HRGC combined with electron capture detector (ECD) or
MS detectors is the method of choice for the official control of
the six “indicator” NDL-PCBs in food. The principal requirements are reported in Table 13.11, in accordance with Regulation
252/2012/EU. A comprehensive review on developments in the
HRGC assay of PCBs is given by Cochran and Frame (1999),
who evaluated a variety of stationary phases commonly used
for PCB analysis (DL- and NDL-PCBs). The 5%-phenyl type
column has substantially become the standard for PCB analysis. Although alternative phases, such as phenyl carborane and
the phase present in DB-XLB columns, have been an attempt
to overcome the problem of co-elution of the most significant
congeners, no column phase can resolve all PCBs in a single
injection. More complete separation can be achieved with a different column configuration based on the use of a single injection
split into two parallel columns that end with two ECD detectors
(Galceran et al., 1993; Ahmed 2003). ECD is the most utilized
detection method for NDL-PCBs for its high sensitivity, low cost,
and ease in use and maintenance, the main disadvantages being
its poor selectivity and nonlinear response over a relatively narrow concentration range. The application of LRMS operating
either in the EI mode or with negative chemical ionization (NCI)
(Chernetsova et al., 2002) provides higher specificity than ECD
and allows to obtain qualitative information for analyte identification along with HRGC retention time. Recently, the use of
HRGC-MS/MS systems has been evaluated for the analysis of
NDL-PCBs in foodstuff and feed samples (Fürst et al., 2011;
Ingelido et al., 2011; Sandy et al., 2011; Cimenci et al., 2013;
Julshamn et al., 2013).

*

The given definition of LOQ is present in Regulation 252/2012/EU which,
however, does not instruct on how to estimate N. According to U.S. EPA
Method 1668 for PCB analysis (U.S. EPA, 2008), S/N is “the height of the
signal as measured from the mean (average) of the noise to the peak maximum divided by the width of the noise”: in other words, N could be taken
as four times the standard deviation of the average value of N, a possibly
conservative approach to determine S/N. It may also be argued that the
regulatory definition of LOQ applies to the second most intense isotopic
mass of the molecular ion cluster, normally used for qualitative purposes
(recognition): the intensity of the isotopic mass used for quantification is
generally greater, a feature which may be associated with an S/N value
greater than three. U.S. EPA Method 1613 for PCDD and PCDF analysis
provides no indications to estimate N. LOQ evaluation is under discussion
at the EU Reference Laboratory for Dioxins and PCBs in Feed and Food
(Freiburg) and the network of pertinent National Laboratories.
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13.4.3.2 Bioassay Methods for the Determination
of PCDDs, PCDFs, and DL-PCBs
The use of bioassays as a screening tool aims at dosing the biological activity of contaminants on a culture of living cells, by
comparing their effects with those of a standard preparation
or a reference material (Behnisch et al., 2001). Rather than the
amount of contaminant(s) bound to a biological macromolecule,
as in the case of immuno-assay determinations (Plaza et al.,
2000), bioassays allow to dose the response elicited as a result
of the interaction between the analyte(s) and a specific receptor.
As a consequence, the signal measured on the selected biological substrate results from the cumulative effects of the different
substances present in the extract to be analyzed that share the
same mode of action, according to their concentration and their
relative potencies (REPs) (Scippo et al., 2004).
In the literature, the most consolidated applications of bioassays on food samples are based on the use of a chemically
activated fluorescence or luminescence gene expression in engineered cell lines (Behnisch et al., 2001; Hoogenboom et al.,
2006). Briefly, the contaminants present in the extract interact
with the specific AhR expressed on cell membranes. The complex is transported to the nucleus where it activates the deoxyribonucleic acid (DNA) sequence for the synthesis of a specific
enzyme (i.e., luciferase). After extraction and cleanup, and incubation of the extract on the cell culture, the addition of luciferine
as substrate to the supernatant from cell lysis—containing the
induced luciferase—produces a chemoluminescence or fluorescence signal whose intensity is related to both the amount(s) and
REP(s) of the contaminant(s) present.
Another bioassay, that has been only preliminarily applied to
food matrices, is based on real-time DNA amplification and fluorescence detection (Billets, 2007). This technique has the advantage that no cell lines and related laboratory facilities are needed
to perform the test. The target compounds activate the AhR to a
form that binds to DNA. The activated complex is then trapped
onto a micro-well; the receptor-bound DNA is amplified through
the polymerase chain reaction (PCR) and read in real-time mode.
The EU legislation has recently established specific requirements that should be fulfilled in the cell-based bioassay screening of PCDDs, PCDFs, and DL-PCBs (Regulation 252/2012/
EU). A series of reference concentrations of 2,3,7,8-T4CDD or a
PCDD, PCDF, and DL-PCB mixture should be tested to obtain
a significant dose–response curve. Since no IS can be used in
bio-analytical methods, tests on repeatability shall be carried out
to verify that repeatability is within ±20% and intra-laboratory
reproducibility within ±25%. For official use, noncompliant
results from screening assays must always be confirmed; falsecompliant rates must be below 5%. To this purpose, approximately 2%–10% of the compliant samples, depending on sample
matrix and laboratory experience, shall be confirmed by HRGCHRMS to evaluate the rate of false noncompliant results.
The following critical points can be identified as a main cause
of possible inconsistencies between bioassay screening and
HRGC-HRMS confirmatory outputs:
a. Samples should be appropriately processed, allowing an exhaustive fat extraction and removal of other
possible AhR ligands, such as PAHs, capable to
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elicit a bioassay response, if present in nonnegligible
quantities.
b. Congener REPs may differ from consensus-based TEFs
used for conversion of MS congener-specific data into
toxicology-based TEQs: This may cause deviations
between the final cumulative results obtained with the
two different assessment procedures (the magnitude
of deviations is affected by the contamination profile)
(Fochi et al., 2008).
c. Insertion in the procedure of a cleanup step based on
carbon column may prevent possible deviations from
simple additivity of the bioassay output due to the fractioning of PCB mixtures (e.g., Aroclors 1242, 1254,
1260) from PCDDs, PCDFs, and non-ortho DL-PCBs
(Schroijen et al., 2004). In this case, it is advisable to
assay the different fractions.

13.5 PCDDS, PCDFS, and PCBS in Food:
Management in Perspective
Food safety authorities and international agencies have made
and are still making valuable efforts to bring dietary exposure to
PCDDs, PCDFs, and DL-PCBs in the general population below
the recommended health guidance values. In the EU, this has
implied the issue of a detailed regulatory framework focusing on
both food and feed matrices with the adoption of operative tools
(ALs and MLs) tailored on different food and feed commodities.
Human body burdens of the aforesaid contaminants in the general
population indicate a net exposure decrease over time, which is
also a consequence of environmental management options capable to abate anthropogenic emissions. However, the occurrence of
incidental contaminations of the food production highlights that,
although reduced, the risk of undesirable exposures to the aforesaid contaminants is not extinguished and continuing efforts to
reduce it seems to be required, possibly in a risk-oriented way to
improve management efficiency also cost-wise. This will likely
entail the characterization of contamination in food and feed, the
intake estimate accounting for food habits mainly targeted on
sensitive groups, and the carrying out of biomonitoring studies to
detect time trends in human body burdens.
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14.1 Introduction
Nitrosamines are N-nitroso compounds that have received considerable attention worldwide during the past half-century,
since Barnes and Magee1 first reported the association between
dimethylnitrosamine (NDMA) and liver damage in rats in 1954.
Two years later, the same British scientists confirmed the induction of liver tumors in rats by feeding them NDMA.2
During the period of 1957–1962, liver disorders, including cancer, in various farm animals in Norway were attributed to herring
meal that had been preserved by the addition of large amounts of
sodium nitrite.3 Further investigations showed that the fishmeal
was contaminated with NDMA, which was formed as a result of
a chemical reaction between dimethylamine, a commonly occurring amine in this meal, and a nitrosating agent formed from
sodium nitrite. This finding led to the idea that nitrosamines
might also occur in human food through the interaction between
naturally occurring or added precursor compounds. This was the
beginning of a worldwide investigation of the presence of nitrosamines in several matrices, including foodstuffs. As a result,
NDMA was detected by European scientists in beer.4 Since then,
nitrosamines have been found in a large variety of products such
as foods (in particular, cured meat products), alcoholic beverages,
water, soil, air, tobacco, rubber products, pesticides, cosmetics,
and drugs. Nowadays, it is well established that nitrosamines are
potential carcinogenic compounds.5
Although the occurrence of nitrosamines in food products was reported before 1970, some of these early results are

untrustworthy, due to the lack of a reliable analytical method
available at that time that could identify and determine nitrosamines at the low concentration level required, because many
of the methods then available had limits of detection above the
levels of nitrosamines now known to be present in foods. This
situation was overcome with the development of analytical methodologies for the determination of volatile nitrosamines by gas
chromatography (GC)—associated with thermal energy analyzer (TEA) or mass spectrometric (MS) detection devices. The
number of scientific papers reporting the presence of volatile
nitrosamines in meat products peaked in the 1980s. It is worth
emphasizing that most of these studies were conducted in the
United States, Canada, Germany, and Japan.
This chapter will provide some insight on the chemistry, formation, and occurrence of nitrosamines in meat products, as
well as toxicological information, the main focus beinganalytical aspects.

14.2 Chemistry
N-nitrosamines are aliphatic or aromatic compounds, which
have a nitroso functional group attached to nitrogen. The chemical and physical properties depend on the substituents (R1 and
R2) and on the amine nitrogen. While the low-molar mass dialkylnitrosamines are water-soluble liquids, the high molar mass
nitrosamines are soluble in organic solvents and food lipids. The
chemical structures and physicochemical parameters of some
289
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Table 14.1
Chemical Structures and Physicochemical Parameters of Some N-Nitrosamines Commonly Found in Meat Products
Chemical
Structure

N-Nitrosamine
N-nitrosodimethylamine (NDMA)

CAS
62-75-9

CH3

MM
74.08

sp gr
(g/cm3)
1.0048

bp (°C)
151–153

vp
(mm Hg)

Solubility
(mg/mL)

2.7

>100

General
Description
Yellow oil

N-NO
CH3
1000a
N-nitrosodiethylamine

55-18-5

C2H5

102.14

0.9422

175–177

0.86

>100

Yellow liquid

N-NO
C2H5
106a
100-75-4

N-nitrosopiperidine

114.2

1.0631

217–219

0.14

10–50

Yellow oil

N-NO
76.5a
N-nitrosopyrrolidine

930-55-2

100.14

1.085

214–216

0.06

1000a

Yellow liquid

59-89-2

116.14

N/A

225–227

0.036

>100
861.5a

Liquid/yellow
crystals

N-NO
N-nitrosomorpholine
O

N-NO

Source: Adapted from CAMEO Chemicals, http://cameochemicals.noaa.gov/, accessed June 2007.
Note: CAS, CAS registry number; MM, molar mass; sp gr, specific gravity; bp, boiling point; vp, vapor pressure; N/A, not available.
a NIOSH Manual of Analytical Method (NIMAM), Nitrosamines, Method 2522, fourth edition, 1994.

nitrosamines commonly found in meat products are presented
in Table 14.1.6,7
In general, nitrosamines are stable compounds in neutral and
strongly alkaline solutions, and are difficult to destroy once
they are formed. Under ultraviolet (UV) radiation or strongly
acidic conditions, nitrosamines decompose with cleavage of the
nitroso group.8
Nitrosamine formation in food is generally related to the
nitrosation of secondary amines, where the main nitrosating
agent is nitrous anhydride produced from nitrite (Equations 14.1
through 14.3).
NO2− + H 2O  HNO2 + OH −

(14.1)

2HNO2  N 2O3 + H 2O

(14.2)

R1R2 NH + N 2O3 → R1R2 NN = O + HNO2

(14.3)

The nitrosation rate is first and second order in terms of
the amine (R1R 2NH) and nitrite concentrations, respectively.9
The kinetics of the nitrosating reaction depends on the pH of
the medium and the basicity of the amine. The optimum pH
value lies between 2.5 and 3.5, conditions where the formation
of nitrous acid (pKa 3.35) is favored while molecules of the
amine still exist in their nonprotonated forms. This explains the
fact that the reaction rate increases as the basicity of the amine
decreases.10
Several conditions can contribute to an increase of rate or inhibition of the nitrosation reactions in food. It is well documented

that the nitrosation of secondary amines is catalyzed by nucleophilic anions (thiocyanate, bromide, and chloride), because the
concentration of the available nitrosating agent is increased.
The effectiveness of the catalysis is related to the nucleophilic
strength of the anion. On the other hand, several compounds, such
as ascorbic acid (vitamin C), erythorbic acid, and α-tocopherol
(vitamin E), are well recognized as nitrite scavengers and, in
consequence, act as inhibitors of the nitrosation reaction.11

14.3 Formation and Occurrence in Meat and
Meat Products
Several authors have reviewed the formation and occurrence of
N-nitrosamine in meat products.12–15 The formation of nitrosamines in meat and meat products is a complex process, and several
factors and substances could influence the nitrosation reaction.
The nitrosamine concentration in meat products depends on the
residual nitrite concentration, presence of nitrosation catalysts
and inhibitors, cooking method, cooking temperature and time,
storage conditions, and presence of microorganisms, which are
able to reduce nitrate to nitrite and promote degradation of proteins to amines and amino acids.
The food matrices that have received most attention are cured
and smoked meats, because sodium nitrite is used as a food additive in the manufacturing process. Several model-system studies have been carried out to explain nitrosamine formation in
meat products. The effect of the cooking process on nitrosamine
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formation in cured and smoked meat products was also extensively investigated. Accordingly, it has been postulated that
NDMA is derived from creatine, a muscle constituent, through
its breakdown to sarcosine, followed by the decarboxylation of its
N-nitroso derivative. In the same manner, proline and lysine are
considered to be the precursors of N-nitrosopyrrolidine (NPYR)
and N-nitrosopiperidine (NPIP) in meat products, respectively.16
Pensabene and Fiddler17 were the first to associate the presence
of N-nitrosothiazolidine (NTHZ) in bacon with smokehouse processing, indicating the nitrogen oxides generated during the smoking process and the residual nitrite in the bacon as the nitrosating
elements. The nitrosable amine is formed by the condensation of
cysteine with formaldehyde, a component of the wood smoke. In
fried meat, the nitrosating agent was identified as N2O3, which
could be formed during the heating of nitrite in meat, or to NO
radical formed by dissociation of N2O3 at high temperature.18,19
Byun et al.20 verified that γ-irradiation (>10 kGy) reduced the
content of volatile nitrosamines (NDMA and NPYR) in pepperoni and salami sausages during storage, and Rywotycki21 evaluated the nitrosamine content (NDMA and N-nitrosodiethylamine
[NDEA]) in raw meat (gilts, saws, hogs, boars, heifers, cows,
bullocks, bulls, calves, horses, rams, and goats) and verified that
the nitrosamine level depended on the animal species, breeding
factors, and the season of the year.
In general, the concentration of nitrosamines in meat products
currently lies at levels lower than 30 μg/kg, which demonstrates
the efficacy of actions taken by the meat industry, such as the
use of nitrosation reaction inhibitors and a decrease in the nitrite
concentration used for the curing process.

14.4 Toxicological Aspects
The great majority of over 300 N-nitroso compounds tested in
laboratories, including nitrosamines, were found to be carcinogenic in a wide variety of experimental animals. In addition, they
also present mutagenic and teratogenic activity.5
N-nitrosamines are readily absorbed from the gastrointestinal
tract,5,22 do not undergo bioaccumulation, and require metabolic
activation to exhibit their mutagenic and carcinogenic action.
The initial step of the biotransformation involves hydroxylation
of the α-carbon, which is catalyzed by the cytochrome P450
system, mainly CYP2E123,24 and the cytochrome P450 isoform,
CYP2A6.24,25 The resultant α-hydroxyalkylnitrosamine breaks
down to an alkyldiazonium ion and the corresponding carbonyl compound. The diazonium ion could alkylate a variety
of nucleophilic sites such as deoxyribonucleic acid (DNA) and
ribonucleic acid (RNA). This biotransformation is considered a
fundamental step in cancer initiation.26 The liver is the main
organ of nitrosamine biotransformation, but other human tissues
also have this capacity.27
Carcinogenic effects induced by the nitrosamines have been
reported in all the mammalian species tested, including monkeys,
and in vitro studies suggest that N-nitrosamines present a similar
biologic activity in humans and experimental animal tissues.26
Consequently, it is assumed that humans are susceptible to the toxic
action of these compounds. In fact, the International Agency for
Research on Cancer (IARC) concluded, for those N-nitrosamines
evaluated by the agency, that although no epidemiological data

were available, nitrosamines should be regarded for practical purposes as if they were carcinogenic to humans.28
Volatile nitrosamines induce tumors in several organs including liver, lung, kidney, bladder, pancreas, esophagus, and tongue,
depending on the animal species.29,30 Among the nitrosamines,
the volatile nitrosamines show higher carcinogenic potential
and, of those found in foods, NDEA is the one that shows the
higher carcinogenic activity.27 Tumor induction could occur in
different organs, according to the chemical structure of the nitrosamine, the dose, the route of exposure, and the animal species,
which makes the extrapolation of the data difficult obtained from
experimental animals to humans.
Nitrosamines are more effective as carcinogenic agents to
the experimental animals when administered at low repeated
doses than in a higher single dose. This is the situation of human
low-dose exposures (traces) to nitrosamines present in foods.16
Consequently, the presence of nitrosamines in foods, and particularly in meat, should be a matter of concern from the toxicological and public health standpoint.

14.5 Regulatory Aspects
Only a few countries have reported data related to the formation
and to the presence of nitrosamines in foods, which would allow
control of the nitrosamines to negligible levels to reduce exposure to levels that may not represent a higher risk to consumers.31
Moreover, only a few countries have specific legislation for the
presence of nitrosamines in foods. Table 14.2 shows the maximum levels established in some countries for the presence of
nitrosamines in foods.
It is worth emphasizing that the regulatory levels provide
guidelines for the minimum required limit of determination of
the analytical method to be used by the governmental agencies
to conduct action on food surveillance.

14.6 Analytical Aspects
Traditionally, for analytical purposes, the nitrosamines have
been divided into nonvolatile and volatile compounds, the latter
ones being considered a group of relatively nonpolar, low-molar
Table 14.2
Maximum Levels Permitted in Some Countries for the Presence of
N-Nitrosamines in Foods
Country
United
States
Canada

Chile
Russia
Estonia

Level
(μg/kg)
10
10
15
30
2
4
3

N-Nitrosamine

Food

Reference

Total volatile
N-nitrosamines
NDMA, NDEA, NDBA,
NPIP, and NMOR
NPYR
NDMA
N-nitrosamines
N-nitrosamines
NDMA, NDEA

Cured meat
products
Meat products

[22]

Meat products
Raw foods
Smoked foods
Raw and
smoked fish

[33]
[34]
[34]
[19]
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mass nitrosamines, which present sufficiently high vapor pressure to be removed from the food matrix by distillation. While
long-chain dialkylnitrosamines, nitrosopeptides, and nitrosoamino acids possess lower vapor pressure and are considered
nonvolatile compounds, short-chain dialkylnitrosamines, such
as NDMA, NDEA, and low-molar mass cyclic compounds, such
as NPYR and NTHZ, are considered volatile nitrosamines. The
differences in their physicochemical properties hinder the establishment of analytical methods of general application.
During the 1970s, intense research efforts were carried out
toward the development of analytical methodologies for the determination of volatile nitrosamines. As a consequence, there are a
great number of scientific papers reported in the literature for the
period of 1970–1990 on the presence of volatile nitrosamines in
food matrices. In general, these methods recommend the extraction of nitrosamines from the food matrix by vacuum, steam, or
mineral oil distillation with subsequent quantitation by GC–TEA.
TEA was developed as a specific nitrosamine detector35 and has
been widely employed in the past half-century for the determination of volatile nitrosamines in food. Usually, these methods are
simpler and receive more attention than those required for the
determination of nonvolatile nitrosamines, because they do not
require sophisticated sample preparation before the quantitation
step. Nowadays, it is well known that in foods, and in particular
in meat products, among the nitrosamines, the volatiles are certainly the compounds of main relevance, and for this reason, in
this chapter, more attention will be devoted to these compounds.
In the past 10 years, novel analytical methodologies and techniques have been proposed, improving selectivity, detectability,
analysis time, and cost. In addition, several analytical methodologies have been subjected to collaborative studies carried
out under the auspices of the Association of Official Analytical
Chemists (AOAC).36
The extraction of the nitrosamine from the complex food
matrices and the cleanup of the extract have been the critical
points of the sample preparation step, and several approaches
are documented in the literature, including distillation (steam,
vacuum, or atmospheric), solvent extraction, solid-phase extraction (SPE), solid-phase microextraction (SPME), and supercritical fluid extraction. Thus, in this chapter, the analytical aspects
of the determination of nitrosamines in meat products will be
presented in terms of sample preparation procedures and quantitation steps. In addition, it should be mentioned that a worldwide
single-analytical method is not available; most of the methods
comprise two or more cleanup steps, depending on the nitrosamine, the food matrix, and the detection device. Nonetheless,
most of the methods recommend that artifactual nitrosamine formation during sample preparation should be inhibited by adding
sulfamic acid, ascorbate, or other nitrosation inhibitors.
An overview of the possible steps in the analytical procedure
for the determination of nitrosamines in foods is presented in
Figure 14.1 and Table 14.3.

14.6.1 Sample Preparation
14.6.1.1 Distillation and Cleanup Procedures
Distillation was extensively used in the past as the primary
stage for the extraction of the volatile nitrosamines from food
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matrices, including steam distillation and mineral oil vacuum
distillation (MOVD). The cleanup procedures that follow the
extraction have included liquid–liquid extraction (LLE), liquid–solid extraction (LSE), and SPME. The concentration of
the separated nitrosamines to a small volume before quantitation has generally been carried out using a Kuderna–Danish
(K–D) evaporator.
The MOVD became the AOAC Official Method for the
determination of volatile nitrosamines in fried bacon. For
this purpose, 25.0 g of sample is added to 2 mL of 0.2 mol/L
NaOH and 25 mL mineral oil. The mixture is introduced
into a pumping and distillation assembly, vacuum (<2 torr) is
applied, and the temperature is increased from ambient temperature to 120°C in 55–60 min. The distillate is collected in
a vapor trap inserted in a Dewar flask containing liquid nitrogen. The nitrosamines are removed from the distillate by LLE
using dichloromethane. The final extracted volume is reduced
to 1.0 mL in a K–D flask, and the quantitation is carried out
by GC–TEA.54
Although the volatile nitrosamines are efficiently extracted
from foods by vacuum distillation, this sample extraction procedure presents limitations, such as long analysis time, being
work intensive, possibility of contamination, loss of the analyte during the concentration process, formation of emulsions
during LLE, and environmental problems related to discarding
solvents.
A combination of vacuum steam distillation and SPE for
the determination of NDMA, NDEA, N-nitrosomorpholine
(NMOR), NPIP, and NPYR in sausages was proposed by
Sanches Filho et al.50 For this purpose, 150 g of sample was
added to 100 mL of water, and the nitrosamines were separated
by vacuum steam distillation using a rotary evaporator (65°C for
80 min). To the distillate, active carbon powder (100–400 mesh)
was added, and the mixture was shaken for 45 min. The sorbent
was removed by filtration, and the nitrosamines were eluted from
it with acetone and dichloromethane. After concentration under a
nitrogen stream, nitrosamine quantitation and identity confirmation were performed by micellar electrokinetic chromatography
(MEKC) and GC–MS, respectively. Powdered activated carbon
for the cleanup and concentration of NDMA and NDEA from
aqueous solutions (water and beer samples) was also employed
by Ayügin et al.55
Sen et al.48 described the use of SPME for the cleanup step
in the determination of N-nitrosodibutylamine (NDBA) and
N-nitrosodibenzylamine (NDBZA) in smoked hams. The method
consists of the isolation of the volatile nitrosamines by steam distillation. A polyacrylate (PA)-coated silica fiber was introduced
into the headspace of the distillate. Quantitation was conducted
by GC–TEA, and the identity confirmation was done by GC–MS.
The authors stated that the SPME extraction efficiency, using an
extraction time of 60 min at room temperature, was too low for
most of the nitrosamines evaluated (NDMA: 0.08%; NDEA:
0.17%; N-nitrosodipropylamine [NDPA]: 2.04%; NDBA: 19.3%;
NPIP: 0.07%; NPYR: 0.07%; NMOR: 0.02%; NDBZA: 1.9%;
and lower than 1% for N-nitrosodioctylamine [NDOA]). Using a
temperature and a time of extraction of 80°C and 60 min, respectively, and by addition of alkali (3 mol/L KOH) and salt saturation (NaCl), better efficiencies were achieved only for NDBZA
and NDBA.
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N-nitrosamines
Volatile

Steam distillation

Nonvolatile

Sample preparation

Mineral vacuum oil distillation
Solvent extraction
Matrix solid-phase dispersion
Liquid–liquid extraction
Supercritical fluid extraction
Solid-phase microextraction

Nitrosamines separated from the matrix
Derivatization

Identity
confirmation

Quantitation

Volatile

High-performance liquid chromatography

Gas chromatography

FID

TID

Nonvolatile

CECD

TEA

Mass spectrometry

Mass spectrometry

Figure 14.1 Analytical pathways for the determination of N-nitrosamines in meat and meat products. (FID: flame ionization detector; TID: thermoionic
detector; and CECD: Coulson electrolytic conductivity detector.)

14.6.1.2 Solvent Extraction Followed by Cleanup
Using LSE
Solvent extraction has been widely used as the cleanup step
of the aqueous distillate obtained by the extraction of volatile
nitrosamines from the food matrices. In a few circumstances,
solvent extraction was employed as the extraction step of nonvolatile nitrosamines from meat samples. Nevertheless, Sen
et al.46 described a solvent extraction procedure for the determination of 2-hydroxymethyl-N-nitrosothiazolidine (HMNTHZ)
and 2-hydroxymethyl-N-nitrosothiazolidine-4-carboxylic acid
(HMNTCA) in smoked meats. For this purpose, 10–20 g of the
food sample are mixed with sulfuric acid and sulfamic acid, and
extracted with 100 mL acetonitrile (for processed meat) or methanol (bacon). After the first filtration, the residue was further
extracted with two 60-mL portions of the solvent. The combined
filtrates were washed with 80 mL of isooctane to remove fats

and lipids. NH4OH was added to the remaining extract, and the
mixture was evaporated to 10 mL in a rotary evaporator. Water
was added to the evaporated residue, the pH adjusted to 2–2.3,
and the solution saturated with NaCl before extraction with three
portions of 50 mL ethyl acetate. The combined extract was concentrated to 1 mL in a rotary evaporator and cleaned up by LSE
on an acidic alumina cartridge.
Another LSE procedure for extraction of nitrosoamino acids
N-nitrosoproline (NPRO) from bacon was reported by Hansen
et al.38 The raw bacon (100 g) was added to water and then
homogenized, centrifuged, and stored at 0°C until the fat had
been solidified. The supernatant was removed, and the procedure
was repeated 2 more times. The combined supernatants were
filtered and cleaned up on an anion-exchange column (Dowex
2X8-100 strongly basic anion-exchange resin). After LSE, the
nitrosoamino acid was extracted with dichloromethane from the
eluate and concentrated in a K–D flask. NPRO was quantified by
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Table 14.3
Some Analytical Methods Reported for Nitrosamine Determination in Meat Products
Food

Nitrosamine

Sample Preparation

Cooked bacon,
cooked bacon fat
Bacon

NDMA, NDEA, NPIP, and
NPYR
NPRO

VD, LLE, C, LSE
(alumina), and K–D
SE–LSE (anion exchange
column), LLE, and K–D

Meat loaf, liver
loaf, and bologna
Bacon, boiled ham,
and bologna

NDMA, NPYR, and NPIP

MOVD, LLE, and K–D

NHPYR

Ham, frankfurters,
pork shoulder, and
canned meats
Fried bacon, fried
pork

NDMA, NDEA, NDPA,
NPYR, and NPIP

Celite, C, LLE, LSE
(alumina + acidic
cellulose), and C
Digestion in methanolic
KOH, LLE, distillation,
LLE, and LSE (silica gel)
MOVD, LLE, and K–D

Cooked bacon

NDMA, NDEA, NDPA,
NDBA, NPIP, NPYR, and
NMOR
NTHZ

Fried bacon

NPYR

Fried bacon

NTHZ, NPYR

Smoked bacon

HMNTHZ

Bacon, smoked
poultry

HMNTCA, HMNTHZ

Fried bacon

NPYR
NDMA
NDBA

Ham
Sausages

Sausages
Fermented sausages
Sausages
Meat patties,
gelatine (food
model)
Sausages
Meat (raw, fried,
smoked, grilled,
pickled, and
canned)

NDMA, NEMA, NDEA,
NDPA, NMOR, NPYR,
NPIP, and NDBA
NDMA, NDEA, NMOR,
NPIP, and NPYR
NDMA, NPYR
NDMA, NDEA, NPIP, and
NPYR
NDMA, NMEA, NDEA,
NPYR, NMOR, NDPA,
NPIP, NDBA, and NDPheA
NDMA, NDEA, NMOR,
NPIP, and NPYR
NDMA, NDEA, NPIP,
NPYR, and NDBA

LOD
(μg/kg)

Analytical Technique

Publication
Year

Reference

GC–CECD, GC–MS,
and GC–TEA (Q)
HPLC with
phtotohydrolysis (Q),
GC–TEA (D, Q)
GC–TEA (Q)
GC–MS (IC)
GC–TEA (D)

N/A

1976

37

N/A

1977

38

N/A

1978

39

0.2 ng

1978

39

GLC–TEA (Q)

N/A

1972

40

GC–TEA (Q)

N/A

1980

41

GC–TEA (Q)
GC–MS (IC)

N/A

1982

42

GC–TEA (Q)

N/A

1982

43

GC–MS (Q)

N/A

1982

44

HPLC–TEA (Q)
GC–TEA (Q) (D)
GC–MS (IC)
HPLC–TEA (D, Q)
GC–MS, derivative (IC)

1–2

1989

45

N/A

1992

46

GC–TEA (Q)

0.2–0.5

1996

47

Steam distillation,
HS-SPME
MSPD (Extrelut), K–D,
SPE (Florisil), and K–D

GC–TEA (Q)
GC–MS (IC)
GC–TEA (Q)

1

1997

48

0.3

1997

49

VSD and SPE (activated
carbon), C
Steam distillation on a steam
generator, LLE, and K–D
HS-SPME (DVB/PDMS)

MEKC (Q)
GC–MS (IC)
GC–TEA

22.5–36.0a

2003

50

N/A

2004

20

GC–TEA (Q)

3

2005

51

SPME (DVB/PDMS)–DED

GC–TEA (Q/IC)

0.142–9.539
(gelatine)

2006

52

SFE (CO2) + Florisil trap

MEKC (Q)
GC–MS (IC)
GC–MS

Range
mg/ kg
0.09

2007

53

2007

19

MOVD, LLE, K–D, or
MSPD (Celite), + LSE
(alumina column)
MSPD Celite (dry column),
K–D
MSPD Celite (dry column),
K–D, LSE (alumina
column), and K–D
LLE, C, + SLE (alumina
column), and C
SE, LLE, C, LLE, C, LSE
(alumina column), LLE, C,
and derivative
SFE, SPE (silica), and C

SPE (Extrelut), C, SPE
(Florisil), and C

Note: N/A, not available; MOVD, mineral oil vacuum distillation; VSD, vacuum steam distillation; VD, vacuum distillation; MSPD, matrix solid-phase dispersion; LLE, liquid–liquid extraction; SE, solvent extraction; LSE, liquid–solid extraction; SFE, supercritical fluid extraction; SPME, solid-phase
microextraction; HS, head space sampling; SPE, solid-phase extraction; K–D, Kuderna–Danish concentrator; C, concentration; GC, gas chromatography; TEA, thermal energy analyzer; MS, mass spectrometry; MEKC, micellar electrokinetic chromatography; IC, identity confirmation; Q, quantitation; D, derivatization.
a μg/L.
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reverse-phase high-performance liquid chromatography (HPLC)
using a photohydrolysis system.

14.6.1.3 Matrix Solid-Phase Dispersion and LLE
Pensabene et al.43 introduced a rapid method for the determination of NPYR in fried bacon using a dry column of acid—
Celite. The ground food sample (10 g) was mixed thoroughly
with 25 g anhydrous sodium sulfate and 20 g Celite and added
to the chromatographic column containing 10 g Celite previously washed with phosphoric acid. At the top of the column,
30 g of anhydrous sodium sulfate was added. The column was
rinsed with 100 mL pentane–dichloromethane (95 + 5 v/v) and
125 mL dichloromethane. Only the last 40 mL of the eluate was
collected and concentrated in a K–D flask to a final volume of
1 mL before GC–TEA quantitation. In this sample preparation
technique, the solid food sample matrix is dispersed into the
adsorbent material (diatomaceous earth), which is subsequently
packed into a column from which the nitrosamines are eluted.
In this manner, the sample becomes dispersed throughout the
column and is part of the overall chromatographic character of
the system. Interactions involve the stationary phase, the solid
support, the mobile or eluting phase, and all the sample matrix
components as well.
Pensabene and Fiddler44 also reported a method using a dualcolumn chromatographic procedure (Celite + alumina columns)
for the determination of NTHZ (nonvolatile nitrosamine) and
NPYR (volatile nitrosamine) in fried bacon, and compared this
procedure with the MOVD. The extraction procedure reported
is as described previously, with the modification that the first
85 mL of dichloromethane eluted from the Celite column was
collected and concentrated to a final volume of 6 mL in a K–D
flask. The concentrate was added to 2 mL hexane and quantitatively transferred to an alumina column containing anhydrous
sodium sulfate at the top. An initial volume of 25 mL hexane
was added to the column, and the NTHZ was eluted with 125 mL
dichloromethane. The eluate was concentrated, and NTHZ was
quantified by GC–TEA. The authors verified that the MOVD
extraction procedure introduces artifacts and observed in situ
nitrosamine formation during this analytical step, which thus
requires the addition of nitrosating inhibitors. Sulfamic acid and
ascorbic acid were shown to be effective for this purpose, as sulfamic acid reduces the pH and thereby removes any nitrite present in the sample, as well as prevents the bacterial reduction of
nitrate.56
Raoul et al.49 presented a rapid, time-, and solvent-sparing
matrix solid-phase dispersion (MSPD) plus SPE method to determine NDMA, N-nitrosoethylmethylamine (NEMA), NDEA,
NDPA, NMOR, NPYR, NPIP, and NDBA in thermally processed sausages. The food sample (6 g) homogenized in 6 mL
0.1 mol/L NaOH was dispersed in Extrelut (6 g) and packed
into a column. The nitrosamines were eluted with 40 mL of
hexane:dichloromethane (60:40 v/v), and the eluate was concentrated in a K–D flask. The extract was cleaned up on a commercial Florisil cartridge. In comparison to the vacuum distillation
technique, this sample preparation approach requires less food
sample and solvents without affecting the detectability of the
method, and could also be applied to determine the less-volatile nitrosamines NDBZA and NTHZ, which have been found

in smoked meat products. This sample preparation procedure,
using Extrelut and Florisil, was also employed by Yurchenko and
Mölder19 for the determination of volatile nitrosamines in several
meat matrices.

14.6.1.4 Solid-Phase Microextraction
SPME was first described by Pawliszyn, and since then, this
technique has been extensively used for several analytical purposes in substitution of the traditional solvent extraction, including the evaluation of the volatile compounds present in the vapor
or in the liquid phase of solid and liquid foods. The advantages of
the SPME method over other methods of extraction are numerous. SPME can be significantly faster and easier than solvent
extraction methods, it is easily automated, and it does not require
the use of potentially toxic and expensive solvents.57 SPME has
gained widespread acceptance in many areas in recent years, and
has been applied to a wide spectrum of analytes, including the
determination of nitrosamines in food. Commercially available
fused-silica fibers coated with polydimethylsiloxane (PDMS),
carboxen–polydimethylsiloxane (CAR/PDMS) PA, divinylbenzene–carboxen–polydimethylsiloxane (DVB/CAR/PDMS), carbowax–divinylbenzene (CW/DVB), and carbowax-templated
resin (CW/TPR) are available.58
Andrade et al.51 described a simple method using headspace
sampling by SPME with GC–TEA detection (HS-SPME-GCTEA) for the determination of NDMA, NDEA, NPIP, and NPYR
in sausages. Two fused-silica fibers, one coated with PDMS/
DVB and another with PA, were evaluated, and the experimental conditions (equilibrium time, salt addition, extraction time,
and temperature) were optimized using an experimental design.
The PDMS/DVB-coated fiber showed better recoveries for the
extraction of NDMA and NDEA in sausages in comparison with
the PA-coated fiber, which presented higher efficiency for NPIP
and NPYR. The optimum recoveries were obtained with the following experimental conditions: PDMS/DVB (equilibrium time:
10 min; salt addition: 36% w/v NaCl; temperature: 30°C; and
extraction time: 30 min) and PA (equilibrium time: 10 min; salt
addition: 36% w/v NaCl; temperature: 50°C; and extraction time:
20 min).
The outstanding advantage of HS using the SPME technique
in food analysis is the prevention of direct contact of the fiber
with the food matrix; therefore, the fiber has a longer lifetime,
and the selectivity of the method could be enhanced. On the
other hand, HS-SPME is limited to volatile nitrosamines, which
present high vapor pressure. The extraction efficiency onto the
fiber depends on the polarity and the thickness of the stationary
phase, extraction time, and concentration of the nitrosamine in
the sample. Extraction efficiency could be improved by agitation,
addition of salt, pH, and temperature.58
Ventanas et al.59 employed SPME coupled to a direct extraction
device (DED) for extracting nine volatile nitrosamines (NDMA,
N-nitrosomethylethylamine [NMEA], NDEA, NPYR, NMOR,
NDPA, NPIP, NDBA, and N-nitrosodiphenylamine [NDPheA])
from a solid food model system (gelatin) at refrigeration and
at room temperature. The DED enables the introduction of the
SPME fiber in the core of the solid matrices, with the advantage of determining volatile compounds from solid foods without
deterioration of the product. In a subsequent work, Ventanas and
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Ruiz52 studied the feasibility of using SPME–DED for extraction of nitrosamines from solid matrices mimicking solid foodstuffs, and compared the efficiency of different fiber coatings for
extraction (CAR/PDMS, DVB/CAR/PDMS, and DVB/PDMS).
Meat patties spiked with nitrosamines were also analyzed using
a PDMS/DVB-coated fused-silica fiber. The authors reported
that with the patties instead of the gelatin matrix, lower reproducibility and poorer linearity were obtained, and concluded that
quantitation of nitrosamines in solid meat samples using SPME–
DED was not fully reliable. However, the proposed technique is
promising for qualitative assessment.

14.6.1.5 Supercritical Fluid Extraction
Supercritical fluids have been successfully used to extract a wide
variety of analytes from several matrices, including food, with
the advantages of providing fairly clean extracts, minimizing
sample handling, reducing the use of toxic solvents, and expediting sample preparation. Fiddler and Pensabene47 reported
a method using supercritical extraction (SFE) of NPYR and
NDMA from fried bacon. Fried bacon (5 g) was added to 250 mg
propyl gallate and 5.0 g Hydromatrix. The homogenized mixture was transferred to the extraction vessel of the SFE system
attached to an SPE cartridge (silica). The extraction was carried
out at 10,000 psi with a flow rate of expanded CO2 of 2.8 mL/min
for a total of 50 L. The SPE cartridge was washed with pentane–
dichloromethane (72:25 v/v), and the nitrosamines were eluted
with dichloromethane:ether 70:30 v/v. The quantitation was performed by GC–TEA. The authors compared the SFE method
to SPE, mineral oil distillation, and low-temperature vacuum
distillation, and concluded that SFE was superior in relation to
recovery, repeatability, rapidity of analysis, and lower solvent
consumption, and that the method is not susceptible to artifactual
nitrosamine formation.
Recently, Sanches Filho et al.53 reported a procedure for the
extraction of NDMA, NDEA, NMOR, NPIP, and NPYR from
sausages, using CO2 as the extraction fluid. Several parameters
were evaluated and optimized such as density, temperature at
constant pressure of 200 bar (40°C), dynamic extraction time
(20 min), organic modifier, flow rate (3 mL/min), and trap adsorbent (Florisil). The quantitation was done by MEKC. The nitrosamine recoveries from spiked sausages (0.2 g sample) at three
concentration levels (0.4, 1.0, and 10 mg/kg) ranged from 20.9%
to 81.6%. The authors attributed the low recovery values to the
presence of lipids in the matrix and losses during the evaporation and change of solvents. The method, due to instrumental
limitations, was developed for the quantitation of nitrosamines
at the milligram-per-kilogram level and needs to be improved in
relation to the sample amount and concentrations steps to allow
the determination of nitrosamines in food at the microgram-perkilogram level.

14.6.1.6 Quantitation Methods
Several analytical methods have been employed in the past for
the semiquantitative and quantitative determination of nitrosamines in food, including thin-layer chromatography,60,61 spectrophotometry, colorimetry, and polarography.62,63 In general,
these methods lack selectivity and do not allow nitrosamine
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determination at the microgram-per-kilogram level required
for foodstuffs. Only after the development of chromatographic
methods with adequate sample preparation procedures, including
cleanup and concentration steps, and the use of selective detector devices, did it become possible to establish reliable methods
for the determination of volatile and nonvolatile nitrosamines in
food.

14.6.1.6.1 Gas Chromatography
GC has been the method of choice for the determination of
volatile nitrosamines around the world. Furthermore, some nonvolatile nitrosamines, such as hydroxylated nitrosamines and
nitrosoamino acids, were determined by GC after derivatization
by acylation or trimethylsilylation.64
Several stationary phases of moderate-to-strong polarity in
packed, megabore, and capillary columns have been employed
for the separation of the nitrosamines using GC–TEA, including 15% Carbowax 20M/terephthalic acid on 100/120-mesh
Gaschrom Q,39 glass capillary column coated with UCON
5100,42 silica capillary column coated with Supelcowax 10,48
88% methyl, 7% phenyl, 5% cyanopropyl capillary column,49
11% Carbowax 20M on 60/120 Chromosorb W packed column,41
and HP-INOWAX megabore column.51 For GC–MS analysis,
silica capillary columns coated with DB-5,48 5% phenyl-methyl
silicone (HP-5),59 14% cyanopropyl–86% methyl polysiloxane
(HP 1701),19 and HP-150 have been employed.
In the past, flame ionization detectors, thermionic detectors,
Coulson electrolytic conductivity detectors, and electron capture
detectors were employed for volatile nitrosamines quantitation.
A comparison of the performance of these different detection
devices was reported by Fine et al.37 Later, the selective TEA
became the internationally recognized standard detector for
quantitation purposes. Despite the high selectivity characterizing
the TEA detector for N-nitroso compounds, which allows reduced
cleanup procedures in the sample preparation step, identity confirmation by mass spectrometry is mandatory. Basically, the TEA
is composed of a catalytic pyrolyzer, a trap, a reaction chamber,
and a photomultiplier tube. The principle of operation of the TEA
consists of the cleavage of the N–NO bond of the nitrosamine
in the catalytic pyrolyzer chamber, forming the nitrosyl radical
(NO∞). The by-products of the pyrolysis are removed in the trap.
The nitrosyl radicals are conducted by vacuum to the reaction
chamber, where they are oxidized with ozone, forming electronically excited nitrogen dioxide (NO*2 [“*” electronically excited
state]). When the excited molecule decays to its ground state, it
emits near-infrared radiation (600 nm). At the last stage, the radiation is detected by a sensitive photomultiplier tube, where the
intensity of the radiation is proportional to the nitrosamine content present in the sample. Detectability is at the picogram level.
Nowadays, the mass spectrometer is the most recommended
detector for volatile and nonvolatile nitrosamine determination,
due to the fact that the technique allows accurate quantitation,
as well as confirmation in one run. In this regard, the use of the
GC–MS technique for the determination of volatile nitrosamines in meat products has been reported.19,48,50,52 Nonetheless,
although GC–MS/MS and liquid chromatography–tandem mass
spectrometry (LC–MS/MS) have become a routinely applicable
technique for the quantitation of a large number of toxic compounds in several matrices, no scientific publications were found

Free ebooks ==> www.ebook777.com
297

Nitrosamines
in the literature for the determination of nitrosamines in meat
and meat products using these instruments.

14.6.1.6.2 High-Performance Liquid Chromatography
HPLC coupled with the TEA detector (HPLC-TEA) was first
employed by Fine et al.37 Afterward, this technique was employed
for the determination of nonvolatile nitrosamines in foods,
including hydroxyl nitrosamines and N-nitrosoamino acids.
Early on, the HPLC technique presented several drawbacks, such
as the incompatibility of the TEA system with components of the
mobile phase from the HPLC. Furthermore, N-nitrosamines do
not show relevant absorption in the UV region of the spectra, and
derivatization reactions are required to improve the detectability
with a UV detector.
Owing to the different physical and chemical properties of the
nonvolatile N-nitrosamines, a general sample preparation procedure before HPLC quantitation is not possible, and the extension
of the cleanup step is related to the selectivity of the detection
device used.
Considering the more polar characteristics of the nonvolatile
nitrosamines, normal-phase HPLC has been, in general, the
method of choice, using silica or cyano stationary phases.46,65
Only a few papers report performing the nitrosamine separation
on reversed-phase octadecyl columns.38
Among the N-nitrosoamino acids, NPRO has been the most
studied, the reason being that it could originate from the amino
acid proline, which is present in all proteins. Wolfram et al.65
reported a method for the determination of NPRO using fluorimetric detection (HPLC–FL). The fluorescent derivative was
formed by NPRO denitrosation, followed by the derivatization
of proline with 7-chloro-4-nitro-benzo-2-oxa-1,3-diazole. The
HPLC conditions comprised a LiChrosorb Si stationary phase and
a mobile phase composed of n-hexane:ethyl acetate:acetic acid
(50:50:0.5 v/v/v).65 An HPLC method was reported for the determination of N-nitrosobenzylphenylamine (NBPHA) in cooked
bacon, luncheon meat, and dried beef.37 For the chromatographic
separation, a μ-Porasil column and acetone:2,2,4-trimethylpentane (5:95 v/v) as the column and mobile phase, respectively, were
used. Sen et al.46 used a LiChrosorb Si 100 column for the determination of HMNTHZ and HMNTCA in meat products. While
HMNTHZ did not require derivatization before HPLC-TEA
quantitation, the HMNTCA was derivatized with diazomethane. For the identity confirmation, both compounds were derivatized: HMNTCA with heptafluorobutyric anhydride, whereas
HMNTHZ was converted into its O-methyl ester derivative.
Sen et al.45 described a method employing HPLC-TEA for
the determination of HMNTHZ in fried bacon, as its O-methyl
ester derivative, using a Lichrosorb Si 100 column (5 μm) and a
mobile phase composed of acetone and n-hexane with a linear
gradient elution. The detection limit is about 1–2 μg/kg.
The detectability for the determination of nonvolatile N-nitroso
compounds can be improved, in relation to precolumn and postcolumn derivatization, by denitrosation of the nitrosamines and
derivatization of the liberated secondary amines with fluorescent
agents, such as dansyl chloride. In this regard, Cárdenes et al.66
described a microwave-assisted method (radiation power 378 W,
maximum pressure 1.4 bar, and reaction time 5 min) for dansylation of NMOR, NDMA, NPYR, NDEA, and NPIP with subsequent quantitation by HPLC with FL detection. The denitrosation

was achieved using hydrobromic acid–acetic acid. The method
was employed to study the recoveries of N-nitrosamines from
beer.

14.6.1.6.3 Electrophoresis
Although capillary electrophoresis has been increasingly used
in the separation of a large variety of compounds in several
matrices, only one paper using MEKC reports the determination of volatile nitrosamines (NDMA, NMOR, NPYR, NDEA,
and NPIP), employing a fused-silica capillary and a diode array
detector; sodium dodecyl sulfate was used as the pseudo-stationary phase. The limit of quantitation was between 520 and
820 μg/L, and the authors pointed out that the method is simple,
and has a short analysis time and high efficiency.50

14.7 Conclusions
Reliable analytical methods are available for the determination of volatile nitrosamines at concentration levels lower than
10 μg/kg in meat and meat products. Although a large number
of sample preparation procedures for the volatile nitrosamines
are reported in the literature, most of them are time consuming and labor intensive, and require large volumes of solvents.
Artifactual nitrosamine formation during analysis should be
considered in all analytical procedures, and should be evaluated
for each sample preparation to allow the acquisition of reliable
results. There is a need for the development of simple, low-cost,
and environmentally friendly sample preparation procedures for
the quality control of meat and meat products in relation to the
content of nitrosamines to avoid or minimize human exposure to
these toxic compounds through the consumption of foods.
Undoubtedly, the use of the specific TEA detector coupled
to chromatographic systems has simplified sample preparation
without minimizing selectivity and detectability, and represents
a great contribution to the quantitation of nitroso compounds
in food—in particular, volatile nitrosamines in meat products.
Nevertheless, this detector lacks versatility in comparison to the
mass spectrometer. In addition, in view of the fact that the confirmatory evidence for an analyte is indispensable in the quality
control of any toxic compound in food, the use of the mass spectrometer coupled to the chromatographic spectrometer becomes
the technique of choice. As a consequence, the TEA has been
replaced in many laboratories dealing with the quantitation of
toxic compounds in food.
The newer generation of mass spectrometers, including tandem mass spectrometers, coupled to gas or liquid chromatographic systems, due to their higher detectability and selectivity
capacities, as well as simplified sample preparation procedure
requirement, have been shown to be a potential technique for the
determination of nitrosamines in meat and meat products.

References
1. Barnes, J.M. and Magee, P.N., Some toxic properties of
dimethylnitrosamine, Brit. J. Ind. Med., 11, 167, 1954.
2. Magee, P.N. and Barnes, J.M., The production of malignant
primary hepatic tumors in the rat by feeding dimethylnitrosamine, Brit. J. Cancer, 10, 114, 1956.

www.ebook777.com

Free ebooks ==> www.ebook777.com
298
3. Ender, F. et al., Isolation and identification of a hepatotoxic
factor in herring meal produced from sodium nitrite preserved
herring, Naturwissenschaften, 51, 637, 1964.
4. Spiegelhalder, B., Eisenbrand, G., and Preussmann, R.,
Contamination of beer with trace quantities of N-nitrosodi
methylamine, Food Cosmet. Toxicol., 17, 29, 1979.
5. IARC. Monographs on the Evaluation of the Carcinogenic
Risk of Chemicals to Humans. Some N-Nitrosocompounds.
IARC, Lyon 17, 1978.
6. CAMEO
Chemicals,
http://cameochemicals.noaa.gov/,
accessed June 2007.
7. National Institute for Occupational Safety and Health (NIOSH),
Manual of Analytical Method (NINAM), Nitrosamines, Method
2522, fourth edition, 1994. (http://www.cdc.gov/niosh/nmam/
pdfs/2522.pdf, accessed, June 22, 2008.)
8. Douglass, M.L. et al., The chemistry of nitrosamine formation,
inhibition and destruction, J. Soc. Cosmet. Chem., 29, 581, 1978.
9. Mirvish, S.S., Kinetics of dimethylamine nitrosation in relation to nitrosamine carcinogenesis, J. Natl. Cancer Inst., 44,
663, 1970.
10. Mirvish, S.S., Formation of nitroso compounds: Chemistry,
kinetics, and in vivo occurrence, Toxicol. Appl. Pharmacol.,
31, 325, 1975.
11. Archer, M.C., Catalysis and inhibition of N-nitrosation reactions, IARC Sci. Publ., 57, 263, 1984.
12. Gough, T.A. et al., An examination of some foodstuffs for the
presence of volatile nitrosamines, J. Sci. Food Agric., 28, 345,
1977.
13. Scanlan, R.A., N-nitrosamines in food, Crit. Rev. Food
Technol., 5, 357, 1975.
14. Reyes, F.G.R. and Scanlan, R.A., N-nitrosaminas: formação
e ocorrência em alimentos [N-nitrosamines: formation and
occurence in foods], Bol. SBCTA, 18, 299, 1984.
15. Walker, R., Nitrates, nitrites and N-nitroso compounds: A
review of the occurrence in food and diet and the toxicological
implications, Food Addit. Contam., 7, 717, 1990.
16. Walters, C.L., Reactions of nitrate and nitrite in foods with special reference to the determination of N-nitroso compounds,
Food Addit. Contam., 9, 441, 1992.
17. Pensabene, J.W. and Fiddler, W., N-nitrosothiazolidine in
cured meat products, J. Food Sci., 48, 1870, 1983.
18. Sen, N.P., Formation and occurrence of nitrosamines in food,
in Diet, Nutrition and Cancer: A Critical Evaluation. Micro
Nutrients, Nonnutritive Dietary Factors, and Cancer, Cohen,
L.A. and Reddy, B.S., eds., CRC Press, Boca Raton, FL, 1986,
Vol. 2, pp. 135–160.
19. Yurchenko, S. and Mölder, U., The occurrence of volatile
N-nitrosamines in Estonian meat products, Food Chem., 100,
1713, 2007.
20. Byun, M.W. et al., Determination of volatile N-nitrosamines in
irradiated fermented sausage by gas-chromatography coupled to
a thermal energy analyzer, J. Chromatogr. A, 1054, 403, 2004.
21. Rywotycki, R., Meat nitrosamine contamination level depending on animal breeding factors, Meat Sci., 65, 669, 2003.
22. USDA. U.S. Code of Federal Regulations. Food Safety and
Inspection Service, USDA § 424.22. Certain other permitted
uses. 9 CFR Ch. III (1-1-03 edition). (http://www.usda.gov.,
accessed, February 4, 2004).
23. Lin, H.L. et al., N-nitrosodimethylamine-mediated cytotoxicity in a cell line expressing P450 2E1 evidence for apoptotic
cell death, Toxicol. Appl. Pharmacol., 157, 117, 1999.

Handbook of Food Analysis
24. Rossini, A. et al., CYP2A6 and CYP2E1 polymorphisms in
a Brazilian population living in Rio de Janeiro, Braz. J. Med.
Biol. Res., 39, 195, 2006.
25. Kamataki, T. et al., Genetic polymorphism of CYP2A6 in relationship to cancer, Mutat. Res., 428, 125, 1999.
26. Tricker, A.R. and Preussmann, R., Carcinogenic N-nitrosamines
in diet: Occurrence, formation, mechanism and carcinogenic
potential, Mutat. Res., 259, 277, 1991.
27. Järgestad, M. and Skog, K., Review: Genotoxicity of heatprocessed foods, Mutat. Res., 574, 156, 2005.
28. IARC. International Agency for Research on Cancer. (http://
monographs.iarc.fr/ENG/Classification/index.php, accessed,
June 22, 2008.)
29. Biaudet, H., Mavelle, T., and Debry, G., Mean daily intake of
N-nitrosodimethylamine from foods and beverages in France
in 1987–1992, Food Chem. Toxicol., 32, 417, 1994.
30. Lijinsky, W., N-nitroso compounds in the diet, Mutat. Res.,
443, 129, 1999.
31. Villegas, R., Mendoza, N., and Marisol, L.N., Seguridad alimentaria, necesidad de 
implementar 
técnicas modernas de
análisis de xenobióticos em alimentos [Food security, necessity
of implementing modern analysis techniques of xenobiotics in
foods]. Anales de la Universidad de Chile, Santiago, 11, 2000.
32. Canada, Canadian Food Inspection Agency. Animal products food
of animal origin. Livestock and meat processing—Nitrosamines.
Date modified: 07-02-2003. (http://www.inspection.gc.ca/english/anima/meavia/meaviae.shtml, accessed, June 22, 2008.)
33. Chile. Reglamento sanitario de los alimentos, n. 977. Santiago,
seis de agosto de 1997. Diário Oficial de la Republica de Chile,
treze de maio de 1997.
34. Komarova, N.V. and Velikanov, A.A., Determination of volatile N-nitrosamines by high-performance liquid chromatography with fluorescence detection, J. Anal. Chem. (Moscow), 56,
359, 2001.
35. Fine, D.H., Lieb, F.R., and Rounbehler, D.P., Description of
the thermal energy analyzer (TEA) for trace determination of
volatile and non-volatile N-nitroso compounds, Anal. Chem.,
47, 1188, 1975.
36. Greenfield, E.L., Smith, W.J., and Malanoski, A.J., Mineral
oil vacuum method for nitrosamines in fried bacon, with thermal energy analyzer: Collaborative study, J. Assoc. Off. Anal.
Chem., 65, 1319, 1982.
37. Fine, D.H., Rounbehler, D.P., and Sen, N.P., A comparison of
some chromatographic detectors for the analysis of volatile
N-nitrosamines, J. Agric. Food Chem., 24, 980, 1976.
38. Hansen, T. et al., Analysis of N-nitrosoproline in raw bacon.
Further evidence that nitroproline is not a major precursor of
nitrosopyrrolidine, J. Agric. Food Chem., 25, 1423, 1977.
39. Eisenbrand, G. et al., Volatile and non-volatile N-nitroso compounds in foods and other environmental media, IARC Sci.
Publ., 19, 311, 1978.
40. Fazio, T., Howard, J.W., and White, R., Multidetection method
for analysis of volatile nitrosamines in foods. N-nitroso compounds: Analysis and formation, IARC Sci. Publ., 16, 16–24,
1972.
41. Hotchkiss, J.H. et al., Combination of a GC–TEA and a GC–
MS–data system for the μg/kg estimation and confirmation of
volatile N-nitrosamines in foods, IARC Sci. Publ., 31, 361, 1980.
42. Kimoto, W.I., and Fiddler, W., Confirmatory method for
N-nitrosodimethylamine and N-nitrosopyrrolidine in food by
multiple ion analysis with gas chromatography–low resolution

Free ebooks ==> www.ebook777.com
299

Nitrosamines

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

mass spectrometry before and after ultraviolet photolysis,
J. Assoc. Off. Anal. Chem., 65, 1162, 1982.
Pensabene, J.W. et al., Rapid dry column method for determination N-nitrosopyrrolidine in fried bacon, J. Assoc. Off. Anal.
Chem., 65,151, 1982.
Pensabene, J.W. and Fiddler, W., Dual column chromatographic method for determination of N-nitrosothiazolidine in
fried bacon, J. Assoc. Off. Anal. Chem., 65, 1346, 1982.
Sen, N.P. et al., Determination and occurrence of 2-(hydrox
ymethyl)-N-nitrosothiazolidine in fried bacon and other cured
meat products, J. Agric. Food Chem., 37, 717, 1989.
Sen, N.P. et al., Simultaneous determination of 2-hydroxymethyl-N-nitrosothiazolidine-4-carboxylic
acid
and
2-hydroxymethyl-N-nitrosothiazolidine in smoked meats and
cheese, J. Agric. Food Chem., 40, 221, 1992.
Fiddler, W. and Pensabene, J.W., Supercritical fluid extraction
of volatile N-nitrosamines in fried bacon and its drippings:
Method comparison, J. AOAC Int., 79, 895, 1996.
Sen, N.P., Seaman, S.W., and Page, B.D., Rapid semi-quantitative
estimation of N-nitrosodibutylamine and N-nitrosodibenzylamine
in smoked hams by solid-phase microextraction followed by gas
chromatography–thermal energy analysis, J. Chromatogr. A, 788,
131, 1997.
Raoul, S. et al., Rapid solid-phase extraction method for the
detection of volatile nitrosamines in food, J. Agric. Food
Chem., 45, 4706, 1997.
Sanches Filho, P.J. et al., Determination of nitrosamines in preserved sausages by solid-phase extraction–micellar electrokinetic chromatography, J. Chromatogr. A, 985, 503, 2003.
Andrade, R., Reyes, F.G.R., and Rath, S., A method for the
determination of volatile N-nitrosamines in food by HS-SPMEGC-TEA, Food Chem., 91, 173, 2005.
Ventanas, S. and Ruiz, J., On-site analysis of volatile nitrosamines
in food model systems by solid-phase microextraction coupled
to a direct extraction device using SPME–DED at different temperatures and times of extraction, Talanta, 70, 1017, 2006.
Sanches Filho, P.J. et al., Method of determination of nitrosamines in sausages by CO2 supercritical fluid extraction (SFE)
and micellar electrokinetic chromatography (MEKC), J. Agric.
Food Chem., 5, 603, 2007.
AOAC Official Methods of Analysis of the Association of
Official Analytical Chemists, Method 982.22 (16th ed.).
Gaithersburg, 1997.

55. Ayügin, S.F., Uyanik, A., and Bati, B., Adsorption of
N-nitrosodiethylamine on activated carbon: A pre-concentration procedure for gas chromatographic analysis, Mikrochim.
Acta., 146, 279, 2004.
56. Walters, C.L., Smith, P.L., and Reed, P.I., Pitfalls to avoid in
determining N-nitroso compounds as a group, in N-Nitroso
Compounds: Occurrence, Biological Effects and Relevance to
Human Cancer, O’Neill, I.K., Von Borstel, R.C., Miller, C.T.,
Long, J., and Bartsch, H., eds., IARC Sci. Publ., International
Agency for Research on Cancer, Lyon, 1984, Vol. 57, pp.
113–119.
57. Arthur, C.L. and Pawliszyn, J., Solid-phase microextraction
with thermal-desorption using fused-silica optical fibers, Anal.
Chem., 62, 2145, 1990.
58. Kataoka, H., Lord, H.L., and Pawliszyn, J., Applications of
solid-phase microextraction in food analysis, J. Chromatogr.
A, 880, 35, 2000.
59. Ventanas, S., Martin, D., and Ruiz, E.J., Analysis of volatile
nitrosamines from a model system using SPME–DED at different temperatures and times of extraction, Food Chem., 99,
842, 2006.
60. Young, J.C., Detection and determination of N-nitrosoamines
by thin-layer chromatography using fluorescamine, J.
Chromatogr., 124, 17, 1976.
61. Young, J.C., Detection and determination of N-nitrosoaminoacids
by thin-layer chromatography using fluorescamine, J.
Chromatogr., 151, 215, 1978.
62. Walters, C.L., Johnson, E.M., and Ray, N., Separation and
detection of volatile and non-volatile N-nitrosamines, Analyst,
95, 485, 1970.
63. Hasebe, K. and Osteryoung, J., Differential pulse polarographic determination of some carcinogenic nitrosamines,
Anal. Chem., 47, 2412, 1975.
64. Ohshima, H. and Kawabata, T., Gas chromatographic separation of hydroxylated N-nitrosamines, J. Chromatogr., 169,
279, 1979.
65. Wolfram, J.H., Feinberg, R.C., and Fiddler, W., Determination
of N-nitrosoproline at the nanogram level, J. Chromatogr., 132,
37, 1977.
66. Cárdenes, L., Ayala, J.H., Gonzáles, V., and Afonso, A.M., Fast
microwave-assisted dansylation of N-nitrosamine analysis by
high-performance liquid chromatography with fluorescence
detection, J. Chromatogr. A, 946, 133, 2002.

www.ebook777.com

Free ebooks ==> www.ebook777.com

This page intentionally left blank

Free ebooks ==> www.ebook777.com

15
Bioactive Amines
Christian Fernandes and Maria Beatriz Abreu Gloria
Contents
15.1 Introduction to Biologically Active Amines...............................................................................................................................301
15.1.1 Chemical, Physical, and Functional Properties..............................................................................................................302
15.1.2 Toxicological Aspects and Legislation...........................................................................................................................305
15.2 Methods of Analysis...................................................................................................................................................................306
15.2.1 Sample Preparation........................................................................................................................................................306
15.2.1.1 Extraction........................................................................................................................................................306
15.2.1.2 Purification and Concentration.......................................................................................................................307
15.2.1.3 Derivatization Reactions.................................................................................................................................308
15.2.2 Separation Techniques.................................................................................................................................................... 310
15.2.2.1 Thin-Layer Chromatography.......................................................................................................................... 310
15.2.2.2 Capillary Electrophoresis............................................................................................................................... 312
15.2.2.3 High-Performance Liquid Chromatography................................................................................................... 315
15.2.2.4 Gas Chromatography......................................................................................................................................320
15.2.2.5 Other Methods of Analysis.............................................................................................................................323
References.............................................................................................................................................................................................323

15.1 Introduction to Biologically Active Amines
Biologically active amines or bioactive amines are organic bases
of small molecular mass which express high biological activity.
They are formed during normal metabolic processes and fulfill a
number of important metabolic and physiological functions in all
living organisms. They are known for centuries and still attract
considerable interest in food, biomedical, and environmental
researches.
Bioactive amines can be classified as polyamines and biogenic
amines. The polyamines—spermine and spermidine—play
important roles in cell division, organogenesis, response to stress,
and inhibition of lipid oxidation. The biogenic amines histamine, tyramine, tryptamine, octopamine, synephrine, serotonin,
and phenylethylamine are neuroactive or vasoactive. Bioactive
amines also stimulate or inhibit secretory activity, affect the
mood, and support life, health, disease, and reproduction.
Some bioactive amines are naturally present in tissues where
they exert relevant functions. Polyamine synthesis is a complex
process which includes an initial decarboxylation reaction with
formation of putrescine followed by incorporation of aminopropyl groups from methionine to form spermidine and spermine.
Biogenic amines are formed by decarboxylation of precursor
amino acids. Microbial decarboxylases play important role in
the formation of biogenic amines in foods.
Amines present in foods are rapidly metabolized in the organism by oxidases or acetylation. The absorbed amines may have
beneficial functional properties as indicated. However, when

consumed in large amounts or when the metabolizing mechanism
is compromised (genetic deficiencies, diseases, or drugs), amines
can cause adverse effects to human health: histamine poisoning,
migraine headaches, hypertensive crisis. Polyamines, like some
other growth factors, can accelerate the growth of tumors.
The knowledge of the types and levels of amines in foods is
relevant in the formulation of diets to warrant good health and
especially to cancer patients and to those on treatment with
monoaminoxidation inhibitor drugs. Amines in body fluids can
be the reliable elements for the diagnosis of some diseases. In
foods, the presence and levels of amines is relevant from several
standpoints. As a quality control tool, amines can be markers
of authenticity and microbial contamination, attest the quality
of raw materials, intermediates, and end products, monitor fermentation processes, indicate freshness, spoilage, and ripening
of foods, and can aid in product development. It is relevant as
a toxicological potential index. High levels of some amines can
also affect the organoleptic characteristics of foods. Furthermore
amines are important parameters for sewage and waste control
and recovery. These investigations are not possible without analytical methods which should be standardized and harmonized
by different analysts.
The analysis of bioactive amines in foods is an analytical
challenge due to the diversity of their chemical structures, their
high polarity, the possible interactions with food components,
the complexity of food matrices, and also to the fact that they
have low volatility, lack chromophores, and do not exhibit strong
fluorescence. The procedures for the determination of amines
in foods comprise several stages, among them, extraction, clean
301
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up, purification, concentration, derivatization, separation, and
quantification. The determination of bioactive amines has been
accomplished by a diversity of analytical techniques. The most
widely used is high-performance liquid chromatography (HPLC)
with fluorescence or ultraviolet (UV) detection, after pre- or postcolumn derivatization of the amines. Thin-layer chromatography
(TLC), capillary electrophoresis (CE), and gas chromatography
(GC) with several detection systems have also been used.

15.1.1 Chemical, Physical, and Functional Properties
Bioactive or biologically active amines fulfill several important
metabolic and physiologic functions in living organisms. They
are formed during normal metabolic processes and are, therefore, present in foods.
Bioactive amines (Figure 15.1) are aliphatic, cyclic, or heterocyclic organic bases of low molecular weight. Most of the
amines have been named after their precursor amino acids, for
example, histamine originates from histidine, tyramine from
tyrosine, tryptamine from tryptophan, and so on. However, the

names cadaverine and putrescine are associated with decomposition and putrefaction, and spermine and spermidine with seminal
fluids where they were found for the first time (Gloria, 2005).
Bioactive amines can be classified on the basis of the number
of amine groups, chemical structure, biosynthesis, or physiological functions. According to the number of amine groups, they
can be monoamines (tyramine, phenylethylamine), diamines
(histamine, serotonin, tryptamine, putrescine, cadaverine), or
polyamines (spermine, spermidine, agmatine). On the basis of
the chemical structure, amines can be aliphatic (putrescine,
cadaverine, spermine, spermidine, agmatine), aromatic (tyramine, phenylethylamine), or heterocyclic (histamine, tryptamine,
serotonin). They can also be classified as indolamines (serotonin)
and imidazolamines (histamine). According to the biosynthetic
pathway, amines can be natural or biogenic. Natural amines are
formed during the de novo biosynthesis, for example, in situ as
required from their precursors. Biogenic amines are formed by
bacterial decarboxylation of free amino acids. On the basis of the
physiological functions, amines are classified as polyamines and
biogenic amines. Polyamines play an important role in growth
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Classification and chemical structures of some bioactive amines.
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while biogenic amines are neuroactive or vasoactive. This is the
most widely used classification and will be the one considered
throughout this chapter (Halasz et al., 1994; Bardocz, 1995;
Silla-Santos, 1996; Gloria, 2005).
The common and chemical names, the molecular formulas
and weights and the physico-chemical characteristics of some

bioactive amines are summarized in Table 15.1. The molecular weights are usually low, varying from 88.15 (putrescine) to
202.34 (spermine). The amines behave as cations, being protonated at physiological pH values. The pKa values for the amines
are between 6 and 12 (Lide, 1995; Motyl et al., 1995; Conca et al.,
2001).

Table 15.1
Common and Chemical Names, Molecular Formulas and Weights and Physicochemical Characteristics of Some Bioactive Amines
Amine

Chemical Name

Molecular
Formula

MWa

Boiling
Melting Point °C Point °C

pKa

Solubilityb

pKa1 = 9.78
pKa2 = 12.61

1—ethanol (C5H14N4 ⋅ H2SO4)
2—H2O (C5H14N4 ⋅ H2SO4)

158–160

pKa1 = 9.35
pKa2 = 10.80
(20°C)

256–258
(C7H19N3 ⋅ 3HCl)

128–130

pKa1 = 8.15
pKa2 = 9.74
pKa3 = 10.24

1—benzene; diethyl ether
3—H2O
4—H2O (C4H12N2 ⋅ 2HCl and
C4H12N2 ⋅ 2HCl); ethanol
3—H2O; ethanol; diethyl ether

202.34

55–60

141–142

C5H14N2

102.18

9
225–230
(C5H14N2 ⋅ 2HCl)

178–180

pKa1 = 7.91
pKa2 = 8.68
pKa3 = 10.21
pKa4 = 10.56
pKa1 = 10.05
pKa2 = 10.93
(25°C)

C8H11N

121.18

Histamine

1H-imidazole-4C5H9N3
ethanamine;
2-(4-imidazolyl)-ethylamine

111.15

83–84
244–246
(C5H9N3 ⋅ 2HCl)

Octopamine
(norsympatol,
norsynephrine)

α-(aminomethyl)-4-hydroxybenzene-methanol;
α-(aminomethyl)-phydroxybenzyl alcohol
5-hydroxytryptamine;
5-hydroxy-3-(β-aminoethyl) indol

C8H11NO2

153.18

160

—

pKa1 = 8.98
pKa2 = 9.64

C10H12N2O

176.21

167–168
(C10H12N2O ⋅ HCl)

—

pKa1 = 9.8
pKa2 = 11.1
(25°C)

—

pKa1 = 9.15
pKa2 = 9.76

Agmatine

C5H14N4

130.19

231
(C5H14N4 ⋅ H2SO4)

C4H12N2

88.15

23–24
280
(C4H12N2 ⋅ 2HCl)

C7H19N3

145.24

Spermine
(gerontine,
musculamine,
neuridine)
Cadaverine
(animal coniine)

N-(3-aminopropyl)-1,4butane-diamine;
N-(γ-aminopropyl)
tetramethylenediamine
N,N′-bis(3-aminopropyl)1,4-butane-diamine;
N,N′-bis(3-aminopropyl)
tetramethylenediamine
1,5-pentanediamine;
pentamethylenediamine

C10H19N3

Phenylethylamine

benzene ethanolamine

Putrescine

Spermidine

Serotonin

4-(aminobutyl)
guanidine;1-amino-4guanidobutane
1,4-butane-diamine;
Tetramethylenediamine

—

Synephrine
(analeptin,
ethaphene,
oxedrine,
p-sympatol,
simpalon)
Tryptamine

4-hydroxy-α[(methylamino)
methyl]-benzenemethanol;
1-(4-hydroxyphenyl)2-methylamino-ethanol

C9H13NO2

167.20

184–185
151–152
(C9H13NO2 ⋅ HCl)

1H-indole-3-ethanamine;
3-(2-aminoethyl) indole

C10H12N2

160.21

118
(C10H12N2 ⋅ HCl)

Tyramine

4-(2-aminoethyl)phenol;
2-p-hydroxy phenyl ethyl
amine

C8H11NO

137.18

164–165
269
(C8H11NO ⋅ HCl)

—

197.5
209–210

pKa1 = 9.84
(25°C)
pKa1 = 6.04;
pKa2 = 9.75
(25°)

pKa1 = 10.2
(25°C)
205–207

pKa1 = 9.74
pKa2 = 10.52
(25°C)

1—benzene; petroleum ether;
diethyl ether
3—H2O; lower alcohols;
chloroform
1—absolute alcohol
(C5H14N2 ⋅ 2HCl)
2—diethyl ether
3—H2O; ethanol; H2O
(C5H14N2 ⋅ 2HCl)
3—H2O; CCl4
4—diethyl ether
2—diethyl ether
3—H2O; ethanol; chloroform
4—H2O (C5H9N3 ⋅ 2HCl)
methanol
4—H2O (C8H11NO2 ⋅ HCl)

1—100% ethanol; acetone;
pyridine; chloroform; ethyl
acetate; diethyl ether; benzene
2—methanol; 95% ethanol
3—H2O (C10H12N2O ⋅ HCl)
3—ethanol
4—H2O (C9H13NO2 ⋅ HCl &
C9H13NO2 ⋅ tartrate)

1—H2O; diethyl ether;
benzene; chloroform
3—ethanol, acetone
2—H2O; benzene; xylene
3—boiling ethanol

Source: Adapted from Gloria, M.B.A. Bioactive amines. In: H. Hui and F. Sherkat (Eds.). Handbook of Food Science, Technology and Engineering. London:
CRC Press, 2005, pp. 3632.
a MW = molecular weight.
b Solubility: 1 = insoluble; 2 = fairly soluble, 3 = good, 4 = very good.
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At room temperature, free amines are either liquid, syrupy liquid,
crystal, or needle. The boiling points vary from 128°C to 210°C,
and the melting points from 9°C to 280°C. The solubility varies
widely depending on the amine and on its form—salt or free base.
At high pH values, dissociation of amine salts into free amines
may occur. The refractive index has been reported for putrescine
(1.4969), cadaverine (1.463), and phenylethylamine (1.5290). The
density of cadaverine is 0.873 g/mL (Zee et al., 1983; Lide, 1995).
Maximum UV absorptions for tryptamine are at 222, 282,
and 290 nm in ethanol; 224 and 278 nm in acetonitrile:water
(20:80, v/v); and at 225 and 278 nm in methanol:water (15:85,
v/v). Maximum UV absorptions for tyramine and histamine are, respectively, at 226 and 275 nm, and at 225 nm in
acetonitrile:water (20:80, v/v); and at 228 and 275 nm and at 228
nm in methanol:water (15:85, v/v). For synephrine and octopamine, maximum UV absorptions are at 231 and 272 nm, respectively, and for tyramine at 231 and 275 nm in acetate buffer (pH
4.9):acetonitrile (9:91, v/v). The stability varies with the amines.
Some amines can absorb CO2. Synephrine is stable to light and
air. Serotonin hydrochloride is sensitive to light and aqueous
solutions are stable at pH 2.0 and 6.4. Decomposition of octopamine hydrochloride can occur at 170°C (Chang et al., 1985;
Windholz, 1996).
The synthesis of the biogenic amines histamine, tyramine,
tryptamine, phenylethylamine, and cadaverine occur through
decarboxylation of the precursor amino acids histidine, tyrosine, tryptophan, phenylalanine, and lysine, respectively. In the
synthesis of serotonin, tryptophan is transformed by tryptophan
hydrolase in 5-hydroxytryptophan, which is decarboxylated by
aromatic amino acid decarboxylase in 5-hydroxytryptamine or
serotonin. Tyrosine is the precursor of the phenolic amines octopamine and synephrine in citrus (Gloria, 2005).
Prerequisites for the formation of amines in foods are the availability of free amino acids, high processing temperatures, or the
presence of decarboxylase-positive microorganisms and favorable conditions for microbial growth and decarboxylase activity.
Free amino acids occur as such in foods, but may also be released
from proteins as a result of proteolytic activity or thermal degradation. The formation of amines by high processing temperatures
has been demonstrated by Cirilo et al. (2003) during coffee roasting. Decarboxylase-positive microorganisms may constitute part
of the associated population of the food or may be introduced
purposely or by contamination before, during, and after processing. In fermented foods, the applied starter cultures may affect
amine production. The importance of selecting starter cultures
based on their potential for amine production is emphasized. The
production of amines by bacteria is affected by pH, temperature,
oxygen tension, presence of vitamins and cofactors, availability
of free amino acids and of fermentable sugars. In pH values of
2.5–6.5, the production of amines by the bacteria is stimulated
as a protection against the acidic environment. Polyamine synthesis is a more complex process, although the first few steps
also include decarboxylation reactions. The precursors, can be
ornithine, arginine and citrulline, and putrescine, are an obligate
intermediate in polyamine synthesis. Spermidine and spermine
are formed by the subsequent addition of aminopropyl moieties
to putrescine and spermidine, respectively (Gloria, 2005).
Bioactive amines participate in important metabolic and
physiological functions in living organisms. As indicated in
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Table 15.2
Health Promoting Properties of the Bioactive Amines
Amines
Histamine

Serotonin

Tyramine

Tryptamine

Phenylethyl
amine
Octopamine
Synephrine

Polyamines:
spermine
and
spermidine

Properties
Psychoactive—affect the nervous system; act on neural
transmitters in the central nervous system
Strong capillary dilator (can produce hypotensive effects)
Stimulate the heart, cause contraction or relaxation of the
smooth muscle, stimulate sensory and motor neurons, and
control gastric acid secretion
Psychoactive—affect the nervous system; act on neural
transmitters in the central nervous system
Vaso- and bronco-constrictor
Reduce the volume and acidity of the gastric juice,
antidiuretic effect, stimulate smooth muscle
Affect carbohydrate metabolism
Regulate sleep, thirst, hunger, mood, and sexual activity
Pressor amine—cause a rise in blood pressure
Release noradrenaline, from the sympathetic nervous system
Release the putative neurotransmitter amines dopamine,
noradrenaline, and serotonin from nerve terminals
Pressor amine—cause a rise in blood pressure
Inhibit uptake and stimulate release of catecholamines and
serotonin
Pressor amine—cause a rise in blood pressure
Inhibit uptake and stimulate release of catecholamines and
serotonin
Neurotransmitter
Vasoconstriction, bronchial muscle relaxation decongestant
Stimulate lipolysis, increase metabolic rate, and oxidation
of fat
Indispensable to all living cells
Cell metabolism, growth, and differentiation
Regulate and stimulate the synthesis of DNA, RNA, and
protein
Mediate the action of all known hormones and growth factors
Antioxidant activity (efficient free radical scavenger, inhibit
lipid peroxidation) and prevent senescence
Reduce mucosal permeability to macromolecules and
prevent food allergies
Repair of gut damage caused by the deleterious
components of the food and/or bacteria
Luminal growth factors for intestinal maturation and growth

Table 15.2, biogenic amines are generally either psychoactive,
neuroactive, or vasoactive. Histamine is a powerful biologically
active chemical that can exert many responses within the body. It
is a strong capillary dilator and can produce hypotensive effects.
It can directly stimulate the heart, cause contraction or relaxation of the smooth muscle, stimulate both sensory and motor
neurons, and control gastric acid secretion. It also mediates primary and immediate symptoms in allergic responses (Taylor,
1986; Stratton et al., 1991; Shalaby, 1996). Serotonin is a vasoand bronco-constrictor, reduces the volume and acidity of the
gastric juice, has antidiuretic effect, stimulates smooth muscle,
and affects carbohydrate metabolism. When introduced into the
afferent circulation, serotonin causes a release of prostaglandin
and other vasoactive substances. Serotonin is a neurotransmitter,
particularly in the central nervous system. It is involved in the
regulation of a number of important functions, including sleep,
thirst, hunger, mood, and sexual activity. Tyramine is taken up
into adrenergic nerves and causes release of noradrenaline. It
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has a marked effect on the release of the putative neurotransmitter amines dopamine, noradrenaline, and serotonin from nerve
terminals. Phenylethylamine and tryptamine are endogenous
constituents of many tissues, including brain. Both can cross
the blood–brain barrier. It is conceivable that large amounts of
phenylethylamine and tryptamine from foodstuffs may enter
the central nervous system and lead to side effects of psychiatric nature. It has been reported that phenylethylamine and tryptamine can inhibit uptake and stimulate release of catecholamines
and serotonin from a variety of preparations of brain and heart
tissues. Octopamine may be a neurotransmitter. Synephrine is
used pharmacologically as a stimulant, decongestant and in the
treatment of hypotension in oral form. It also stimulates lipolysis,
increase metabolic rate, and oxidation of fat (Coutts et al., 1986;
Martins and Gloria, 2010; Stohs et al., 2012).
Polyamines are indispensable components of all living cells,
playing essential roles in cell metabolism, growth, and differentiation. Polyamines may interact electrostatically with macromolecules especially DNA, RNA, and protein and are involved
in the regulation and stimulation of their synthesis. The most
important function of polyamines is to act as second messengers,
and mediate the action of all known hormones and growth factors (Sanguansermsri et al., 1974; Bardocz, 1995; Loser, 2000).
Polyamines interact with different components of the cell membrane thus modulating its functions and, therefore, are important in
the permeability and stability of cellular membranes. Polyamines
are essential for the maintenance of the high metabolic activity
of the normally functioning and healthy gut and are involved in
the repair of gut damage caused by deleterious components of
the food and/or bacteria. According to Loser (2000), polyamines
in milk exert various direct and indirect throphic effects on the
immature intestine and play an important role as luminal growth
factors for intestinal maturation and growth. Furthermore, the
polyamines reduce mucosal permeability to macromolecules protecting the newborn against allergies (Drolet et al., 1986; Romain
et al., 1992; Bardocz, 1995; Buts et al., 1995).
According to Drolet et al. (1986) and Bardocz (1995), spermine and spermidine are efficient free radical scavengers in a number of chemical and in vitro enzyme systems. They could inhibit
lipid peroxidation and prevent senescence and aging.

15.1.2 Toxicological Aspects and Legislation
Healthy individuals can metabolize amines present in foods
by oxidation and acetylation. Biogenic amines are oxidized by
monoaminoxidases (MAO) and diaminoxidases (DAO), whereas
polyamines are usually acetylated and then oxidized by polyaminoxidases (PAO). Therefore, amines in foods do not usually represent any health hazard to individuals unless excessive amounts
are ingested or the natural mechanism for their catabolism is
genetically deficient or impaired by diseases or pharmacological
agents. Patients taking medication that are inhibitors of MAO,
DAO, and PAO activity can be affected, as such drugs prevent
amines catabolism. These MAO and DAO inhibitors are used for
the treatment of stress, depression, Alzheimer’s and Parkinson’s
diseases, pulmonary tuberculosis, malaria, panic syndrome, and
social phobia (Gloria, 2005).
Bioactive amines have been implicated as the causative agents
in a number of food poisoning episodes. The most frequent

food-borne intoxication caused by amines involves histamine.
Histamine intoxication is also referred to as “scombroid poisoning” due to its association with the consumption of scombroid
fish; however, non-scombroid fish, cheese, and other foods have
also been implicated in some cases. The symptoms associated
with the disease are provided in Table 15.3. According to Taylor
(1986) and Shalaby (1996), some amines can potentiate histamine
toxicity by decreasing the threshold dose of histamine needed to
provoke an adverse reaction. Histamine metabolizing enzymes
can be inhibited by antihistaminic and antimalarial drugs. The
toxic effect of histamine can also be potentiated by the presence
of ethanol. The threshold toxic dose for histamine in foods is not
precisely known since the existence of potentiators could dramatically affect it. On the basis of the experience acquired in the
investigation of hundreds of histamine poisoning incidents, the
US Food and Drug Administration established 10 mg/100 g as
the hazard action level for histamine in tuna (FDA, 1996; Gloria,
2005; Hungerford, 2010).
Tyramine is the second type of amine involved in intoxication.
When foods containing high tyramine levels are ingested, a variety of physiological reactions can occur (Table 15.3). Consuming
foods rich in tyramine can trigger headaches in individuals
with classical migraine. Ingestion of foods rich in tyramine by
individuals under MAO-inhibitor treatment results in a dangerous illness known as “cheese reaction.” However, cheese is not
the only type of food incriminated, since cases have also been
reported with yeast extracts, pickled herring, sausage, alcoholic
beverages, broad beans, chicken liver, beer, among others. MAOI
drugs have been widely used due to their efficacy in the treatment
of malaria, tuberculosis, depression, atypical depression, social
phobia, panic and anxiety syndromes, bulimia, Parkinson’s and
Alzheimer’s diseases. To prevent hypertensive attacks when prescribing these drugs, it is necessary to warn patients to avoid
foods containing tyramine (Coutts et al., 1986; Kraus, 1989;
Fuzikawa et al., 1999). In man, 20–80 mg of tyramine injected
intravenously or subcutaneously causes a marked elevation of
blood pressure. In individuals on MAOI, as little as 6 mg taken
orally within a 4 h period can be deleterious (Tailor et al., 1994).
Tryptamine and phenylethylamine have pharmacological
action similar to tyramine. Levels of 3 mg of phenylethylamine
can cause migraine headaches in susceptible individuals (Joosten
et al., 1986; Gloria, 2005).
Owing to the diversity of the roles of polyamines in cellular
metabolism and growth, rapidly growing tissues require very
large amounts of polyamines. Accordingly, the importance
of spermine and spermidine in tumor growth is widely recognized, and the inhibition of polyamines biosynthesis in tumorbearing individuals is a major target of cancer therapy research.
A polyamine deprivation regimen in combination with polyamine oxidase (PAO) and antibiotics suitable for the partial
decontamination of the gastrointestinal tract, have been shown
to reduce growth of tumor and enhance the efficacy of chemotherapy. Some amines are capable of forming nitrosamines, some
of which are carcinogenic to several species of animals. Putrescine
and cadaverine, upon heating, can be converted to pyrrolidine and
piperidine, respectively, from which N-nitrosopyrrolidine and
N-nitrosopiperidine are formed upon heating and reaction with
nitrite or nitric oxide. Spermidine, spermine, and agmatine
can also react with nitrite to form nitrosamines in foods or in
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Table 15.3
Adverse Effects of Bioactive Amines to Human Health
Adverse Effects

Amines Involved

Food Associated

Symptoms

Histamine intoxication
or
scombroid poisoning

Histamine (toxic effect is
potentiated by putrescine,
cadaverine, spermine,
tryptamine, tyramine,
phenylethylamine,
ethanol)

Scombroid fish: tuna, bonito,
mackerel, skipjack, herring
Other fish: sardines,
anchovy, mahi–mahi
Cheese: Swiss, Gouda,
Cheddar, Gruyere, Cheshire
Sauerkraut; sausage; wine

Tyramine intoxication

Tyramine

Cheese reactiona
or
hypertensive crisis
(associated with patients
under MAOI drugs)
Migraine

Tyramine
Phenylethylamine

Cheese
Beer
Wine
Cheese: Gouda, Swiss,
Gruyere, Cheddar
Beer, wine, yeast extract,
chocolate, pickled herring,
dry sausage, broad beans
Cheese
Chocolate
Beer
Wine
Meat

Gastrointestinal: nausea, vomiting, diarrhea, abdominal cramps
Neurological: throbbing headache, palpitation, face and neck
flushing, burning throat, itching, rapid and weak pulse,
dizziness, faintness, tingling
Hemodynamic: hypotension, capillary dilatation
Cutaneous: rash, urticaria, edema, localized inflammation
Severe cases: bronchospasms, suffocation, severe respiratory
distress
Headache, fever, increased blood pressure, vomiting,
perspiration, pupils and palpebral tissue dilatation, salivation,
lacrimation, increased respiration, palpitation, dyspnea
Hypertensive crisis, severe headache, cerebral hemorrhage,
neuronal sequel, cardiac failure, pulmonary edema, visual
alterations, palpitation, nausea, sweat, vomit, muscle
contractions, excitation, mental confusion, high blood
pressure, fever, perspiration
Throbbing headache, migraine attack

Increased growth
Hyperplasia

Tyramine
Phenylethylamine
Tryptamine
Serotonin
Spermine
Spermidine

Increased growth of tumors

Source: Adapted from Gloria, M.B.A. Bioactive amines. In: H. Hui and F. Sherkat (Eds.). Handbook of Food Science, Technology and Engineering. London:
CRC Press, 2005, pp. 3632.
a MAOI, monoaminoxidase inhibitors.

vivo in the gastrointestinal tract over a wide range of conditions
(Bardocz, 1995; Eliassen et al., 2002; Gloria, 2005).
The determination of the exact toxicity threshold of amines is
extremely difficult. The toxic dose is dependent on the efficiency
of the detoxification mechanism of different individuals. Upper
limits of 10 mg of histamine, 10 mg of tyramine, and 3 mg of
2-phenylethylamine in 100 g of foods have been suggested. In
the case of alcoholic beverages, the proposed limits are 2–8 mg
of histamine and 8 mg tyramine per liter. However, ingestion
of foods containing 6 mg of tyramine can cause migraine and
10–25 mg can cause hypertensive crisis in individuals taking
MAOI drugs.
So far, legislation on bioactive amines exists only for histamine in fish. A maximum of 10 mg/100 g has been established
for tuna and tuna-like fishes in several countries and communities—European Union and Mercosur. However, several countries
have recommended limits for histamine in wine: Switzerland
recommends 10 mg/L; France—8 mg/L; Belgium—6 mg/L; and
Germany—2 mg/L. The Slovak Republic determined maximal
tolerable limits for histamine in beer and fish (20 and 200 mg/kg,
respectively) and for tyramine in cheese (200 mg/kg). An upper
limit of 100–200 mg/kg for histamine in meat products has been
recommended in the Netherlands and the Czech Republic (FDA,
1996; Gloria, 2005).

15.2 Methods of Analysis
The determination of biogenic amines in foods has been accomplished by a diversity of analytical techniques such as thin-layer

chromatography (TLC), HPLC, CE, and GC with several detection systems. In most cases an appropriate sample preparation
that could include extraction, cleanup, purification, concentration, and derivatization procedures is essential to obtain optimal
conditions of analysis.

15.2.1 Sample Preparation
Sample preparation for the analysis of bioactive amines will
depend on the type of food sample and also on the method
which will be used for the separation and quantification of the
amines.

15.2.1.1 Extraction
The extraction of bioactive amines from foods is usually a simple process; however sample preparation depends on the type of
food. Liquid samples such as beverages (e.g., juices, wine, beer,
liquors), after homogenization, can be filtered through a 0.45 µm
pore membrane filter and injected directly into the HPLC.
Sometimes, a previous degassing (soft drinks) or degreasing could
be necessary. Guidi and Gloria (2012) optimized a method for
the analysis of amines in soy sauce and observed that it required
dilution in acid solution (trichloroacetic acid—5% TCA), agitation and centrifugation prior to HPLC analysis. Amines from
milk (cow’s and human’s) and dairy drinks are better extracted
with sulfosalicylic acid (1.5% SSA) and the extracts are stored for
30 min at 4°C prior to centrifugation (4°C) to facilitate fat separation from the sample (Rigueira et al., 2011). Beverages containing suspended solids are filtered or centrifuged before filtration
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through 0.45 µm pore membrane filter (Manfroi et al., 2009;
Vieira et al., 2010). Dehydrated instant food samples are simply
diluted into the extraction solvent prior to analysis, for example,
instant coffee is diluted into 5% TCA (Silveira et al., 2007).
Solid foods can be extracted after grinding, crushing, homogenization, or degreasing depending on the food samples. Different
solvents have been used for the extraction of amines from foods:
water, acids, organic solvents, and buffers at alkaline pH. Acids
are advantageous as they can act as a deproteinization agent during extraction. They can also extract amines bound to components
of the food matrix. The acids used for the extraction of amines
from the food matrix are mineral (perchloric acid—HClO4 and
hydrochloric acid—HCl) or organic acids (trichloroacetic acid—
TCA and sulfosalicylic acid—SSA). However, the use of perchlorid acid should be avoided as it is explosive. TCA (5%) is the most
widely used as it provides good recovery of amines from meat,
fish, fruits, and vegetables. Hydrochloric acid (1 M HCl) has been
widely used for some fruits, cheese, and other dairy products. It
is not recommended in the analysis of meat and fish because of
the possible occurrence of turbidity. After agitation, the extracts
can be treated by centrifugation, filtration, or sonication to obtain
clean supernatants. The extracts are filtered through 0.45 µm pore
membrane filter prior to HPLC analysis (Cirilo et al., 2003; Gloria
et al., 2005; Custodio et al., 2007; Silveira et al., 2007; Moreira
et al., 2008; Hernandez-Cassou and Saurina, 2011; Santiago-Silva
et al., 2011; Silva et al., 2011; Bandeira et al., 2012; De Mey et al.,
2012; Gloria and Adão, 2013).
Owing to the fact that there is still no consensus on which
extractor is the most appropriate for the extraction of amines
from some food matrices, Custodio et al. (2007) investigated
the efficiency of different extractors in the analysis of amines in
cheese. They observed that when selective extraction of amines
was desired, the polyamines (spermine and spermidine) were
more effectively extracted with HCl; agmatine, putrescine, and
cadaverine were better recovered by borate buffer or HCl; the
aromatic amines (tyramine, phenylethylamine) and the indolamines (tryptamine, serotonin) were better recovered with
organic solvents (methanol and ethanol). However, in a multiamine analyses method, 1 M HCl was chosen as it provided good
recoveries for most of the amines.

15.2.1.2 Purification and Concentration
Sample purification or cleanup may be needed in the analysis
of amines to avoid interferences especially if the sample is to
be derivatized. Recently, Plonka (2012) conducted an extensive
review on sample preparation for the analysis of amines in foods.
According to the author, sample preparation prior to chromatographic or other analysis generally include liquid–liquid extraction (LLE) and solid-phase extraction (SPE).
The simplest way to purify amines can be accomplished by
LLE, through re-extraction of the amines in basic medium with
organic solvents such as diethyl ether, n-butanol, chloroform,
and mixtures of these solvents (Ozdestan and Uren, 2009). The
organic extracts can be evaporated to dryness and redissolved
in a solution compatible with the chromatographic analysis or
derivatization process. Zhijun et al. (2007) described a method
to analyze eight amines in red wine by LLE and HPLC with fluorescence detection. The samples were saturated using sodium

chloride and the pH was adjusted to 12.0 using sodium hydroxide. The samples were extracted three times with equal volumes
of n-butanol–chloroform (1:1, v/v). It was followed by derivatization with dansyl chloride, providing recoveries from 85.3% to
127.5%. In a similar way, Zhang et al. (2008b) used LLE to
purify amines from soy sauce. In summary, the samples were filtered, diluted with water, 5 M sodium hydroxide was added and
the solution was saturated with sodium carbonate. Afterwards,
the solution was extracted twice with water-saturated n-butanol
and subsequently extracted three times with 0.1 M hydrochloric
acid. The acid phase was dried under vacuum and the residue
dissolved in borate buffer for derivatization with a fluorogenic
reagent and CE analysis.
Ion-pairing reagents can also be used to improve LLE. As an
example, Fernandes and Ferreira (2000) extracted diamines,
polyamines, and aromatic amines from Port wines and grape
juices with the ion-pairing reagent bis-2-ethylhexylphosphate
dissolved in chloroform followed by back-extraction with 0.1 M
hydrochloric acid for derivatization with heptafluorobutyric
anhydride and gas chromatography-mass spectrometry (GC-MS)
analysis. Other ion-pair reagents used in the analysis of amines
include perfluorocarboxylic acid, sodium octanesulfonate,
sodium decanesulfonate, and sodium dodecanosulfonate (Busto
et al., 1995; Sun et al., 2011).
As can be observed in the described methods, LLE uses large
amounts of toxic organic solvents and multiple extraction steps,
which are tedious and time consuming (Basheer et al., 2011).
Also, a large volume of sample is often required for trace analysis. These factors constitute some drawbacks to LLE.
Alternatively, extracts can be purified by SPE with C18 or ionexchange cartridges. SPE is often preferred over LLE because
it minimizes or eliminates the need to use large amounts of
organic solvents. Moreover, this procedure can be easily automated. Proestos et al. (2008) used SPE for the purification of
amines from Greek wines for HPLC analysis. Sample preparation involved addition of polyvinylpyrrolidone, filtration,
and derivatization with dansyl chloride. Afterward, SPE of the
derivatives through C18 cartridges was performed. Recovery
of the amines was over 85%. Gosetti et al. (2007) developed a
method to determine cadaverine, histamine, spermidine, spermine, tyramine, and tryptamine in cheese samples. The amines
were extracted from the samples with 0.1 M hydrochloric acid,
homogenized, centrifuged, adjusted to pH 11 with ammonium
hydroxide and loaded onto a C18-packed sorbent. Finally, analysis was assessed in a HPLC-MS/MS system.
Owing to their (positively) charged state which results from the
presence of the amine group, biogenic amines can be easily isolated by cation-exchange SPE sorbents. This requires, however,
an acidic environment that also prevents oxidation of these compounds. Ion-exchange SPE was used by Kovacs et al. (1999) for
the analysis of amines in wine, salami, and chive. After selective
enrichment using Dowex 50 WX (50–100 mesh size), 40 mL of
0.1 M potassium phosphate buffer (pH 8.0) was added followed by
40 mL of 1 M HCl and the extract was derivatized with 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate for analysis by CE.
Although SPE uses less organic solvent than LLE, the extraction procedures are still time consuming. Moreover, an SPE cartridge is generally used once and discarded and the technique
can therefore be relatively expensive (Basheer et al., 2011).

www.ebook777.com

Free ebooks ==> www.ebook777.com
308
In view of the drawback of LLE and SPE, several alternative
approaches have been developed and proposed for the analysis
of amines in foodstuffs. Recently, innovative techniques based
on liquid (DLLME—dispersive liquid–liquid microextraction,
LLME—liquid–liquid microextraction, HF-LPME—hollow
fiber liquid-phase microextraction) or solid (SPME—solid-phase
microextraction, batch sorption and on-line SPE) phases have
emerged, bringing advantages over the conventional techniques.
Table 15.4 summarizes some methods in which modern and
miniaturized sample preparation techniques were employed.
Different approaches using LLME, ultrasound-assisted dispersive LLME, among others, have been used as alternative to LLE
and SPE in the preparation of samples for the analysis of amines
in foodstuffs. Almeida et al. (2012) described a method for the
analysis of 18 amines in beers using DLLME. Acetonitrile was
the dispersive solvent, toluene the extractive solvent, and isobutyl chloroformate the derivatizing reagent. The technique proved
to be beneficial as it allowed great enrichment factors and good
yields (72%–113%).
An ionic liquid-based ultrasound-assisted LLME with
derivatization was applied for the analysis of octopamine,
tyramine, and phenylethylamine in beer. The influence of
temperature, volume of ionic liquid, sonication time, pH, and
centrifugation time were investigated and the optimized condition allowed recoveries of 90.2%–116% (Huang et al., 2011).
Tryptamine, putrescine, cadaverine, histamine, tyramine, and
spermidine in shrimp sauce and tomato ketchup were determined employing HF-LPME with in situ derivatization using
dansyl chloride. A Q3/2 Accurel polypropylene hollow fiber
membrane (600 µm I.D., 200 µm wall thickness and 0.2 µm pore
size), dihexyl ether as extraction solvent and 0.1 M hydrochloric
acid as acceptor phase were employed (Saaid et al., 2009).
SPME has also been used as a sample preparation technique. Awan et al. (2008a) employed an on-fiber derivatization
procedure to analyze putrescine and cadaverine in salmon,
chicken breast, minced beef, matured cheddar cheese, and frozen green peas. A polydimethylsiloxane SPME fiber was used
and derivatization took place with trifluoroacetylacetone. In
another procedure, creatine and creatinine were analyzed using
polyacrylate SPME fiber and 9-fluorenylmethyl chloroformate
as derivatization reagent (Whitehead et al., 2004). Other procedures reported in the literature involved matrix solid-phase
dispersion (Calbiani et al., 2005; Self et al., 2011; Self and Wu,
2012), micro-SPE (Basheer et al., 2011), batch sorption (Saaid
et al., 2010; Tameem et al., 2010) and online SPE with on-column
derivatization (Paleologos and Kontominas, 2004).
As previously discussed sample preparation is usually necessary to obtain appropriate methods, independently of the analytical method employed. However, sample cleanup is often required
for liquid chromatography-tandem mass spectrometry (LC-MS/
MS) analysis, in order to remove matrix constituents such as proteins and lipids and to isolate and preconcentrate the analytes of
interest for improvement of selectivity, sensitivity, accuracy, and
reproducibility. Clean-up protocols are generally time consuming, laborious, and susceptible to errors. Currently, LLE can only
be performed off-line in laborious procedures, while SPE can be
automated and online coupled to the LC-MS/MS. Automation
improves precision, increases the sample throughput, decreases
the cost per sample, and improves the productivity of personnel
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and instruments. However, purchase and maintenance costs of
an online SPE system are approximately three times that of a
regular autosampler.

15.2.1.3 Derivatization Reactions
Since most amines do not show an adequate absorption, and they
do not exhibit significant fluorescence, derivatization is needed
to increase the sensitivity for a subsequent UV, visible, or fluorescence detection. Derivatization can also enhance the sensitivity
of UV detection. Moreover, since amines are polar compounds
they tend to streak during the chromatographic development. To
overcome this obstacle, conversion to derivatives allows reduction of their polarity, improving separation and resolution in
reversed-phase chromatographic procedures. For the analysis of
amines by means of GC methods, the volatilization of the amines
is also required. The derivatization agents for GC analysis will
be discussed in the separation technique—GC.
The derivatization step may be performed before or after
the separation of the amines. The choice will depend on the
characteristics of the derivatization agent and also on the separation system used. The drawbacks of derivatization prior to
separation are the presence of excess reagent and side reaction products that may interfere in the analysis, the lack of
quantitative reactions, and formation of unstable derivatives.
Furthermore, some derivatization agents may require long
reaction times, drastic temperatures conditions, or time-consuming procedures. Derivatization after separation allows for
online procedures which minimize manipulation and warrant
standardization of procedures and reaction time, allowing better reproducibility (Hernandez-Cassou and Saurina, 2011; De
Mey et al., 2012).
There is a wide range of derivatization reagents for bioactive
amines, most of them reacting via the amino group. Reagents
most commonly used in the derivatization of bioactive amines
are shown in Figure 15.2. Ninhydrin, 1,2-naphthoquinone-4-sulfonate and o-phthalaldehyde (OPA) are frequently used after the
separation, whereas dansyl chloride, dabsyl chloride, benzoyl
chloride, 9-fluorenylmethylchloroformate (FMOC), and fluorescein isothiocyanate are commonly used before the separation
step. The derivatives formed are suitable for spectrophotometric and fluorimetric detection (Hernandez-Cassou and Saurina,
2011).
Among derivatization agents used in the analysis of
amines, dansyl chloride—5-(dimethylamino)naphthalene-1-
sulfonyl chloride—is the most widely used. It reacts with primary amino groups in both aliphatic and aromatic amines to
produce stable blue- or blue–green-fluorescent sulfonamide
adducts. It can also be made to react with secondary amines. The
dansylated amines can be detected by UV (220–250 nm) and
by fluorescence (320–350 nm excitation and 523 nm emission);
however, fluorimetric detection provides increased sensitivity
compared to UV. Dansylation is used precolumn. It requires heat
treatment (40°C–70°C) and is time consuming (45–60 min). The
drawbacks of dansylation are the time taken for the reaction, the
derivatives are light sensitive and they have limited stability, the
limited use prior to separation, and the need to remove excess
of dansyl chloride to avoid interference on the results. The later
can be accomplished by using ammonia, which can be irritating
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Table 15.4
Alternative and Miniaturized Sample Preparation Methods for the Determination of Bioactive Amines in Food
Amines

Extraction
Technique

18 Biogenic amines

DLLME with
derivatization

Octopamine, tyramine,
phenylethylamine

Ionic liquid-based
ultrasound-assisted
LLME with
derivatization
Hollow fiber (HF)
LPME with
derivatization
MSPD

Tryptamine, putrescine,
cadaverine, histamine, tyramine,
spermidine
Putrescine, cadaverine, histamine,
tryptamine, tyramine, agmatine,
urocanic acid
Tryptamine, tyramine,
phenylethylamine, histamine,
putrescine, spermidine
Agmatine, cadaverine, histamine,
phenylethylamine, putrescine,
tryptamine, tyramine, urocanic
acid
Histamine, putrescine, tryptamine,
tyramine, spermidine

µ-SPE with
derivatization
MSPD

Batch sorption with
derivatization

Tryptamine, tyramine,
phenylethylamine, putrescine,
cadaverine, histamine, spermidine

Batch sorption with
derivatization

Putrescine, cadaverine

SPME with on-fiber
derivatization

Histamine, tyramine,
phenylethylamine
Tryptamine, putrescine,
phenylethylamine, cadaverine,
spermidine, spermine, histamine,
tyramine, agmatine

MSPD
Online SPE with
on-column
derivatization

Solvent/Sorbent

Analytical
Technique

Recovery
(%)

Matrix/Reference

Acetonitrile (dispersive solvent)
toluene (extractive solvent),
isobutyl choloroformate
(derivatizing reagent)
1-butyl-3-methylimidazolium
hexafluorophosphate (ionic
liquid)

GC-MS

72–113

Beer
Almeida et al. (2012)

HPLCfluorescence

90.2–114

Beer
Huang et al. (2011)

Q3/2 Accurel polypropylene
hollow fiber membrane; Dihexyl
ether; 0.1 M HCl
50 mM pH 3.00 ammonium
formate buffer:acetonitrile (20:80)/
Bondesil-CN-U, 40 μm
Benzophenone
2,4-dinitrophenylhydrazone-based
sorbent material
50 mM pH 3.0 ammonium formate
buffer:acetonitrile (20:80)/
Bondesil-CN-U, 40 μm

HPLC-UV

86.7–104

UHPLCOrbitrap MS

80–109

Shrimp sauce and
ketchup
Saaid et al. (2009)
Fish, fish sauce
Self and Wu (2012)

HPLC-UV

71.5–87.4

Orange juices
Basheer et al. (2011)

HPLC Orbitrap
MS

83.4–112.5

Tuna
Self et al. (2011)

Crown ether ligand (AB18C6-MS)
chemical immobilized onto
mesoporous silica support
4-hydroxy-N′-[(E)-(2hydroxyphenyl)methylidene]
benzohydrazide-based sorbent
material
65 µm polydimethylsiloxane
divinylbenzene SPME fibers

HPLC-UV

71.2–99.8

HPLC-UV

67.3–98.4

Fish sauce, tuna, cheese,
ketchup, soy sauce
Saaid et al. (2010)
Ketchup, soybean and
fish sauce, orange juice
Tameem et al. (2010)

GC-MS

93.9–103.3

CN-silica support/0.1% aqueous
formic acid and methanol
LiChrospher (10 × 4.6 mm)

HPLC-MS/MS

98–110

HPLC-UV

94–106

Salmon, chicken breast,
beef, cheddar cheese
and frozen green peas
Awan et al. (2008a)
Cheese
Calbiani et al. (2005)
Fish and chicken
Paleologos and
Kontominas (2004)

Note: DLLME, dispersive liquid–liquid microextraction; GC, gas chromatography; HPLC, high performance liquid chromatography; LLME, liquid–liquid
microextraction; MS, mass spectrometry detection; MS/MS, tandem mass spectrometry detection; MSPD, matrix solid-phase dispersion; μ-SPE,
micro-solid-phase extraction; SPE, solid-phase extraction; SPME, solid-phase microextraction; UHPLC, ultra high performance liquid chromatography; UV, spectrophotometric ultraviolet detection.

to the analyst. Furthermore, light sensitivity and limited stability of dansyl chloride lead some authors to the use different
derivatization agents (Jiang, 1990; Krizek and Pelikanova, 1998;
Hernandez-Cassou and Saurina, 2011; Erim, 2013).
Dabsylation of primary and secondary amines is possible
using conditions which are similar to dansyl chloride, requiring
elevated temperatures and long time. However, the dabsyl derivatives are stable and they can be detected in the visible range
(~450 nm) (Romero et al., 2000; Hernandez-Cassou and Saurina,
2011; De Mey et al., 2012; Erim, 2013).
Benzoyl chloride, also known as benzenecarbonyl chloride,
reacts with amines to give the corresponding amides; however, it
also reacts with alcohols. It reacts with both primary and secondary amines and the amine derivatives formed are not sensitive to

light (Ozdestan and Uren, 2009). Derivatization is undertaken at
room temperature for up to 2 h producing stable reaction products. The use of ultrasound during derivatization reduced reaction
time to 15–20 min. Dissolving benzoyl chloride in acetonitrile
reduced derivatization time to 15 min. Dissolving benzoyl chloride in methanol enhanced its reaction with amines (Krizek and
Pelikanova, 1998; Mayr and Schieberle, 2012; Yanez et al., 2012).
Ozdestan and Uren (2009) optimized the benzoylation procedure
obtaining good results by using 2 M NaOH, benzoyl chloride and
acetonitrile, agitating for 5 min and allowing to stand 10 min at
25°C. Recoveries ranged from 72.8% to 103.4% and the limits of
detection were 0.2–2.5 mg/L. The advantages of using benzoyl
chloride are short elution time, stability (3 days at 4°C), relatively
low cost, and easy access.
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15.2.2 Separation Techniques
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ester)-difluoroboradiaza-s-indacene (Gao et al., 2011; Huang et al.,
2011). They are reported to provide strong fluorescence and are
highly sensitive.
On the basis of this information, extraction and derivatization
are very important steps in the analysis of bioactive amines, and
improper procedures may jeopardize the results. Therefore, prior
to analysis, these procedures must be optimized and validated to
warrant accuracy and precision of the results.

O
o-Phthalaldehyde

Figure 15.2 Reagents most commonly used in the derivatization of bioactive amines for liquid chromatography.

OPA is another widely used derivatization agent for bioactive
amines. It rapidly reacts with primary and secondary amines
at room temperature in the presence of a thiol compound, to
yield strong fluorescent derivatives. They are detectable by UV
absorption spectrophotometry (~215 nm) and by fluorescence
(excitation at 340–350 nm and emission at 420–450 nm). The
reaction of amines with OPA and 2-mercaptoethanol takes place
in alkaline pH (8.5–10.7) at room temperature. It can be used as
pre-, post-, or oncolumn derivatization agent. By using it postcolumn, there are advantages such as the use of lower amounts
of derivatization agent and buffer, standardization of derivatization and quantification conditions. OPA can also be used in combination with other derivatization agents, for example, FMOC
has been used in combination with OPA to allow quantification
of amines and amino acids (Herbert et al., 2005; Ozdestan and
Uren, 2009; Hernandez-Cassou and Saurina, 2011; SantiagoSilva et al., 2011; Arrieta and Prats-Moya, 2012; Erim, 2013).
1,2-Naphthoquinone-4-sulfonate is a general reagent for
primary and secondary amino groups. It has been used for
pre- and post-column derivatization of amino acids. It is not
specific for amino groups as it also reacts with hydroxyl groups.
The derivatization takes place in alkaline conditions (pH 8.5–
10.5) at elevated temperatures (50°C–80°C) for 2 to 20 min.
1,2-Naphthoquinone-4-sulfonate and OPA are the more versatile
derivatization agents due to their rapid and mild reaction conditions; furthermore they can be applied to pre-, post- and oncolumn methods (Garcia-Villar et al., 2006; Hlabangana et al.,
2006; Hernandez-Cassou and Saurina, 2011).
The application of ninhydrin and fluorescamine is restricted
to primary amines. A ninhydrin reaction with secondary amines
gives a yellowish product with decreased sensitivity (HernandezCassou and Saurina, 2011; Erim, 2013).
Other derivatization agents have also been reported in the
literature for the analysis of amines in foods, clinical and environmental samples, among them, 4-chloro-3,5-dinitrobenzotrifluoride; 2,6-dimethyl-4-quinolinecarboxylic acid N-succinimide
ester; and 1,3,5,7-tetramethyl-8-(N-hydroxysuccinimidyl butyric

Until the present moment, HPLC has been the most widely used
analytical approach to analyze bioactive amines in foods and different types of detectors have been used. This technique is precise and sensitive; however, it is expensive and demands trained
personnel. Although HPLC is the preferred method, TLC can
be a competitive method due to its simplicity, convenience, and
cost effectiveness. CE has also been used in the last decades. It
offers some advantages over HPLC in terms of higher column
efficiency, lower sample volume, and high sensitivity; however
improvements in the detection system and in reproducibility are
still needed. GC has been widely used for the analysis of amines
in the clinical (biochemical) and environmental fields (Shalaby,
1994; Sacher et al., 1997; Jeya Shakila et al., 2001; Romano
et al., 2012).

15.2.2.1 Thin-Layer Chromatography
In the 1970s TLC was an indispensable analytical tool and several methods were described for the analysis of bioactive amines.
The most widely used stationary phase is silica gel G (250 µm),
although there are reports with cellulose powder and silica gel
H or GF 254. After preparation, the chromatoplates are dried
in an oven at 100°C for 1–2 h and stored in desiccators. They
must be activated at 100°C for 30 min prior to use. The amines
can be separated directly. However, due to their high polarity,
the amines tend to streak during the chromatographic development. Furthermore, the separation of the free amines can only be
confirmed after their transformation into colored, fluorescent, or
other suitable derivative, since they lack attributes necessary for
their determination. To overcome this obstacle, a conversion to
derivatives prior to TLC separation is possible. There are several
derivatization reagents for bioactive amines as indicated previously. During TLC analysis, the most commonly used are ninhydrin, dansyl chloride, and OPA (Seiler, 1971).
Aliquots of the sample extract are deposited at 15 mm from
the bottom of the plate and at a distance of at least 14 mm
apart, so that a 20 × 20 cm plate could accommodate up to 13
samples. Several solvent systems have been used for the separation of amines or amine derivatives by TLC. The plates are
developed in glass TLC chambers, which are saturated with
the eluent mixture for at least 1 h prior to analysis. The time of
development varies with the solvent system used and seldom
exceeds 3 h for a height of 12 cm. After development, the plates
are allowed to dry under the fume hood or are dried in ovens
at 50°C–80°C, and sprayed or not with detection reagents.
Visual evaluation of the TLC plates is possible by means of a
UV lamp at 254 nm. TLC plates are illuminated under a specific wavelength and the images can be captured by imaging
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systems (Aures et al., 1968; Lapa-Guimaraes and Pickova,
2004; Romano et al., 2012).
A few methods have been described for the separation of free
amines by TLC (Table 15.5). Mohamed et al. (2010) described
a method for the determination of histamine and tyramine in
different foods using chloroform–methanol–ammonium hydroxide (12:7:1, v/v/v) as the solvent system. Using acetone–NH4OH
(95:5), Valls et al. (2002) analyzed five biogenic amines (histamine, putrescine, cadaverine, tyramine, tryptamine) in fish. In
both studies, the plates were dried to eliminate excess solvents
and ammonia and were sprayed with ninhydrin (0.2%–0.3%
in alcohol), providing clearly defined spots. Aures et al. (1968)

investigated the efficiency of eight solvent systems in the separation of six amines in rat tissue, among them were the polyamines
spermine and spermidine along with the biogenic amines histamine, tryptamine, agmatine, and serotonin. Among the eight
different solvents used, best resolution was obtained when 8%
sodium chloride in water was used. OPA and paraformaldehyde were used as developing reagents. The first provided better
results compared to last; however, the fluorescence induced by
OPA was markedly quenched by paraformaldehyde.
Several studies were carried out on the separation of amines
after derivatization with dansyl chloride on silica gel TLC plates
(Table 15.5). Chin and Koehler (1983) separated dansylated

Table 15.5
TLC Methods for the Determination of Free and Derivatized Bioactive Amines
Amines
Free Amines
Histamine, tryptamine, spermine,
spermidine, agmatine, serotonin
Histamine, putrescine, cadaverine,
tyramine, tryptamine
Histamine, tyramine

Dansylated Amines
Histamine, tyramine, tryptamine,
phenylethylamine
Histamine, tyramine, spermine,
phenylethylamine
Histamine, putrescine, cadaverine,
tyramine
Histamine, putrescine, cadaverine,
tyramine, tryptamine, spermine,
spermidine, phenylethylamine
Histamine, spermine, spermidine,
phenylethylamine, serotonin
Histamine, putrescine, cadaverine,
tyramine, tryptamine, spermine,
spermidine, phenylethylamine
Histamine, putrescine, cadaverine,
tyramine, tryptamine, spermine,
spermidine, phenylethylamine
Histamine, putrescine, cadaverine,
tyramine, tryptamine, spermine,
spermidine, phenylethylamine
Histamine, putrescine, cadaverine,
tyramine, spermidine
Histamine, putrescine, cadaverine,
tyramine, tryptamine, spermine,
spermidine, phenylethylamine and
agmatine

Adsorbent

Solvent/Developing Reagent/Detection

Silica gel G or cellulose
powder (MN 300 HR);
activated 100°C/30 min
Silica gel 60; activated
100°C/30 min
Silica gel G

Eight solvent systems; best results: 8% sodium chloride
in water/OPA, paraformaldehyde/UV light

Tissue
Aures et al. (1968)

Acetone–NH4OH (95:5)/0.2% ninhydrin with 2% acetic
acid in methanol
Chloroform–methanol–ammonium hydroxide (12:7:1,
v/v/v)/0.3 g ninhydrin, 100 mL n-butanol and 3.0 mL
acetic acid

Fish
Valls et al. (2002)
Foods
Mohamed et al. (2010)

Silica gel G; activated
100°C/30 min
Silica gel G 60 (250 µm);
activated 100°C/30 min
Silica gel G 60

Chloroform-n-butyl acetate (5:1, v/v)/UV light

Silica gel G 60 (250 µm);
activated 100°C/1 h

Chloroform-diethyl ether–triethylamine (4:1:1)/UV light
(366 nm)

Silica gel G; activated
100°C/30 min
Silica gel G 60 (200 µm);
activated 110°C/1 h

Two-dimensional: ethylacetate–cyclohexane (3:2)
followed by benzene–triethylamine (5:1)/UV light
Two-dimensional: benzene–triethylamine–acetone
(10:1:2, v/v/v) followed by benzene–triethylamine
(5:1)/UV light (360 nm)
Two-dimensional: benzene–triethylamine-acetone
(10:2:1, v/v/v) followed by benzene–triethylamine
(5:1, v/v)/UV light
One dimensional: chloroform–benzene–triethylamine–
acetone (6:4:1, v/v/v) followed by benzene–acetone–
triethylamine (10:2:1, v/v/v)/UV light (254 nm)
Chloroform–triethylamine (100:25, v/v)/sprayed with
propanol–triethanolamine (8:2, v/v)/UV light (365 nm)
Chloroform–diethyl ether–triethylamine (6:4:1)
followed by chloroform–triethylamine (6:1)/
fluorescence (330 nm excitation)

Soy sauce
Chin and Koehler (1983)
Fish
Naguib et al. (1995)
Wine
Romano et al. (2012)
Bacterial medium
Latorre-Moratalla et al.
(2009)
Tissue
Seiler (1971)
Sausage, fish
Shalaby (1994)

Silica gel G 60 (250 µm);
activated 100°C/30 min
Silica gel G 60 (250 µm);

Silica gel GF254
(250 µm);
Silica gel G 60 (250 µm);

High-Performance Thin-Layer Chromatography—HPTLC
Serotonin, octopamine, dopamine and Merck 5633 silica gel 60,
norepinephrine (dansylated)
prewashed MeOH,
activated 100°C/1 h
Putrescine, cadaverine, spermine,
Silica gel HPTLC
spermidine (dansylated)
(100 µm)

Benzene–triethylamine (5:1)/UV light
Chloroform–triethylamine (4:1, v/v)/UV light (312 nm)

Butyl acetate:ethyl acetate (5:1, v/v) or chloroform:butyl
acetate:ethyl acetate (3:3:1, v/v/v)/fluorescence
(366 nm excitation)
Chloroform-triethylamine (2 + 1, v/v) with 5% m/v
polyoxyethylene-10-lauryl ether/fluorescence (338 nm
excitation and 505 nm emission)
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Matrix/Reference

Fish
Naguib et al. (1995)
Corned beef
Shalaby (1999)
Fish
Jeya Shakila et al. (2001)
Fish, squid
Lapa-Guimarães and
Pickova (2004)

Brain tissue
Eaton and Mullins (1988)
Banana, beer
Linares et al. (1998)
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histamine, tyramine, tryptamine, and phenylethylamine from
soy sauce using chloroform-n-butyl acetate (5:1, v/v) as the
solvent system. Jeya Shakila et al. (2001) analyzed histamine,
putrescine, cadaverine, tyramine, and spermidine in fish by TLC
using precoated Silica gel GF254 and chloroform–triethylamine
(100:25, v/v) as the solvent system. To enhance fluorescence, the
plates were sprayed with propanol–triethanolamine (8:2, v/v)
providing limits of detection of 15–20 ng. The same system was
used by Garcia-Moruno et al. (2005) for the analysis of histamine, tyramine, phenylethylamine, and putrescine in liquid culture media. Romano et al. (2012) quantified four biogenic amines
(histamine, putrescine, cadaverine, and tyramine) in wine using
silica gel G 60 and chloroform–triethylamine (4:1, v/v) as solvent. The analytical performance of the method complied with
the routine analysis of wines and it was also simple, inexpensive, and high-throughput. Latorre-Moratalla et al. (2009) separated eight amines (histamine, putrescine, cadaverine, tyramine,
tryptamine, spermine, spermidine, and phenylethylamine) from
a bacterial medium in silica gel G 60 plates using chloroform–
diethyl ether–triethylamine (4:1:1, v/v/v) as the solvent system.
Naguib et al. (1995) investigated the efficiency of different solvent systems in the separation of eight dansylated amines in fish,
but only four—histamine, spermine, tyramine, and phenylethylamine—were separated using benzene–triethylamine (5:1, v/v) as
the developing system. The only way to separate all of the amines
was a two-dimensional TLC procedure. The solvent system in
one direction was benzene–triethylamine–acetone (10:2:1, v/v/v)
and in the other direction it was benzene–triethylamine (5:1, v/v).
Similar results were observed by Shalaby (1994). Among 12 different solvent systems investigated for the separation of eight dansylated amines, none of them provided a complete resolution of
the amines by one-dimensional TLC. However, the dansylated
amines were well separated by two-dimensional TLC in which the
first solvent system was benzene–triethylamine-acetone (10:1:2,
v/v/v) followed by benzene–triethylamine (5:1, v/v) in the second
direction. Later on, Shalaby (1999) developed a TLC procedure
with two different solvent systems in the same direction. The first
was chloroform–benzene–triethylamine (6:4:1, v/v/v) for a height
of 15 cm. After drying the plate at room temperature, the second
solvent was used—benzene–acetone–triethylamine (10:2:1, v/v/v)
for a height of 15 cm. The plate was allowed to dry at room temperature followed by hair dryer to remove excess solvents before
interpretation under UV light. Good resolution was obtained and
quantification by densitometry at 254 nm allowed limits of detection of 10 ng for tryptamine, spermine, and phenylethylamine and
5 ng for putrescine, cadaverine, tyramine, spermidine, and histamine. Lapa-Guimarães and Pickova (2004) developed a double
development—one-dimensional TLC technique using the solvent
system chloroform–diethyl ether–triethylamine (6:4:1, v/v/v) followed by chloroform–triethylamine (6:1, v/v) for the separation of
nine amines (histamine, putrescine, cadaverine, tyramine, tryptamine, spermine, spermidine, phenylethylamine, and agmatine)
from fish and squid in the other direction. Based on these results,
the separation and quantification of dansyl amines by TLC using
one-dimensional development technique seems to be limited to
the separation of 5–8 amines.
High-performance TLC (HPTLC) is an improvement in TLC
technology, including the availability of high-resolution plates,
improved application systems, sensitive programmable scanning
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densitometer, among others. This technique was used by Eaton
and Mullins (1988) and Linares et al. (1998) in the analysis of
dansylated amines. Eaton and Mullins (1988) separated and quantified dopamine, norepinephrine, octopamine, and serotonin in
brain tissue. A silica gel 60 stationary phase and three solvent systems provided good separation of the amines: butyl acetate:ethyl
acetate (5:1, v/v), chloroform:butyl acetate:ethyl acetate (3:3:1,
v/v/v), and chloroform:butyl acetate:ethyl acetate:triethylamine
(6:1:2:0.5, v/v/v/v). The detection limit was 1 pmol for octopamine and 2 pmol for other amines. Linares et al. (1998) also used
HPTLC for the separation of some bioactive amines—putrescine,
cadaverine, spermine, and spermidine in banana plant tissue and
beer. Furthermore, they investigated the effect of 5% (m/v) polyoxyethylene-10-lauryl ether (POLE), a nonionic surfactant, as a
mobile-phase additive on the analysis output. They observed that
the presence of POLE enhanced the fluorescence intensity and the
signal-to-noise ratio of the derivatives, providing lower detection
limits (0.28–0.39 ng). Based on these reports the use of HPTLC
provided simplicity, speed, and improved sensitivity to the determination of amines compared to TLC.
In conclusion, TLC using precoated silica plates coupled with
densitometry can be used as a quick screening method to assess the
presence of polyamines and biogenic amines in routine analysis
of food samples. Furthermore, TLC is simple, involves less costly
equipment and more samples can be analyzed simultaneously for
routine evaluation in quality control laboratories and food industries. However, one disadvantage is the inaccuracy of the obtained
results, as it is only a semi-quantitative technique (Jeya Shakila
et al., 2001; Valls et al., 2002; Onal, 2007; Onal et al., 2013).

15.2.2.2 Capillary Electrophoresis
CE has developed significantly in the last decades due to the
demand for rapid, sensitive, robust, clean, and cheap analytical methods in food analysis. The attractiveness in using CE in
the analysis of amines in foods mainly lies in the short analysis
time, high separation efficiencies, low running costs, and small
consumption of samples, reagents, and solvents that makes it an
environment friendly technique. It also allows the analysis of a
wide variety of compounds at low levels with a minimum sample
treatment (Sun et al., 2003; Cortacero-Ramirez et al., 2007; Simo
et al., 2008; Li et al., 2012).
The electrophoretic separation of bioactive amines is possible as
they exist as cations under certain conditions resulting from their
high basicity. However, there are some limitations, such as, the low
sensitivity of some CE detection systems and the lower reproducibility of migration times in comparison with liquid chromatography. The sensitivity of the spectrophotometric detection can be
improved by online sample preconcentration directly in the separation capillary and/or by online coupling of CE with capillary
isotachophoresis. Moreover, a derivatization step can be included
providing higher intensity chromophores which can be detected
by spectrophotometry or fluorimetry. The poor reproducibility of
migration times can be caused by the eletroosmotic flow which
can be suppressed either by using a separation capillary made of
inert material and/or by adding a suitable additive into the separation electrolyte (Ginterova et al., 2012; Li et al., 2012).
As shown in Table 15.6, several detection systems can be
used in the analysis of amines by CE, among them were UV
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Table 15.6
Capillary Zone Electrophoresis and Micellar Electrokinetic Chromatography Methods for the Determination of Bioactive Amines
Amines

Column

Voltage/
Temperature

Electrophoretic Buffer/
Derivatization reagent

Detection

Matrix/Reference

Putrescine, cadaverine,
spermine, spermidine
Histamine, cadaverine,
tyramine, spermine,
tryptamine,
phenylethylamine,
spermidine
Histamine, putrescine,
cadaverine,
tryptamine, tyramine,
agmatine

Fused silica
65 cm × 25 µm I.D.
Fused silica

30 kV

30 mM citrate buffer, pH 3.5

Amperometric

14 kV

180 mM 18-crown-6 ether, and
20 mM acetate buffer, pH 3.6

Amperometric

Fluorinated ethylene–
propylene copolymer
9 cm× 30 µm I.D.

4.5 kV

Conductivity

Salami, cheese, wine,
beer
Kvasnicka and Voldrich
(2006)

Histamine, tyramine,
phenylethylamine

Fluorinated ethylenepropylene copolymer
16 cm × 30 µm I.D.
Fused silica
56 cm x 50 µm I.D.

80 µA

15 mM histidine + 5 mM adipic
acid + 1.5 mM sulfuric
acid + 0.1 mM EDTA + 0.1%
hydroxyethylcellulose + 50%
methanol
25 mM γ-aminobutyric acetate,
pH 4.1 and 0.10% (w/v)
hydroxyethylcelulose
25 mM phosphate buffer, pH 2.5

UV (280 nm)

Wine
Ginterova et al. (2012)

UV (214 nm)

Fish, cheese, meat
Lange et al. (2002)

Fused silica
56 cm × 50 µm I.D.
PTFR tubing
55 cm × 50 µm I.D.

30 kV

70 mM borate buffer, pH 9.5
and 32% methanol (v/v)
6 mM copper(II) sulfate, 6 mM
18-crown-6 ether, and 4 mM
formic acid pH 2.7

UV (200 nm)

Water
Swaan et al. (2010)
Fish, meat, sausage
Ruiz-Jimenez and Luque
de Castro (2006)

Fused silica
57 cm × 75 µm I.D.

15 kV/20°C

4 mM copper(II) sulfate, formic
acid and 18-crown-6 ether, pH
4.5

UV (214 nm)

Wine
Arce et al. (1998)

Fused silica
55 cm × 75 µm I.D.

10 kV/20°C

UV (210 nm)

Synthetic samples
Arce et al. (1997)

Fused silica
36 cm × 75 µm I.D.

15 kV

UV (200 nm)

Fish
Krizek and Pelikanova
(1998)

Fused silica
55 cm × 50 µm I.D.

15 kV/room
temperature

UV (254 nm)

Wine, salami, chive
Kovacs et al. (1999)

Fused silica capillary
50 cm × 50 µm I.D

22 kV

4 mM copper sulfate, 4 mM
formic acid and 4 mM
18-crown-6 ether, pH 3
15 mM borate buffer, pH 9.45,
40 mM SDS and 25%
methanol (v/v)/N-substituted
benzamides
100 mM boric acid, 50 mM
SDS and 10% acetonitrile,
pH 8.9 (adjusted with 1 N
NaOH)/AccQ
20 mM borate buffer, pH 9.5
and 60 mM SDS/FITC

Fluorescence

Soy sauce
Rodrigues et al. (1996)

Fused silica
38 cm × 75 µm I.D.

25 kV/25°C

Laser-induced
fluorescence

Fish
Steiner et al. (2009)

Capillary tubing
57 cm × 75 µm I.D.

22.5 kV/25°C

10 mM phosphate buffer, pH
2.5, with 30 mM Tween® 80
and 20% methanol/Py-1
25 mM boric acid, pH 9.5,
25 mM SDS and 27%
acetonitrile/3-(4fluorobenzoyl)-2quinolinecarboxaldehyde

Laser-induced
fluorescence

Wine
Zhang et al. (2008)

Histamine, putrescine,
cadaverine,
spermidine, tyramine,
agmatine
Tyramine,
phenylethylamine
Putrescine, cadaverine,
tyramine,
phenylethylamine,
tryptamine,
trimethylamine,
spermine, spermidine
Histamine, putrescine,
cadaverine,
phenylethylamine,
tyramine, ethylamine,
methylamine,
propylamine,
isopropylamine,
isoamylamine
21 amines

Putrescine, cadaverine,
tyramine, histamine,
tryptamine, spermine,
spermidine
Histamine, putrescine,
cadaverine, tyramine,
tryptamine, spermine,
spermidine
Histamine, cadaverine,
tyramine, tryptamine,
putrescine, spermine,
phenylethylamine,
spermine
Histamine, putrescine,
cadaverine, tyramine,
serotonin
Histamine, cadaverine,
tyramine, putrescine,
phenylethylamine,
spermine, spermidine

25 kV/25°C

20 kV/30°C

UV (214 nm)

Milk
Sun et al. (2003)
Water
Li et al. (2012)

(Continued)
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Table 15.6 (Continued)
Capillary Zone Electrophoresis and Micellar Electrokinetic Chromatography Methods for the Determination of Bioactive Amines
Amines
Histamine, cadaverine,
tyramine, tryptamine,
putrescine, spermine,
phenylethylamine,
spermine
Histamine, cadaverine,
tyramine, putrescine,
agmatine,
1,6-hexanodiamine,
methylamine,
dimethylamine,
butylamine,
dibutylamine
Histamine, tyramine,
tryptamine,
phenylethylamine,
putrescine
Histamine, tyramine,
tryptamine,
phenylethylamine,
putrescine, cadaverine,
spermine, spermidine,
ethanolamine,
isoamylamine
Microchip CE
Tyramine, tryptamine,
tryptophan
Tryptamine,
ethanolamine,
ethylamine, histamine

Column

Voltage/
Temperature

Fused silica capillary
40 cm × 50 µm I.D.

20 kV/25°C

Fused capillary tubing
50 cm × 75 µm I.D.

30 kV

Bare fused silica
capillary
90 cm × 50 µm I.D.

Electrophoretic Buffer/
Derivatization reagent

Detection

Matrix/Reference

50 mM borate buffer, pH 9,
20 mM methyl-β-cyclodextrin,
25 mM sulfobutylether-βcyclodextrin and 10% ethanol/
OPA
50 mM sodium borate and 20%
acetone, pH 9.3/FITC

Laser-induced
fluorescence

Fish, wine, urine
Male and Luong (2001)

Laser-induced
fluorescence

Beer
Cortacero-Ramirez et al.
(2007)

28 kV

1 M formic acid, pH 2 (adjusted
with ammonium hydroxide)

IT-MS

Wine
Simo et al. (2008)

Bare fused silica
capillary
60 cm × 50 µm I.D.

28 kV

1 M formic acid, pH 2 (adjusted
with ammonium hydroxide)

TOF-MS

Wine
Simo et al. (2008)

8.5 cm fused silica
capillary on plexiglass
plate × 25 µm I.D.
Glass microchannel
chips

1.5 kV

80 mM NaOH

Amperometric

Wine, beer
Chu et al. (2006)

2.5 kV

20 mM phosphate buffer, pH 2.5

Electrochemical

Beer
Dossi et al. (2011)

Note: AccQ, 6-aminoquimolyl-N-hydroxysuccinimidyl carbamate; EDTA, ethylenediaminotetraacetic acid; FITC, fluorescein isothiocyanate; IT, ion trap;
MS, mass spectrometry; OPA, o-phthalaldehyde; SDS, sodium dodecyl sulfate; TOF, time of flight; UV, ultraviolet.

absorbance (Arce et al., 1998; Kovacs et al., 1999; Lange et al.,
2002; Ruiz-Jimenez and Luque de Castro, 2006; Ginterova
et al., 2012), amperometric detection (AD) (Sun et al., 2003;
Wang et al., 2003; Chu et al., 2006; Li et al., 2012), conductivity
(Kvasnicka and Voldrich, 2006), laser-induced fluorescence—
LIF (Male and Luong, 2001; Cortacero-Ramirez et al., 2007;
Zhang et al., 2008b; Steiner et al., 2009), chemiluminescence
(Nouadje et al., 1995; Liu and Cheng, 2003; Liu et al., 2003), and
MS (Simo et al., 2008).
Sun et al. (2003) developed a method based on CE with pulsed
AD for the separation of four bioactive amines. Optimal resolution of the amines was achieved using a separation buffer of
30 mM citrate at pH 3.5. The electrochemical (EC) cell of the
detector was equipped with a 50 µm diameter gold disk working
electrode, an Ag/AgCl reference electrode, and a Pt wire counter
electrode. The limits of detection of the method varied from 100
to 400 nM. The method was used in the analysis of milk samples.
Li et al. (2012) also used an AD for the analysis of seven amines
in water. They investigated the efficiency of some running-buffer
additives (ethanol, 18-crown-6 ether, and β-cyclodextrin) on the
separation of the amines, and observed that 18-crown-6 ether

improved both the separation and the response of the amines.
The limits of detection of the method was around 10 ng/mL for
the amines. These methods were reliable and the use of AD was
advantageous as no derivatization was needed for the detection
of the amines.
Arce et al. (1997, 1998) reported a method for the separation of
21 amines in synthetic samples and 10 amines in wine by CE with
UV detection. The limits of detection varied from 0.05 to 0.1 µg/
mL using 4 mM copper(II) sulfate, formic acid and 18-crown-6
ether, and the amines were eluted within 15 min. Ruiz-Jimenez
and Luque de Castro (2006) used a buffer with similar components but different concentrations to those used by Arce et al.
(1998) for the determination of eight bioactive amines in fish,
meat, and sausage samples. They used a Plackett–Burman design
to investigate the behavior of some variables, and observed that
the analysis voltage, injection pressure and voltage, and capillary temperature were not statistically affected within the ranges
investigated. However, best resolution was obtained with 4 mM
formic acid, 6 mM copper sulfate, 6 mM 18-crown-6 ether for
the buffer, 20 mbar injection pressure, 15 kV injection voltage,
20 kV analysis voltage, 9 s injection time, and 30°C capillary

Free ebooks ==> www.ebook777.com
315

Bioactive Amines
temperature. The results were similar to those obtained by
HPLC; however, the CE method was advantageous with respect
to smaller sample size and higher analysis frequency.
Other CE methods using UV detection were described in
the literature for the determination of specific amines in wine,
cheese, fish, meat, and meat products. In some of the methods,
a simple running buffer allowed good resolution among amines
investigated (Table 15.6). In others, a suitable additive was incorporated into the running buffer, such as acetonitrile (Kovacs
et al., 1999), hydroxyethylcelullose (Ginterova et al., 2012), and
the already mentioned 18-crown-6 ether (Arce et al., 1997, 1998;
Ruiz-Jimenez and Luque de Castro, 2006) to improve separation
of amines and reproducibility of migration times. To improve the
sensitivity of the spectrophotometric detection, Ginterova et al.
(2012) used an automated online combination of isotachophoresis-CE in which there is an online preconcentration of selected
analytes and the possibility to cleanup the sample prior to CE.
Ruiz-Jimenez and Luque de Castro (2006) developed by online
coupling a pervaporation module which allows leaching, formation of volatile analytes and their removal by evaporation, diffusion through a membrane, and injection into the CE.
Another way to improve sensitivity is by derivatization of the
amines into compounds with higher UV absorbance. Kovacs
et al. (1999) derivatized seven bioactive amines with AccQ
(6-aminoquimolyl-N-hydroxysuccinimidyl carbamate) and
developed a method for their separation. Since the derivatives
had no charge, micellar electrokinetic capillary chromatography
was used. SDS by itself did not allow separation of the amines,
therefore among the various organic modifiers (methanol, urea,
and acetonitrile) investigated, 10% acetonitrile produced better
separations. The concentration of SDS was also examined, with
best results with 50 mM. Increasing the pH of the buffer from 8.5
to 8.9 improved selectivity. Better limits of quantification were
obtained with values ranging from 0.05 to 2 µM in wines.
Owing to the limited sensitivity of UV detectors resulting
from the small optical path length of the detection cell, LIF has
been an attractive alternative as it is more sensitive by at least
three orders of magnitude compared to UV. However, chemical
derivatization of the amines is required since they are nonfluorescent by themselves (Cortacero-Ramirez et al., 2007; Steiner
et al., 2009). Several derivatization agents have been used. Male
and Luong (2001) used OPA as the derivatization agent for the
analysis of eight amines by LIF in fish, wine, and urine. By using
cyclodextrin in the running buffer, they improved the stability
of the OPA derivative. Zhang et al. (2008b) derivatized amines
with 3-(4-fluorobenzoyl)-2-quinolinecarboxaldehyde for CE-LIF
analysis of seven amines in wine. The limits of detection were as
low as 0.4 nM. Steiner et al. (2009) developed a method for the
analysis of seven amines by CE-LIF using the amino-reactive
chameleon stain Py-1 as the derivatization agent. The limits of
detection ranged from 0.1 to 0.9 µmol/L. The method was used
for the determination of histamine in fish samples.
MS has also been used coupled with CE. Simo et al. (2008)
investigated the influence of the separation conditions on the
resolution, sensitivity, and migration time in CE-MS detection.
The compatibility of the running buffer with MS was considered,
and, therefore, acetic and formic acid at different concentrations
(0.2–1.5 M) and various pH values (from 1.7–5, adjusted with
ammonium hydroxide) were tested in order to obtain the best

resolution and the shortest analysis time. They observed that the
low buffer concentrations caused a drop in current as a result of
deficient electrical contact between capillary effluent and electrospray needle. However, buffers at concentrations higher than 1 M
were discarded to avoid excessive noise on the MS signal and too
high electrical current that could generate too much Joule heat,
bringing instability to the coupling. On reducing the pH of the
buffer, an increase on the sensitivity was observed, probably due
to the higher ionization of the amines. The addition of different
organic modifiers, such as methanol and acetonitrile, was tested
in order to increase the compatibility with MS detection and to
improve the ionization efficiency in the electrospray ionization
chamber. However, the drawback of the use of MS as a detector
for CE is its higher price compared with conventional UV or LIF
detection, and the limitation in the type of running buffers that
can be used, that must be volatile or compatible with MS.
Miniaturized CE techniques are also attractive today as they
can offer further advantages in terms of speed, automation,
and reduction of sample and waste. CE performed in miniaturized devices (microchip electrophoresis) has been developed
recently for the routine analysis of ethanolamine, tryptamine,
and tryptophan in beer. An electrode for the EC detection was
also developed. It consisted of a mixed-valent ruthenium oxide/
hexacyanoruthenate polymeric film electrochemically deposited
onto glassy carbon electrode. The coupling of EC detection with
microchip CE separations is particularly attractive because it provides high selectivity and sensitivity (detection limits from 1.4 to
6.8 mg/L), without requiring laborious derivatization protocols.
Furthermore, it has advantages in terms of cost, simplicity, and
compatibility with advanced micromachining technology (Dossi
et al., 2011).
Chu et al. (2006) also developed a miniaturized system for the
fast separation and quantification of tyramine, tryptamine, and
tryptophan based on the coupling of a micromachined CE system with a Cu amperometric detector. It was applied successfully
to wine and beer. The advantages of the system are its simple
design and construction, low cost, high degree of integration,
portability, good performance, and speed.
Based on the information provided, CE has been applied to a
variety of food matrices including wine, beer, fish, meat, vegetables, milk, cheese, and urine and the most commonly used
detection methods for amines analysis by CE are UV absorbance
and LIF.

15.2.2.3 High-Performance Liquid Chromatography
HPLC is by far the most employed analytical technique for the
analysis of bioactive amines in foodstuffs. More than 100 studies
on this topic have been described in the literature in the last 30
years. Most of them used reversed-phase liquid chromatography,
mainly with C18 stationary phase. Since biogenic amines and
polyamines are small and very polar compounds some strategies
have been used to make possible the use of nonpolar sorbents.
The most common procedures are pre-column derivatization
and ion-pair liquid chromatography followed by post-column
derivatization (Table 15.7).
As mentioned earlier, derivatization can reduce the polarity
of the amines, improving resolution in reversed-phase chromatographic procedures. Furthermore, it can enhance the
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Table 15.7
HPLC Methods for the Determination of Bioactive Amines
Amine

Column

Mobile Phase/Derivatization reagent

Pre-Column Derivatization and Reversed-Phase Chromatography
Tryptamine, phenylethylamine,
Waters C18
Gradient elution: water and acetonitrile/
putrescine, cadaverine,
(250 × 4.6 mm, 5 µm)
Dansyl chroride
histamine, tyramine,
spermidine, spermine
Tryptamine, phenylethylamine,
Cosmosil 5C18-MS-I
Acetonitrile:water (70:30, v/v)/Dansyl
tyramine, putrescine,
(250 × 4.6 mm)
chloride
histamine, spermidine
Methylamine, histamine,
Inertsil ODS-3
Gradient elution: water and acetonitrile/Dansyl
putrescine, cadaverine,
(250 × 4 mm, 5 µm)
chloride
isoamylamine, ethylamine,
tyramine, spermidine,
spermine, tryptamine,
phenylethylamine
Histamine, tyramine, spermine,
C18 YMC-Pack
Gradient elution: methanol and water/Dansyl
spermidine, putrescine,
ODS-A
chloride
cadaverine, phenylethylamine
(150 × 4.6 mm, 5 µm)
Tryptamine, phenylethylamine,
C18
Gradient elution: ammonium acetate and
putrescine, cadaverine,
(250 × 4.6 mm, 5 µm)
acetonitrile and water/Dansyl chloride
histamine, tyramine,
spermidine, spermine
Cadaverine, histamine,
Luna C18
Gradient elution: methanol and 15.0 mM
spermidine, spermine,
(150 × 2.0 mm, 3 µm)
ammonium acetate/Dansyl chloride
tyramine, tryptamine
Tyramine, putrescine,
Teknokroma Tracer
Acetonitrile:water (42:58, v/v)/Benzoyl
cadaverine, spermidine,
Extrasil ODS2
chloride
spermine
(150 × 4.6 mm, 5 μm)
Methylamine, putrescine,
Hichrom C18
Gradient elution: 0.05 M acetate buffer and
cadaverine, tryptamine,
(300 × 3.9 mm,
methanol/Benzoyl chloride
phenylethylamine, spermidine,
10 µm)
spermine, histamine, tyramine,
agmatine
Phenylethylamine, tryptamine,
Aqua C18
Gradient elution: water and acetonitrile (with
histamine, putrescine,
(15 × 2.0 mm, 5 μm)
0.1% formic acid, v/v)/Benzoyl chloride
ethanolamine, spermidine,
spermine, cadaverine,
2-methylbutylamine,
3-methylbutylamine,
2-methylpropylamine,
3-(methylthio)-propylamine
Tryptamine, phenylethylamine,
LiChrospher 100
Gradient elution: 40 mM sodium acetate,
putrescine, cadaverine,
RP-18
10% (v/v) dimethylformamide and 0.23%
histamine, tyramine,
(244 × 4.4 mm, 5 μm)
(v/v) triethylamine, pH 5.0; acetonitrile-tertspermidine, spermine
butylmethylether-water (87.5:10:2.5, v/v/v)/
Dabsyl chloride
Tryptamine, phenylethylamine,
Gradient elution: methanol, acetonitrile and
2 × Chromolith
putrescine, cadaverine,
water/Dabsyl chloride
Performance RP-18e
histamine, serotonin, tyramine,
spermidine, spermine
Histamine, methylamine,
ACE 5 C18-HL
Gradient elution: 25 mM acetate buffer pH 5.8
ethylamine, tyramine,
(250 × 4.6 mm, 5 µm)
with 0.02 sodium azide and acetonitrile and
putrescine, cadaverine,
methanol/Diethyl ethoxymethylenemalonate
phenylethylamine,
isoamylamine
Cadaverine, putrescine,
Zorbax c18
Gradient elution: 15% acetonitrile + 85%
histamine, tryptamine,
(150 × 4.6 mm, 4 µm)
(15 mM SHS + 10 mM phosphoric acid) and
tyramine, octopamine,
70% acetonitrile + 30% (8 mM
phenylethylamine,
SHS + 10 mM phosphoric acid)/
ethanolamine, dopamine
1,2-naphthoquinone-4-sulfonate

Detection

Matrix/Reference

UV (254 nm)

Beer
Choi et al. (2012)

UV (254 nm)

Orange juice
Basheer et al. (2011)

Fluorescence
(320 and
523 nm)

Wine, beer
Loukou and Zotou
(2003)

Fluorescence
(330 and
520 nm)
Fluorescence
(350 and
520 nm)

Wine
Henriques-Aedo et al.
(2012)
Fish
Zhai et al. (2012)

ESI-MS/MS

Cheese
Gosetti et al. (2007)

UV (254 nm)

Meat (chicken)
Lazaro et al. (2013)

Fluorescence
(340 and
420 nm)

Wine
Ozdesran and Uren
(2009)

ESI-MS/MS

Salami, cheese, wine,
tuna, fermented
cabbage, chocolate,
yogurt, cheese
Mayr and Schieberle
(2012)

Visible (446 nm)

Wine
Romero et al. (2000)

Visible (450 nm)

Meat
De Mey et al. (2012)

UV (280 nm)

Wine
Bach et al. (2012)

UV (305 nm)

Wine
Hlabangana et al.
(2006)

(Continued)
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Table 15.7 (Continued)
HPLC Methods for the Determination of Bioactive Amines
Amine

Column

Mobile Phase/Derivatization reagent

Detection

Matrix/Reference

Cadaverine, putrescine,
histamine, tryptamine,
tyramine, phenylethylamine,
ethanolamine

Synergi Hydro-RP
C18
(150 × 4.6 mm, 4 µm)

Gradient elution: 2% (v/v) acetic acid
aqueous solution and methanol/
1,2-naphthoquinone-4-sulfonate

UV (270 and
305 nm)
APCI-MS

Wine
Garcia-Villar et al.
(2006, 2009)

Cadaverine, histamine,
octopamine, phenylethylamine,
putrescine, spermidine,
spermine, tyramine

LiChrocart
Superspher 60 RP-8
(250 × 4 mm, 4 µm)

Gradient elution: 0.1 M pH 7.0 sodium
acetate and acetonitrile/
9-fluorenylmethoxycarbonyl chloride

Fluorescence
(263 and
313 nm)

Tea
Brueckner et al.
(2012)

Histamine, tyramine, putrescine,
cadaverine, ethanolamine,
phenylethylamine,
isoamylamine

Equisil
(250 × 3 mm)

Gradient elution: 0.05 M sodium acetate
buffer pH 6.5 with 5% methanol and
methanol–acetonitrile 70–30/
o-phthaldialdehyde and N-acetyl-l-cysteine

Fluorescence
(330 and
440 nm)

Grape juice, wine,
honey
Kelly et al. (2010)

Histamine, tyramine, putrescine,
phenylethylamine, cadaverine,
tryptamine + 20 amino
acids + aliphatic amines

LiChrocarT
Superspher 100 RP-8
(250 × 4.6 mm,
5 µm)

Gradient elution: 20 mM sodium acetate with
0.018% (v/v) triethylamine, 0.3%
tetrahydrofurane (v/v), 0.010% 4% (m/v)
EDTA and 20% (v/v) sodium acetate pH 6
with 40% (v/v) acetonitrile, 40% (v/v)
methanol, 0.018% (v/v) triethylamine/
o-phthaldialdehyde and
9-fluorenylmethoxycarbonyl chloride

Fluorescence
(330 and
440 nm)—
primary amines
(237 and
340 nm)—
primary amines

Wine
Herbert et al. (2205)

Histamine, tyramine, putrescine,
phenylethylamine, cadaverine,
spermidine

Kromasil C18
(250 × 4.6 mm, 5 µm)

Methanol:tetrahydrofuran:8 mM pH 6.0
phosphate buffer solution (78:2.5:19.5,
v/v/v)/3-(4-chlorobenzoyl)-quinoline-2carboxaldehyde

Fluorescence
(480 and
545 nm)

Fish, cucumber, and
spinach
Zhang et al. (2008a)

Fluorescence
(340 and
450 nm)

Soy sauce
Guidi and Gloria
(2012)

Ion-Pair Chromatography with Post-Column Derivatization
Putrescine, cadaverine,
Gradient elution—0.2 M sodium acetate with
µBondapak C18
histamine, tyramine,
10 mM 1-octanesulfonic acid sodium pH 4.9
(300 × 3.9 mm,
phenylethylamine
and acetonitrile/o-phthalaldehyde
10 µm)
Putrescine, spermidine,
spermine, agmatine,
cadaverine, serotonin,
histamine, tyramine,
tryptamine, phenylethylamine

µBondapak C18
(300 × 3.9 mm,
10 µm)

Gradient elution—0.2 M sodium
acetate with 10 mM 1-octanesulfonic acid
sodium pH 4.9 and
acetonitrile/o-phthalaldehyde

Fluorescence
(340 and
445 nm)

Wine
Manfroi et al. (2009)

Histamine, tyramine, serotonin,
phenylethylamine, tryptamine,
octopamine, dopamine,
cadaverine, putrescine,
agmatine, spermine,
spermidine

Nova-Pak C18
(150 × 3.9 mm, 4 µm)

Gradient elution—0.1 M sodium acetate with
10 mM sodium octanesulfonate pH 5.23 and
mixture of 0.2 M sodium acetate and 10 mM
sodium octanesulfonate pH 4.5 with
acetonitrile/o-phthaldialdehyde

Fluorescence
(340 and
445 nm)

Spinach, hazelnut,
banana, potato, milk
chocolate
Lavizzari et al. (2006)

Putrescine, spermidine,
spermine, agmatine,
cadaverine, serotonin,
histamine, tyramine,
tryptamine, phenylethylamine

µBondapak C18
(300 × 3.9 mm,
10 µm)

Gradient elution—0.2 M sodium
acetate with 10 mM
1-octanesulfonic acid sodium pH 5 and
acetonitrile/o-phthalaldehyde

Fluorescence
(340 and
445 nm)

Wine
Souza et al. (2005)

Tyramine, histamine,
octopamine, dopamine,
putrescine, serotonin,
cadaverine, agmatine,
tryptamine, phenylethylamine,
spermidine, spermine

Nova Pack C18
(150 × 3.9 mm, 4 µm)

Gradient elution—0.1 M sodium acetate with
10 mM sodium octanesulfonate pH 5.30 and
0.2 M sodium acetate with 10 mM sodium
octanesulfonate solution pH 4.50 and
acetonitrile/o-phthalaldehyde

Fluorescence
(340 and
445 nm)

Milk, yogurt, cheese
Novella-Rodriguez
et al. (2000)

Thermosensitized
reaction

Cheese, chocolate,
fish, sauerkraut
Joosten and Olieman
(1986)
(Continued)

Ion-Pair Chromatography with On-Column Derivatization
Tyramine, histamine,
Nucleosil C18
Solution A: ninhydrin, hydrindantin, dimethyl
putrescine, cadaverine,
(100 × 8.0 mm,
sulfoxide and 2.8 M sodium acetate buffer
tryptamine, phenylethylamine
10 µm)
pH 5.0. Solution B: sodium dodecyl sulfate,
dimethyl sulfoxide and water
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Table 15.7 (Continued)
HPLC Methods for the Determination of Bioactive Amines
Amine

Column

Ion-Pair Chromatography without Derivatization
Spermidine, spermine,
Luna Phenyl-Hexyl
dopamine, phenylethylamine,
(150 × 2 mm, 3 µm)
serotonin, octopamine,
histamine, agmatine,
aminobutyric acid, putrescine,
cadaverine, tyramine,
tryptamine

Mobile Phase/Derivatization reagent

Detection

Gradient elution—0.3% v/v
nonafluoropentanoic acid in water and 0.3%
v/v nonafluoropentanoic acid in methanol

Chemilumi
nescent nitrogen

Beer, herb tea, dairy
beverage, vinegar
Sun et al. (2011)

Evaporative light
scattering

Cheese
Spizzirri et al. (2013)

Reversed-Phase Chromatography without Derivatization
Phenylethylamine, tyramine,
Primsep 200
Gradient elution—acetonitrile:water with
spermidine, cadaverine,
(250 × 4.6 mm, 5 µm)
trifluoroacetic acid
histamine, spermine,
putrescine, agmatine

Matrix/Reference

Note: APCI, atmospheric pressure chemical ionization; ESI, electron spray ionization; Fluorescence, wavelengths of excitation and emission, respectively;
MS, mass spectrometry; SHS, sodium heptasulfonate; UV, ultraviolet.

sensitivity of UV and allow UV, visible, and fluorescence detection. Derivatization can be performed before (precolumn) or
after (postcolumn) the separation of the amines.
Pre-column derivatization has some advantages over other
approaches due to the flexibility of the technique and the relative
simplicity of the apparatus. Also, there is no need of dedicated
instrument, stable supply of derivatization reagents with acceptable purities, and delicate setups. However, it may require long
reaction times, drastic temperature conditions and time-consuming procedures (Kelly et al., 2010; Hernandez-Cassou and
Saurina, 2011; Sun et al., 2011).
The most widely used pre-column derivatization reagent in
HPLC analysis is dansyl chloride which produces sulfonamide
upon reaction with amines (Basheer et al., 2011; Choi et al., 2012;
Henriquez-Aedo et al., 2012). A feature of dansyl chloride derivatives of amines is that they absorb in the ultraviolet region and
they also fluoresce intensely, therefore either UV or fluorescence
detectors could be used. Loukou and Zotou (2003) compared
the efficiency of both detectors and concluded that fluorescence
showed higher sensitivity for the amines. Basheer et al. (2011)
developed a method to analyze tryptamine, phenylethylamine,
putrescine, histamine, tyramine, and spermidine in orange juice.
Prior to extraction, dansyl chloride was added to the samples
which were heated to 70°C for 10 min. A miniaturized technique
was used to extract the derivatized amines from the sample
using µ-SPE and desorption with acetonitrile via ultrasonication.
Recoveries ranged from 71.5% to 87.4% and the limits of detection and quantification were in the range of 3.8–31.3 and 12.7–
104 ng/L, respectively. Dansyl chloride has been used in the
analysis of up to nine bioactive amines (and also some volatile
aliphatic amines) in different food products (beverages, cheese,
fish). The separation was achieved by reversed-phase HPLC
using gradient elution of acetonitrile or methanol and water and
the detection has been performed by UV (254 nm), fluorescence
(excitation = 320–350 nm and emission = 520–523 nm), or MS
(electron spray ionization MS/MS).
Another widely used pre-column derivatization agent is benzoyl chloride, which reacts with amines to form amides. Lazaro

et al. (2013) developed a method to analyze tyramine, putrescine, cadaverine, spermidine, and spermine in chicken meat by
using benzoyl chloride as pre-column derivatization reagent.
According to the authors, this method presented easy extraction, effective derivatization, and high resolution using an isocratic separation with acetonitrile and water. Benzoyl chloride
has been used in the analysis of up to nine bioactive amines and
also several volatile aliphatic amines in meat, dairy products,
chocolate, fish, and beverages. The separation is achieved by
reversed-phase HPLC using acetonitrile and/or methanol and
water as the mobile phase and the detection has been performed
by UV (254 nm), fluorescence (excitation = 340 nm and emission = 420 nm), or MS (electron spray ionization MS/MS).
Other less commonly used pre-column derivatization agents have
also been used in the analysis of biogenic amines in foods. De Mey
et al. (2012) used dabsyl chloride (4-dimethylaminoazobenzene4′-sulfonyl chloride) in the analysis of nine amines in meat using
HPLC-visible spectrophotometric detector at 450 nm. The detection on the visible is advantageous as it eliminates interference
from UV-absorbing compounds which could also be present in
the sample extract (Erim, 2013). By comparing the efficiency of
dabsyl chloride with dansyl chloride, the authors observed that
the first one took shorter derivatization time (20 min compared
to 45 min) and that there was no need to use ammonia to remove
interfering by products.
Reversed-phase HPLC-UV was possible by pre-column
derivatization of eight amines in wine using 1,2-naphthoquinone-4-sulfonate (Garcia-Villar et al., 2006) and diethyl ethoxymethylenemalonate—DEEMM (Bach et al., 2012). Advantages
of this last method over others described in the literature were:
consumables costs were lower, stable compounds were obtained
after derivatization, and the simultaneous analysis of the precursors of biogenic amines (amino acids) was possible. Pre-column
derivatives showing fluorescence were also described in the
literature, among them, o-phthaldialdehyde with N-acetyl-lcysteine 1,2-naphthoquinone-4-sulfonate (Kelly et al., 2010),
3-(4-chlorobenzoyl)-quinoline-2-carboxaldehyde (Zhang et al.,
2008a), and 9-fluorenylmethoxycarbonyl chloride (Brueckner

Free ebooks ==> www.ebook777.com
319

Bioactive Amines
et al., 2012). OPA is a well-known and widely used derivatization reagent for bioactive amines. It reacts rapidly with amines at
room temperature to form fluorescent products. OPA can be used
as a pre- and post-column derivatization reagent (Erim, 2013).
Ion-pair liquid chromatography together with post-column
derivatization has also been extensively used in the analysis of
bioactive amines. The post-column approach provides the benefits of automatic online derivatization and no extra sample manipulation, which could produce imprecision and prolonged sample
preparations (Sun et al., 2011). Several ion pairs have been used,
among them were heptasulfonate and octanesulfonate. Sodium
octanesulfonate is the most common ion-pair reagent used and
different matrices have been analyzed by using this approach.
Guidi and Gloria (2012) analyzed five amines in soy sauce
samples employing a µBondapak C18 column with fluorimetric detection after derivatization with OPA. Similar method was
used by Manfroi et al. (2009) in the evaluation of the influence of
alcoholic and malolactic fermentations on the levels of 10 amines
in Merlot wines. Milk, yogurt, and cheeses were analyzed in
terms of their amines content by ion-pair chromatography and
post-column derivatization followed by fluorimetric detection
(Novella-Rodriguez et al., 2000). The amines were separated on
reversed-phase by means of the ion-pair reagents used. During
separation, the pH of the mobile phase had to be kept at 4.5–5.0
and a gradient elution was needed. For the derivatization of the
amines with OPA, the derivatization solution must be kept at pH
10 and the presence of the surfactant Brij and mercaptoethanol
are needed to improve derivatization. The reaction coil should be
of ~1.5 m to allow reaction to occur prior to fluorimetric detection (Hlabangana et al., 2006; Custodio et al., 2007; HernandezCassou and Saurina, 2011).
Besides the extensive use of pre- and post-column derivatization methods, other alternative approaches have been described
in the literature. Joosten and Olieman (1986) developed a method
for the determination of six biogenic amines in cheese, chocolate, fish, and sauerkraut based on the addition of ninhydrin to
the mobile phase. In this case an on-column derivatization took
place, eliminating the need for an extra reagent pump for the
post-column derivatization. Sun et al. (2011) proposed a method
based on the use of nonafluoropentanoic acid as an ion-pair
reagent and detection by a chemiluminescent nitrogen detector,
with no need of derivatization. This method was compared with
HPLC-ultraviolet (post-column derivatization with ninhydrin)
and HPLC-charged aerosol detector (CAD) methods, showing
narrower peaks, better baselines, and improved separations and
detections. After an appropriate choice of the ion-pair reagent
which had to be compatible with the chemiluminescent nitrogen
detector, this method was able to quantify 14 biogenic amines
in beer, dairy beverage, herb tea, and vinegar. Another alternative strategy was described by Spizzirri et al. (2013) to determine
biogenic amines in cheese samples. These authors utilized a nonpolar stationary phase where acid residues are embedded. In this
case neither derivatization nor ion-pair reagent were needed.
Besides being very polar, biogenic amines do not have chromophores in their structures, making the use of spectrophotometric
or fluorimetric detectors impossible. Therefore, derivatization
(pre-, on-, or postcolumn) has been used not only to improve
interaction with reversed-phase stationary phases, as already
described, but also to allow detection in the most common

detectors. Spectrophotometric detection in the ultraviolet range
was used for the analyses of different bioactive amines in several
matrices. Generally, the wavelength employed is 254 nm when
dansyl chloride or benzoyl chloride is used (Basheer et al., 2011;
Choi et al., 2012; Lazaro et al., 2013). Detection in the visible
range is also possible, depending on the reagent used. De Mey
et al. (2012) described a method in which dabsyl chloride was
used in a pre-column derivatization approach forming chromophores detected at 450 nm. Nine amines were determined using
two coupled monolithic C18 columns (100 × 3 mm).
Fluorimetric detection has also been extensively used, with different derivatization reagents. Brueckner et al. (2012) developed
a method for determination of biogenic amines in infusions of
tea employing 9-fluorenylmethoxycarbonyl chloride (FMOC-Cl)
as pre-column derivatization reagent. For quantification, the fluorescence of the derivatives was determined at 263 nm of excitation and 313 nm of emission. Another reagent that can be used
to provide fluorescence is 3-(4-chlorobenzoyl)-quinoline-2-carboxaldehyde, as described by Zhang et al. (2008a). According
to authors, the fluorogenic reagent used had weaker self-fluorescence compared to other fluorescent, but formed highly fluorescent derivatives upon the reaction with primary amines. Besides,
the derivatives showed to be stable in dark for at least 2 months
and the fluorescence was independent of pH in the range 4–12.
Alternative methods have also been developed employing
detectors not dependent of chromophores. Sun et al. (2011)
employed ion-pair reversed-phase chromatography and detection
with chemiluminescent nitrogen detector. Spizzirri et al. (2013)
used an evaporative light scattering detector (ELSD), a universal detector, to analyze amines, in which neither an ion-pair nor
a derivatization reagent was used. In this case, the ELSD provided the required response. In the previous years, MS detection
(mainly systems in tandem) has become a more common system
due to its inherent selectivity and sensitivity. Biogenic amines in
salami, cheese, wine, canned tuna, canned fermented cabbage,
chocolate, yogurt, and Parmesan cheese were determined by
using triple-quadrupole tandem mass spectrometer (Mayr and
Schieberle, 2012). In another study, cadaverine, histamine, spermidine, spermine, tyramine, and tryptamine were quantified in
cheese by means of an ion-trap mass spectrometer with an ESI
ion source (Gosetti et al., 2007).
Another approach that has become common is the use of ultrahigh-performance liquid chromatography (UHPLC). UHPLC
allows rapid analysis with high efficiency, which is needed in
the analysis of complex samples. Fiechter et al. (2013) described
a method to analyze 15 amines in ripened acid-curd cheeses
by using 6-aminoquinolyl-N-hydroxy succinimidyl carbamate
as pre-column derivatization reagent and detection at 249 nm.
According to the authors all amines were separated in only
9 min. More selective and sensitive detectors, such as tandem
quadrupole and quadrupole-time-of-flight detectors, have also
been used coupled to UHPLC system (Table 15.8) (Jia et al.,
2012; Romero-Gonzalez et al., 2012).
LC–MS/MS is emerging for the analysis of biogenic amines.
It combines the physical separation capabilities of HPLC with
the high analytical sensitivity, specificity, and accuracy of MS
detection. Furthermore, it enables the use of sophisticated sample pretreatment techniques and automation of the whole process by online coupling of the separate techniques. However, it
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Table 15.8
UHPLC Methods for the Determination of Bioactive Amines
Amines

Column

Mobile Phase/Derivatization
Reagent

Detection

Matrix/Reference

Ethanolamine, methylamine, agmatine,
histamine, dimethylamine, ethylamine,
octopamine, pyrrolidine, dopamine,
isopropylamine, propylamine, tyramine,
putrescine, butylamine, cadaverine,
tryptamine, phenylethylamine,
3-methylbutylamine, spermidine, spermine
Agmatine, cadaverine, colamine,
dimethylamine, ethylamine,
3-methylbutylamine, pyrrolidine,
tyramine, spermidine, spermine,
histamine, dl-octopamine,
phenylethylamine, putrescine, tryptamine
Tyramine, putrescine, tryptamine,
cadaverine, agmatine, histamine,
phenylethylamine

Acquity UPLC BEH C18
(50 × 2.1 mm, 1.7 µm)

Gradient elution: 50 mM sodium
acetate in 1% tetrahydrofuran in
water pH 6.6 and methanol/6aminoquinolyl-N-hydroxysuccinimidyl carbamate
(precolumn)

UV (254 nm)

Cheese
Mayer et al. (2010)

Acquity UPLC BEH C18
(50 × 2.1 mm, 1.7 µm)

Gradient elution: 0.1 M pH 4.80
acetate buffer and acetonitrile/
6-aminoquinolyl-N-hydroxy
succinimidyl carbamate
(precolumn)

UV (249 nm)

Cheese
Fiechter et al. (2013)

Acquity UPLC BEH C18
(100 × 2.1 mm, 1.7 µm)

UV (280 nm)

Cheese
Redruello et al. (2013)

Putrescine, cadaverine, histamine,
tyramine, trimethylamine, triethylamine,
tripropylamine
Tyramine, tryptamine, putrescine,
phenylethylamine, cadaverine, histamine,
spermidine

Acquity UPLC BEH C18
(100 × 2.1 mm, 1.7 μm)

Gradient elution: 25 mM pH 6.7
acetate buffer with 0.02% sodium
azide, methanol and acetonitrile/
Diethyl ethoxymethylenemalonate
(precolumn)
Gradient elution: aqueous solution of
formic acid (0.1%) and methanol/
Derivative free
Gradient elution: 0.1% formic acid
in water and 0.1% formic acid in
acetonitrile/Dansyl chloride
(precolumn)

ESI-MS/MS

Anchovy
Romero-Gonzalez
et al. (2012)
Wine
Jia et al. (2012)

Acquity UPLC BEH
(50 × 2.1 mm, 1.7 µm)

Q-TOF-MS

Note: ESI, electron spray ionization; MS, mass spectrometry; Q-TOF, quadrupole time of flight; UV, ultraviolet.

is still restricted to few laboratories due to the expertise required
to develop and routinely run methods with the wanted sensitivity
(de Jong et al., 2011).
As described so far, the applicability and versatility of HPLC
is evident. This technique allows the determination of several
bioactive amines in different matrices, which is possible with the
aid of derivatization reagents and the choice of appropriate stationary phases and detector systems.

15.2.2.4 Gas Chromatography
Even though GC has not been widely used in the analysis of
amines in foods, it has been the method of choice for the analysis
of amines in analytical biochemistry (analysis of body fluids) and
of environmental samples because of its inherent advantages of
simplicity, high resolving power and sensitivity, short analysis
time, and low cost (Kataoka et al., 1995; Fernandes and Ferreira,
2000). Therefore, information will be expanded to the application of GC to other matrices due to the relevance of amines in
body fluids as an index of health, the interest in using amines
in food industries waste control and also as a future technique
to be applied to food analysis. Table 15.9 provides a summary
of GC methods used in the analysis of food samples and also in
the analysis of some body fluids and tissues and environmental
samples.
Owing to their volatility, putrescine, cadaverine, and aliphatic
amines can be easily and directly analyzed by GC. Hwang et al.
(2003) succeeded in the direct analysis of histamine in fish
by GC-flame ionization detection (FID). However, GC of free

amines can be troublesome owing to the high water solubility,
and to the adsorption and decomposition on the column which
results in peak tailing and losses. Therefore, free amines must
be separated on strongly basic stationary phases, which can be
accomplished by alkali addition either by direct injection or by
the headspace technique (Kataoka, 1996).
Some alternatives have been investigated toward the development of simple and robust methods with specific emphasis
in avoiding extraction and derivatization steps in the analysis.
Karpas et al. (2002b) developed an ion mobility spectrometry
(IMS) method involving the analysis of the headspace vapors
from a sample container or a piece of meat placed on cotton wool
swabs. The release of amines was enhanced by the addition of a
few drops of KOH solution. The limits of detection for trimethylamine was 2 ng and the analysis was accomplished in less than
2 min. A similar method was used successfully to monitor the
presence of putrescine, cadaverine, and trimethylamine in human
body fluids for the diagnosis of bacterial infections (Karpas et al.,
2002a; Chain et al., 2003). Hashemian et al. (2010) developed a
method for the analysis of putrescine, cadaverine, spermine, and
spermidine using corona discharge IMS. They investigated the
ion mobility spectra obtained when using n-nonylamine as the
reagent gas and observed that its high proton affinity prevented
ion formation from compounds with a proton affinity lower than
that of n-nonylamine and, therefore, enhanced the selective
response to amines, even in complex matrices. In a similar way,
Awan et al. (2008b) developed a method for the determination of
putrescine and cadaverine using differential mobility spectrometry (DMS) for food quality monitoring and for the determination
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Table 15.9
GC Methods for the Determination of Derivative Free and Derivatized Bioactive Amines
Amines

Derivatization

Histamine

Derivative free

Putrescine, cadaverine,
1,3-diaminepropane,
1-butylamine, 1-heptylamine

Derivative free

1,3-diaminopropane,
putrescine, cadaverine,
1,6-diaminohexane,
1,7-diaminoheptane,
1,8-diaminooctane,
1,10-di-inododecane,
1,12-diaminododecane,
spermidine, spermine
10 amines

Pentafluoropropionyl

Putrescine, cadaverine,
spermine, spermidine
10 secondary amines
including dimethylamine,
diethylamine, n-propylamine
Methylamine, dimethylamine,
ethylamine, diethylamine,
piperidine, pyrrolidine,
morpholine
Norepinephrine, epinephrine,
dopamine, normetanephrine

Ethyl chloroformate

18 amines including
putrescine, cadaverine,
tyramine, phenylethylamine,
histamine
Putrescine, cadaverine

GC Conditions
CP-Sil 19CB capillary column (30 m × 0.53 mm
I.D., 1.5 µm film thickness)
160°C/2 min, ramp to 220°C at 10°C/min, ramp
to 280°C at 40°C/min
Rtx®5Amines Restek capillary column (30 m ×
0.25 mm I.D., 0.5 µm film thickness)
Thermal desorption at 150°C
Isothermal (110°C)
Glass 30× 0.25 cm, packed with 3% silicone
OV-225 on 100–120 mesh Gas-Chrom Q

Detection

Matrix/Reference

FID, MS

Fish, shrimp
Hwang et al. (2003)

DMS

Meat (chicken)
Awan et al. (2008b)

ECD

Urine
Rattenbury et al. (1979)

Carbowax 20 M capillary column (25 m ×
0.25 mm I.D.)
1.5% SE-30/0.3% SP-1000 (0.5 m)

NPD

N-diethylthiophosphoryl

DB-1701 capillary column (15 m × 0.53 mm
I.D., 1.0 µm film thickness)

FPD

Grape, wine
Ough et al. (1981)
Several foods
Yamamoto et al. (1982)
Foods
Kataoka et al. (1995)

Benzenesulfonyl chloride

DB5 capillary column (35 m × 0.25 mm I.D.,
0.25 µm film thickness)
120°C/3 min, ramp to 220°C at 5°C/min, ramp
to 290°C at 5°C/min, 290°C/5 min
SBP 50 capillary column (30 m × 0.25 mm I.D.,
0.25 µm film thickness)

MS

Water
Sacher et al. (1997)

MS quadrupole

Potato plant
Szopa et al. (2001)

DB-5MS capillary column (20 m × 0.18 mm
I.D., 0.18 µm film thickness)
200°C/1.2 min, ramp to 160°C at 10°C/min,
ramp to 280°C at 25°C/min
CP-Sil CB capillary column (30 m × 0.25 mm
I.D., 0.25 µm film thickness)

MS–single
quadrupole
detector

Beer
Almeida et al. (2012)

MS-ion trap

DB-5 capillary column (30 m × 0.25 mm I.D.,
0.25 µm film thickness)
45°C/4 min; ramp to 280°C at 15°C/min,
280°C/15 min
DB-5 capillary column (30 m × 0.25 mm I.D.,
0.25 µm film thickness)
140°C, ramp to 240°C at 8°C/min, ramp to
320°C at 20°C/min
DB-5MS capillary column (30 m × 0.25 mm
I.D., 0.25 µm film thickness)
80 °C/1 min, ramp to 210°C at 15°C/min, ramp
to 290°C at 15°C/min, 290°C/1 min
HP-5MS capillary column (30 m × 0.25 mm
I.D., 0.25 µm film thickness)
100°C/1 min, ramp to 160°C at 10°C/min, ramp
to 280°C at 25°C/min
DB-5MS capillary column (15 m × 0.25 mm
I.D., 0.25 µm film thickness)
120°C/2 min, ramp to 175°C at 10°C/min,
175°C/1.5 min, ramp to 280°C at 15°C/min,
280°C/3 min

MS-SIM

Meat, vegetables,
cheese
Awan et al. (2008a)
Wine
Ngim et al. (2000)

Trifluoroacetic anhydride

N-methyl-Ntrimethylsilyltrifluoroacetamide
Isobutyl chloroformate

Trifluoroacetylacetone

10 amines primary aliphatic
amines

Pentafluorobenzaldehyde

1,3-diaminopropane,
putrescine, cadaverine,
spermidine, spermine

Eroxycarbonyl,
pentafluoropropionyl

1,3-diamonopropane,
putrescine, cadaverine,
tyramine, phenylethylamine,
spermidine, spermine
22 amines including
putrescine, cadaverine,
tyramine, phenylethylamine,
histamine
Serotonin, catecholamines

Heptafluorobutyric
anhydride

Isobutyl chloroformate

Hexamethyldisilazane
and
N-methyl-bisheptafluorobutyramide

FID

MS-SIM

Hair
Choi et al. (2000)

MS-SIM

Wine, grape juice
Fernandes & Ferreira
(2000)

MS-SIM

Wine, grape juice, beer
Cunha et al. (2011),
Fernandes et al.
(2001)
Urine
Park et al. (2013)

MS-SIM

(Continued)
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Table 15.9 (Continued)
GC Methods for the Determination of Derivative Free and Derivatized Bioactive Amines
Amines

Derivatization

Putrescine, spermidine,
spermine, thermospermine

Heptafluorobutyric
anhydride

Serotonin, catecholamines
(dopamine, levodopa,
epinephrine, norepinephrine)

HMDS and
N-methyl-bisheptafluorobutyramide

GC Conditions
BP × 35 capillary column (30 m × 0.32 mm I.D.,
0.25 µm film thickness)
85°C/2 min, ramp to 280°C at 15°C/min,
280°C/4 min
DB-5MS capillary column (30 m × 0.25 mm
I.D., 0.25 µm film thickness)
100°C/2 min, ramp to 280°C at 20°C/min,
280°C/3 min

Detection

Matrix/Reference

MS-TOF

Plant
Rambla et al. (2010)

MS/MS-MRM
mode

Brain tissue
Hong et al. (2013)

Note: DMS, differential mobility spectrometer; ECD, electron capture detector; FID, flame ionization detection; FPD, flame photometric detection; MRM,
multiple ion reaction monitoring; MS, mass spectrometry; NPD, nitrogen phosphorus detector; SIM, selected ion monitoring; TOF, time of flight.

of important markers of infection, cancer, diabetes, arthritis, and
cystic fibrosis. It consisted of a thermal desorption-GC-heated
DMS with higher selectivity than IMS. The limit of detection for
putrescine and cadaverine was 3 ng and the duration of analysis
was 14 min. However, there is a potential of water-based interference which should be further investigated. Furthermore, these
equipments are specific and are not commonly available in analytical laboratories.
Most of the GC methods used in the analysis of amines involve
a derivatization step needed to make some amines volatile and
also to increase the volatility of already volatile amines (putrescine and cadaverine). Derivatization can be accomplished after
extraction of the amines from the sample. Even though it is laborious and time consuming, derivatization provides some advantages, besides the increased volatility. It also facilitates extraction
of the compounds of interest from the matrix, improves detection sensitivity, improves separation by altering chromatographic
properties such as polarity and peak shape, and alters retention
times on chromatographic columns which can facilitate separation (Kataoka, 1996).
Many derivatization reactions are available for the analysis of
amines by GC: acylation, silylation, and formation of carbamate,
sulfonamide, and phosphoamide. Acylation is the most popular derivatization reaction for primary and secondary amines.
Acetic anhydride (Baker et al., 1994), trifluoroacetic anhydride
(Jiang, 1990; Khuhawar et al., 1999), trifluoroacetylacetone—
TFAA (Khuhawar et al., 1999; Awan et al., 2008a), pentafluoropropionic anhydride—PFPA (Rattenbury et al., 1979; Baker
et al., 1994), heptafluoropropionic anhydride (Fujihara et al.,
1983), pentafluorobenzoyl chloride—PFBC (Baker et al., 1994;
Clements et al., 2004), pentafluorobenzaldehyde (Ngim et al.,
2000), pentafluoropropionyl anhydride (Rattenbury et al., 1979;
Fujihara et al., 1983; Choi et al., 2000), heptafluorobutiric anhydride, and heptafluorobutiric chloride (Chia and Huang, 2005)
have been used as acylation agents. These reagents easily react
with amino groups under mild conditions. Fluorinated acylating
compounds are widely used to introduce electron capture properties, allowing detection by electron capture detection (ECD).
Detection of the derivative can be accomplished by nitrogen
phosphorus detection (NPD), ECD, and MS (Kataoka, 1996).
N-methyl-bis-trimethylsilyltrifluoroacetamide was the silylation
reagent used in the analysis of amines by GC-MS (Szopa et al.,
2001; Hong et al., 2013; Park et al., 2013). The drawback of
this derivatization reagent is that it is not very reactive with

amino groups and it is not specific for amino groups, and it also
reacts with hydroxyl and carboxyl groups. Furthermore, during
the silylation of a primary amine, a significant amount of side
products can be formed using conventional silyl-derivatization
reagents, which result in unreliable quantification results. To
address this problem, new generation of derivatization reagents
such as hexamethyldisilazane (HMDS) and N-methyl-bisheptafluorobutyramide (MBHFBA) were used to prevent formation of side products. Hong et al. (2013) and Park et al. (2013)
used a two-step derivatization (silylation and acylation) in the
analysis of catecholamines and serotonin in body tissues and
fluids. They obtained high derivatization yields, absence of side
products, and also the highest GC-MS analytical performance
in terms of sensitivity, chromatographic separation power, and
positive peak confirmation.
The carbamate formation reagent isobutyl chloroformate
was used in the analysis of amines in beer, wine, and grape by
GC-MS. The method allowed simultaneous analysis of up to 22
amines at a total run time of 25 min. The method showed good
linearity, intraday precision, and the detection limits were below
2.9 µg/L (Fernandes et al., 2001; Cunha et al., 2011; Almeida
et al., 2012). These studies are the more comprehensive ones,
allowing the quantitative analysis of up to 22 amines in fruits
and alcoholic beverages.
Other derivatization agents used included N-diethylthiophos
phoryl, to form a phosphonamide, used by Kataoka et al. (1995)
for the analysis of 10 secondary amines in different foods by
GC-flame photometric detection (FPD); benzene sulfonyl chloride, to form a sulfonamide, used by Sacher et al. (1997) for the
analysis of seven amines in water.
Even though the derivatization reactions allow improved
analysis of amines, the derivatization approaches involve extraction of the amines from complex sample matrices followed
by derivatization, which are laborious and time consuming.
Moreover, all the liquid-phase derivatization methods require a
multistep procedure including a solvent extraction stage. Such
approaches are not amenable to automation or integration within
instrumental systems. Further, interactions with the sample
matrix tend to result in reactions producing interferences and
artifacts in the analysis. Alternative approaches to these liquidphase extractions and derivatization include the use of already
mentioned IMS and on-fiber derivatization (Awan et al., 2008a).
On-fiber derivatization with SPME has been used to enhance
derivatization methods involving complex sample matrices.
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Awan et al. (2008a) investigated the simultaneous derivatization
of putrescine and cadaverine in the headspace of a sample vial
using vaporized sample and derivatization reagent (trifluoroacetylacetone—TFAA) at elevated temperature (90°C–120°C). The
advantages of the method included small quantities of sample
extract and derivatization reagent, and minimization of the sample matrix interference. Furthermore, TFAA enhanced the volatility of the derivatized molecules.
As indicated in Table 15.9, several detectors have been used
in the analysis of amines by GC, among them FID, FPD, ECD,
NPD, and MS. GC-FID is the most widely available technique in
food laboratories. Even though GC-MS is not available today in
most laboratories, it is the detection method of choice in terms of
selectivity and sensitivity.

15.2.2.5 Other Methods of Analysis
There are some other approaches to the analysis of bioactive
amines in foods, such as the use of sensors and of ELISA. They
are usually used as a qualitative method and are very useful in
screening and routine analysis when a large number of samples
are available. These methods will be only briefly discussed here.
A review on the use of sensors in the analysis of bioactive
amines has been reported recently by Erim (2013). The sensors
are an alternative to the expensive instrumentation associated with
chromatography. They can be biosensors or chemical sensors.
The biosensors are usually combination of enzymes for the
bio-recognition of the amines. These methods are more specific and also more expensive compared to the chemical ones.
Diamine oxidase (DAO) is used for the determination of total
biogenic amine content; monoamine oxidase (MAO) is used for
the determination of tyramine, tryptamine, and phenylethylamine; putrescine oxidase (PutAO) for putrescine and PAO
for polyamines (Di Fusko et al., 2011; Boka et al., 2012). The
enzymes are immobilized in adequate supports. The methods
were adequate for the analysis of biogenic amines and spoilage
monitoring of meat, wine, and beer.
Among chemical sensors, the most common ones are based
on the fluorescence response of the sensor with the amines.
Nakamura et al. (2011) synthesized a carboxylic acid modified
tetraphenylethene that, upon reaction with amines, showed blue
emission of different patterns depending on the amine. The
method was successfully used in the analysis of histamine and
other amines in fish. Azab et al. (2011) developed a chameleon
dye (Py-1) to be used in a standard microplate. The method
allowed a semi-quantitative analysis of histamine in fish by
means of fluorescence. Visible reading was also possible.
Immunochemical techniques have also been employed in
the analysis of biogenic amines in food samples. The major
strengths of immunoassays are the potential of full automation,
random access, and high throughput combined with practicability and the relatively little technical expertise required to operate.
Furthermore, immunoassays are known to have high sensitivity. However, limitations with respect to analytical specificity
and accuracy, cross-reactivity, nonspecific binding or interferences by other endogenous compounds are well recognized due
to matrix effect. Furthermore, different assays are needed for
related compounds and the concentration range is narrow (De
Jong et al., 2011).

Enzyme-linked immunosorbent assay (ELISA) is the most
common immunochemical procedure, especially for the determination of histamine in different matrices. Aygun et al. (1999)
described a competitive direct ELISA (CD-ELISA) for the determination of histamine in cheese samples. They used a polyclonal
antihistamine antibody that recognized intact histamine. The
developed method was compared with a HPLC method showing
good agreement (r = 0.979). Detection limits and mean recoveries were 2 mg/kg and 93% for CD-ELISA and 1 mg/kg and 99%
for RP-HPLC, respectively. Other studies were described for the
analysis of histamine in wines (Marcobal et al., 2005), dressed
fried fish meat products (Yeh et al., 2006), and Korean traditional
fermented seasonings (Kim et al., 2011). In these three studies a
CD-ELISA was performed by using a commercial histamine kit.
Both methods for the analysis of wines and seasoning employing
CD-ELISA were compared with HPLC methods showing good
agreement for histamine determination. In conclusion, ELISA can
be an alternative technique when a faster procedure is required,
allowing the determination of a large number of samples.
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16.1.1 History

16.1 Introduction
Polycyclic aromatic hydrocarbons (PAHs) comprise the largest class of chemical compounds to be known as cancer-causing
agents. Some, while not carcinogenic, may act as synergists.
PAHs are being found permanently in water, air, soil, and, therefore, also in foods. PAHs originate from diverse sources such
as tobacco smoke, engine exhausts, petroleum distillates, and
coal-derived products, with combustion sources predominating
(Bartle 1991). So, food contamination by PAHs from the environmental sources is realistic in every stage of raw material, or food
“live” with regard to the permanent formation and presence of
these compounds in the environment. Moreover, PAHs may also
form directly in food as a result of some thermal processes such
as charcoal grilling (Mottier et al. 2000; Fretheim 1983; Pánek
et al. 1995), roasting (Kruijf et al. 1987), smoke drying (Afolabi
et al. 1983), and smoking (Šimko 2002, 2005). An important way
of food contamination is also the application of contaminated
additives (Stijve and Hischenhuber 1987), or migration from
the contaminated package (Grob et al. 1991; Šimko et al. 1995),
respectively. Owing to the adverse effects to living organisms,
attention has been paid to their formation and occurrence in various food products (Tamakawa et al. 1996; Plaza-Bolaños et al.
2010; Šimko 2011a,b).

The fact that chemicals could cause cancer arose from the observations of Percival Pott of St Bartholomew’s Hospital in London
in 1775 when he had noted a high incidence of cancer of the scrotum among chimney sweeps who often had to climb up inside
chimneys to sweep the soot down. Although he deduced correctly that the soot was responsible for the cancer, in this time,
it was not possible to find out compounds responsible for such
serious tissue damage. In 1920, Japan’s workers discovered that
painting extracts of soot onto the skin of mice caused tumors of
the skin. In 1929, the first pure chemical carcinogen DahA was
isolated from soot extract at Chester Beatty Research Institute
by Kennaway. In 1953, Doll on the basis of a wide epidemiological and statistical analysis proved that cigarette smoking was a
prime cause of lung cancer. Careful analysis of the smoke and tar
obtained from cigarettes shows that it contained many carcinogenic PAHs, from which benzo(a)pyrene (BaP) was assessed as
the most dangerous compound (Šimko 2002).

16.1.2 Characterization of PAHs
PAHs are compounds consisting of two or more condensed aromatic rings, lineared together, either cata-annellated (linearly,
329
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or angularly), or peri-condensed. Cata-condensed PAHs are
alternant systems containing only six-membered rings and
closed-shell systems having all bonding orbitals occupied by two
electrons. The entire group of cata-condensed PAHs can be further divided into branched and nonbranched systems. Branched
systems are thermodynamically more stable and chemically less
reactive than nonbranched systems of the same size. Conversely,
peri-condensed PAHs are either closed-shell systems or neutral
free orbitals, in which at least one electron is in a nonbonding
orbital. Free radicals of this type are stable only if the systems
have an odd number of carbon atoms. In addition, peri-condensed PAHs can be further divided into alternant and nonalternant, depending on the presence of five- or six-membered
rings in the molecule (Guillén 1994). This reality, including the
existence of alkylated derivatives, creates a large number of various isomers of PAHs. Indeed (Grimmer and Böhnke 1975), there
was already a mention about 100 various PAH compounds to be
found in smoke fish.

16.1.3 Effect of PAHs on Organisms
In recent years, significant progress has been made in the understanding of the biological action of PAHs. These compounds
enter the organism by inhalation, ingestion, or penetration with
following distribution to various organs, where they interact with
aryl hydrocarbon hydroxylases (where the dominant role plays
cytochrome P450), which are most abundant in the liver, followed
by hydrolysis to dihydrodiols. The products are the true active
species, the “ultimative carcinogens” the so-called “bay region”
dihydrodiol epoxides. These compounds form covalent adducts
with proteins and nucleic acids. The deoxyribonucleic acid (DNA)
adducts are thought to initiate cell mutation and eventual malignancy (Bartle 1991). However, PAHs can also be oxidized in the
environment/foodstuff directly by synergic effects of light and
oxygen (Skláršová et al. 2010; Bednáriková et al. 2011). The direct
mutagenic potential of 14 PAHs and PAHs containing fractions
isolated from smoked and charcoal-broiled samples was studied
toward strains TA 98 and TA 100 using the Ames test. As found,
the most potent mutagenicity was observed with PAH fractions
isolated from smoked fish (Kangsadalampai et al. 1997).

16.1.4 Legislative Aspects and International
Normalization of PAHs Occurrence in Foods
With regard to the harmful effects of PAHs on living organisms, some European countries had enacted various maximum
limits of these compounds in foods, mainly in smoked meat
products at different levels in the past. To simplify suchlike problems associated with the variability of PAHs composition, BaP
had been accepted as the indicator of the total PAHs presence in
smoked foods, even in spite of the fact that BaP constitutes only
between 1% and 20% of the total carcinogenic PAHs (Andelman
and Suess 1970). At this time, the situation in the European
Union (EU) has unified by adoption of the Regulation 1881/2006
limiting BaP content in foodstuffs (Commission Regulation
1881/2006/EC). This regulation has subsequently been amended
by Regulation 835/2011 also limiting another three compounds
such as benzo(a)anthracene (BaA), benzo(b)fluoranthene (BbF),
and chrysene (Chr) in foodstuffs (Commission Regulation
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835/2011/EC). Specified foodstuffs and maximum contents in
them are shown in Table 16.1. This amendment was made on
the basis of the Scientific Panel on Contaminants in the Food
Chain of the European Food Safety Authority (EFSA) opinion
on PAHs in food on June 9 2008. The panel concluded that BaP
alone is not a suitable marker for the real occurrence of PAHs
in food and that a system of four specific compounds or eight
specific compounds would be the most suitable markers of
PAHs in food (EFSA Journal 2008). To simplify the interpretation of analytical findings, EFSA concluded that a system of
eight compounds would not provide much added value compared to a system of four reference compounds, which subsequently led to adoption of the Regulation 835/2011. Apart from
this, EC has also adopted the Regulation 333/2007 laying down
the methods of sampling and analysis for the official control of
the levels of lead, cadmium, mercury, inorganic tin, 3-MCPD,
and BaP in foodstuffs (Commission Regulation 333/2007/EC),
which has been amended (with regard to Regulation 835/2011)
by Regulation 836/2011 (Commission Regulation 836/2011/EC).
Analytical parameters setting the performance criteria of PAHs
determination in the foodstuff are shown in Table 16.2. Apart
from this, there is also the Recommendation 2005/108/EC on the
further investigation into the levels of PAHs in certain foods such
as BaA, BbF, benzo(j)fluoranthene (BjF), benzo(k)fluoranthene
(BkF), benzo(g,h,i)perylene (BghiP), Chr, BaP, cyclopenta(c,d)
pyrene (CcpP), dibenzo(a,h)anthracene (DahA), dibenzo(a,e)
pyrene (DaeP), dibenzo(a,h)pyrene (DahP), dibenzo(a,i)pyrene
(DaiP), dibenzo(a,l)pyrene (DalP), indeno(1,2,3-cd)pyrene
(IcdP), and 5-methylchrysene (Commission Recommendation
2005/108/EC). Moreover, the Joint Expert Committee for
Contaminants and Additives FAO and WHO (JECFA) has
defined another compound benzo(c)fluorene (BcF), which should
also be monitored with regard to its effects on living organisms.
Concerning liquid smoke flavors (LSFs) being used as an alternative of the traditional smoke procedures, the EC has adopted
the Regulation 2065/2003 relating to the production of smoke
flavorings intended to be used for food flavoring (Commission
Regulation 2065/2003/EC). This regulation has limited the maximum acceptable concentrations of BaP at 10 μg/kg and BaA at
20 μg/kg in these products and the directive 88/388/EEC has
limited the maximum residual levels of BaP at 0.03 μg/kg in
foodstuffs flavored by LSF (Commission Directive 88/388/EC).
For international trade purposes, the Joint Expert Committee
for Food Additives and Contaminants of FAO and WHO has
adopted a specification, which limits the concentration of BaP
in smoke condensates and LSFs at the levels of 10 μg/kg for BaP
(Report of the Joint FAO/WHO Expert Commission 1987).

16.2 Analysis of PAHs
In general, PAHs are presented in food at microgram per kilogram levels. For this, the algorithm of the analysis is as follows: extraction/hydrolysis of the matrix, liquid/liquid partition,
cleanup procedures, concentration, chromatographic separation
and, of course, analytical determination. Although all steps are
very important, chromatographic separation is the most important for separation, identification, and determination of individual compounds forming PAHs group, because the methodology
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Table 16.1
Maximum Levels of PAHs in Foodstuffs Set by Commission Regulation (EU) No 835/2011
Maximum Levels (μg/kg)
Foodstuffs
1.

Oils and fats (excluding cocoa butter and coconut oil) intended for
direct human consumption or use as an ingredient in food
Cocoa beans and derived products

2.
3.

Coconut oil intended for direct human consumption or use as an
ingredient in food
Smoked meat and smoked meat products

4.
5.

6.

7.
8.
9.
10.
a
b
c

Benzo(a)pyrene

Muscle meat of smoked fish and smoked fishery products, excluding
fishery products listed in points 6 and 7. The maximum level for
smoked crustaceans applies to muscle meat from appendages and the
abdomen. In case of smoked crabs and crab-like crustaceans
(Brachyura and Anomura), it applies to muscle meat from appendages
Smoked sprats and canned smoked spratsb (Sprattus sprattus); bivalve
mollusks (fresh, chilled, or frozen); and heat- treated meat and
heat-treated meat productsc sold to the final consumer
Bivalve mollusks (smoked)
Processed cereal-based foods and baby foods for infants and young
children
Infant formulae and follow-on formulae, including infant milk and
follow-on milk
Dietary foods for special medical purposes specifically intended for
infants

Sum of Benzo(a)pyrene, Benzo(a)anthracene,
Benzo(b)fluoranthene, and Chra

2.0

10.0

5.0 μg/kg fat as
from 4.1.2013
2.0

35.0 μg/kg fat as from 4.1.2013 until 3.31.2015
30.0 μg/kg fat as from 4.1.2015
20.0

5.0 until 8.31.2014
2.0 as from 9.1.2014
5.0 until 8.31.2014
2.0 as from 9.1.2014

30.0 as from 9.1.2012 until 8.31.2014
12.0 as from 9.1.2014
30.0 as from 9.1.2012 until 8.31.2014
12.0 as from 9.1.2014

5.0

30.0

6.0
1.0

35.0
1.0

1.0

1.0

1.0

1.0

Lower-bound concentrations are calculated on the assumption that all the values of the four substances below the limit of quantification are zero.
For the canned product, the analysis shall be carried out on the whole content of the can.
Meat and meat products that have undergone a heat treatment potentially resulting in the formation of PAH, that is, only grilling and barbecuing.

Table 16.2
Performance Criteria for Methods of Analysis for Four Polycyclic Aromatic Hydrocarbons (Benzo[a]pyrene, Benzo[a]anthracene,
Benzo[b]fluoranthene, and Chr) to Which These Criteria Are Applied
Parameter
Applicability
Specificity
Repeatability (RSDr)
Reproducibility (RSDR)
Recovery
LOD
LOQ

Criterion
Foods specified in Regulation (EC) No 1881/2006
Free from matrix or spectral interferences, verification of positive detection
HORRATr <2
HORRATR <2
50%–120%
≤0.30 μg/kg for each of the four substances
≤0.90 μg/kg for each of the four substances

Notes to the performance criteria:
The Horwitz equation (*) (for concentrations 1.2 × 10−7 ≤ C ≤ 0.138) and the modified Horwitz equation (**) (for concentrations C < 1.2 × 10−7)
are generalized precision equations that are independent of the analyte and matrix but are solely dependent on the concentration for most routine
methods of analysis.
The modified Horwitz equation for concentrations C < 1.2 × 10−7:
RSDR = 22%
where
 RSDR is the relative standard deviation calculated from results generated under reproducibility conditions ([sR/x] × 100).
 C is the concentration ratio (i.e., 1 = 100/100 g, 0.001 = 1000 mg/kg). The modified Horwitz equation applies to concentrations C < 1.2 × 10−7.
Horwitz equation for concentrations 1.2 × 10−7 ≤ C ≤ 0.138:
RSDR = 2C(−0.15)
where
RSDR is the relative standard deviation calculated from results generated under reproducibility conditions ([sR/x] × 100).
 C is the concentration ratio (i.e., 1 = 100/100 g, 0.001 = 1000 mg/kg). The Horwitz equation applies to concentrations 1.2 × 10−7 ≤ C ≤ 0.138.
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of PAHs separation has been strongly affected by the development of chromatographic methods. In the past, the history
of development of analytical procedures has been reviewed
comprehensively (Tamakawa et al. 1996; Šimko 2002; PlazaBolaños et al. 2010).

16.2.1 Sample Preparation
Before analysis, general measures should be considered such as
the need to protect the PAHs against light since these compounds
are light sensitive and they can decompose by photoirradiation
and oxidation (Bednáriková et al. 2011; Skláršová et al. 2011,
2012). Therefore, light exposure during the matrix pretreatment
has to be avoided as much as possible. Apart from this, concentration to dryness should be realized carefully to diminish possible losses due to evaporation of these PAHs with lower molecular
weight (Diletti et al. 2010).

16.2.1.1 Sample Treatment of Meat, Meat
Products, and Fish
From an analytical point of view, meat and its products belong to
complex matrices with regard to the presence of various interfering compounds such as lipids, phospholipids, proteins, additives,
and so on. PAHs as lipophilic compounds have the tendency to
diffuse and concentrate in the nonpolar part of the matrix; hence,
the distribution of PAHs in the matrix (e.g., sausage) composed
of polar lean meat and nonpolar (adipose tissue) parts is not
uniform (Šimko et al. 1993). For this reason, decomposition of
the matrix by aqueous methanolic KOH is, as usual, an indispensability to make possible an isolation of PAHs quantitatively
from such types of samples. Alkaline hydrolysis usually takes
2–4 h of time, depending on the character of the sample, when
lean tissues take less time than adipose- and collagen-containing tissues. Under reflux alkaline hydrolysis, sample treatment
was applied in many experimental works (Šimko 2002; StumpeViksna et al. 2008; Essumang et al. 2012). However, Takatsuki
et al. (1985) found that during alkaline hydrolysis, BaP may be
partially decomposed by the coexistence of alkaline conditions,
light oxygen, and peroxides in aged ethyl ether. They proposed
to use amber glass, addition of Na2S as an antioxidant, distillation ethyl ether just before use, and prevention of air from contact with adsorbents. To protect PAHs from light decomposition,
Karl and Leinemann (1996) used brown glassware carefully
rinsed with acetone before using an alkaline hydrolysis. Some
authors also recommended direct extraction with organic solvents. Especially, accelerated solvent extraction (ASE) seems to
be a suitable isolation procedure. Wang et al. (1999) compared
ASE and the traditional Soxhlet procedure. ASE was found
to be comparable with, even better than the reference Soxhlet
method, when even significant reductions of extraction time and
solvent consumption were achieved. Nowadays, ASE procedure
is the dominant one to obtain PAH fractions, when ground meat
matrix is prior to the extraction mixed with the same amount
of the drying material—poly(acrylic acid), partial sodium saltgraft-poly(ethylene oxide) and extracted by hexane (Djinovic
et al. 2008a,b; Pöhlmann et al. 2013), or acetone:n-hexane mixture under pressure and at an elevated temperature, respectively
(Aaslyng et al. 2013).
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16.2.1.2 Sample Treatment of LSFs
Sample treatment of the LSF matrix is different from the treatment of processed meats due to an easy solution of LSF in the
organic solvent. For this, there is no reason to treat samples by
time-consuming hydrolysis under reflux (Šimko et al. 1992). A
different situation could arise; when LSF is in the solid state (e.g.,
applied on starch, gelatine, or encapsulated), then alkaline hydrolysis is almost inevitable. However, adding of KOH aqueous solution is strongly recommended to transform phenols into a polar,
nonextractable form of phenolates prior to the PAHs extraction
with the nonpolar solvent such as cyclohexane (Simon et al. 2006).

16.2.1.3 Sample Treatment of Tea
Owing to a simple matrix, isolation procedures are quite simple,
not consuming time and chemicals. Ishizaki et al. (2010) isolated
PAHs from tea leaves by infusion with hot water; while dried
tea products were homogenized, then methanol was added, and
the mixture was treated by sonication. After centrifugation, the
supernatant was diluted in methanol/water mixture and preseparated by in-tube solid-phase microextraction. Drabova et al.
(2012) tested four extraction procedures such as sonication,
pressurized liquid extraction, extraction by shaking, and extraction method QuEChERS (acronymic name from quick, easy,
cheap, effective, robust, and safe), developed originally for pesticide residues analysis. As found, a simple sample preparation
“QuEChERS-like” procedure followed by solid-phase extraction (SPE) on molecularly imprinted polymers (MIPs) has been
shown to be an appropriate and simple method.

16.2.1.4 Sample Treatment of Oils
Edible oils, in general, also belong to a simple food matrix
(Barranco et al., 2003). For this, a simple treatment is enough
to isolate PAHs from the matrix. Wang and Guo (2010) isolated
PAHs from vegetable oils by extraction with acetonitrile. Dilleti
et al. (2005) treated olive pomace oil with n-pentane and followingly extracted liquid–liquid partition with dimethyl sulfoxide
(DMSO). Alarcón et al. (2012) accelerated liquid–liquid extraction into acetonitrile by microwave-assisted procedure. Rojo
Camargo et al. (2012) mixed oil samples with hexane and PAHs,
and then extracted N,N-dimethylformamide–water mixture.
Ciecierska and Obiedziński (2013) dissolved oils of cyclohexane/
ethyl acetate mixture and filtered through the polytetrafluoroethylene (PTFE) filter prior to the cleanup procedure. Bogusz
et al. (2004) used matrix–solid-phase dispersion (MSPD) for
the extraction of BaP from olive oil. In the MSPD technique,
in general, a small amount of sample (typically 0.5 g) is mixed
with a solid support such as C18 material. Then, the mixture is
transferred to an SPE reservoir and eluted in the same way as in
SPE. The main advantage of MSPD is the low amount of needed
solvent; however, low reproducibility is often observed. In spite
of this fact, MSPD is frequently applied due to the simplicity and
rapidity in comparison to the traditional liquid–liquid methods.

16.2.1.5 Sample Treatment of Coffee
Coffee was boiled in water, and then kept for some time to
bring it at room temperature. The liquid was then filtered with

Free ebooks ==> www.ebook777.com
333

Polycyclic Aromatic Hydrocarbons
filter paper followed by glass wool and extracted with hexane
in an ultrasonic bath (Bishnoi et al. 2005, Orecchio et al. 2009).
García-Falcón et al. (2005) extracted PAHs from instant coffee with hexane in an up-and-down shaker and the extract was
separated from solid particles by filtering through nylon. Grover
et al. (2013) extracted coffee with a mixture of dichloromethane (DCM) and acetone using the Soxhlet apparatus. Then, the
extract was passed through anhydrous sodium sulfate, evaporated to dryness and the residue was dissolved in hexane.

16.2.1.6 Sample Treatment of Bread and
Cereal Products
Rey-Salgueiro et al. (2008) subjected toasted bread to ultrasound-assisted solvent extraction with n-hexane and the extract
was centrifuged to facilitate separation of the liquid fraction. To
the opposite, Germán-Hernández et al. (2012) applied a novel
preconcentration procedure utilizing ion-liquid- based surfactants. The procedure was based on transforming a water-soluble
ion liquid-based surfactant, 1-hexadecyl-3-butylimidazolium
bromide (C16C4Im-Br), into a water-insoluble ion liquid, 1-hexadecyl-3-butylimidazolium bis([trifluoromethane]sulfonyl)imide
(C16C4Im-NTf2), via a simple metathesis reaction. The preconcentration procedure was used in combination with a micellar
microwave-assisted extraction method to analyze 16 PAHs in
toasted cereals.

16.2.2 Preseparation Procedures
A preseparation procedure is another crucial step to remove
interfering substances from extracts. For the cleanup by SPE,
various cartridges have been applied, such as C18/C8, aminopropyl, silica, and polystyrene/divinylbenzene (PSDVB) sorbents.
For SPE as an extraction procedure, C18/Florisil mixtures and
PSDVB have been used. Some authors have found that PSDVB
sorbents are highly selective to PAHs, considering this material
as suitable for most food matrices (Plaza-Bolaños et al. 2010).
Column chromatography (CC) has frequently been applied
as a cleanup technique using alumina (Barranco et al. 2004),
silica gel (Pandey et al. 2004), or Florisil (Wang et al. 1999)
respectively. The application of donor–acceptor complex chromatography for the cleanup of oil samples was studied (Windal
et al. 2008). The procedure is based on the formation of π–π
interactions between the sorbent and PAHs while interfering
matrix components, such as neutral lipids and tocopherol, are
eluted by non-electron-containing solvents. After that, the
PAHs are eluted with an appropriate organic solvent such as
n-hexane:tetrahydrofuran mixtures or acetonitrile, which are
able to split these π–π interactions. Gel permeation chromatography (GPC) has been applied for the cleanup procedure
in the normal-phase mode (e.g., mobile phase: DCM; stationary phase: styrene–divinylbenzene copolymer). GPC has been
extensively used for the purification of fatty extracts separating
lipids from PAHs. The procedure was only carried out for the
determination of medium-molecular-weight PAHs such as BaP,
BeP, BghiP, and BkF (Ballesteros et al. 2006). GPC is a suitable cleanup procedure; however, the solvent consumption is
quite high.

16.2.3 Gas Chromatography
Nowadays, gas chromatography (GC) is widely used for the
determination of PAHs in the food matrix. Especially, the application of GC equipped with mass spectrometry (MS) detector
shows several advantages in comparison to high- pressure liquid
chromatography (HPLC) due to their resolution capability. GC
offers high chromatographic-resolving power and MS provides
high mass selectivity and structural information. GC–MSD also
makes possible the determination of nonfluorescence PAHs,
such as cyclopenta(c,d)pyrene (CPc,dP), or PAHs exhibiting
poor fluorescence, such as acenaphthylene, acenaphthene, and
fluorene (Cai et al. 2009). Sometimes, separation of isomers is
a quite serious problem even when capillary columns are used.
Problems associated with the separation of Chr from Tph were
reported in the works of Guillén et al. (2000a,b). For the separation, capillary columns with a stationary phase based on 5%
phenyl, 95% methylpolysiloxane substitution, for example, HP-5
or HP-5 ms are widely applied. However, obtaining an adequate
resolution can become a critical point depending on the target
PAHs since there are several groups of compounds that can
coelute. This aspect is particularly important when these PAHs
cannot be resolved by MS with regard to the same spectra of
isomers. If the overlapped compounds show isobaric ions, an
accurate quantification is therefore difficult or impossible. Five
groups of PAHs present this type of resolution problems: (i) Chr
and triphenylene; (ii) CPcdP, BaA, and Chr; (iii) BbFA, BjFA,
and BkFA; (iv) DBa,cA and DBahA; and (v) DBahA and indenopyrene (Poster et al. 2006; Gómez-Ruiz and Wenzl 2009). The
separation of heavy PAHs, such as dibenzopyrenes, by typical
5 ms columns is also complicated as they show a strong interaction with the stationary phase to bring about a broadening peak
and less sensitivity. Some dibenzopyrenes are also followed by
EU legislation (DBaeP, DBahP, DBaiP, and DBalP), and for
this, adequate analytical methods are needed for their monitoring because DBahA with a molecular weight of 278 g/mol is the
heaviest compound that can be normally determined by GC.
Although columns showing a more polar stationary phase have
been pointed out as adequate for the determination of dibenzopyrenes with a molar mass of 302 g/mol, their application in food
analysis is not frequently observed (Djinovic et al. 2008b). A few
applications described fast high-resolution GC applying a shorter
column (10 m × 0.1 mm) (Djinovic et al. 2008a,b) or comprehensive or multidimensional GC (GC × GC) (Purcaro et al. 2007).
In this last mode, the first separation is performed usually with
a nonpolar column (e.g., 5% phenyl polysilphenylene siloxane,
30-m length), and, then, the second separation is carried out
with a polar column (e.g., 50% phenyl polysilphenylene siloxane,
1-m length, separation based on polarity). The resolution power
is increased but the data and chromatograms are considerably
complex; so, powerful software tools are highly needed (PlazaBolaños et al. 2010). A review of preseparation procedures as
well as GC conditions to be used for the determination of PAHs
in some foodstuffs are presented in Table 16.3.

16.2.4 High-Pressure Liquid Chromatography
In recent years, the HPLC method has been used intensively for
the determination of PAHs in food, as reported in review works
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Table 16.3
Preseparation Procedures and GC Conditions to Be Used for Determination of PAH in Foods and Food Additives
Sample
Smoked fish

Smoked
salmon,
sausages,
and pork
Barbecued
sausages

Smoked fish

Tea

Frankfurtertype
sausages

Sample Treatment and
Preseparation
Saponification with methanol–
water–KOH mixture under
reflux, extraction into
cyclohexane, extraction of
PAHs with caffeine/formic
acid, washing with NaCl
solution, extraction into
cyclohexane, and preseparation
on silica gel
Direct solvent extraction (ASE),
cleanup on Florisil

Saponification with a mixture of
ethanol, water, and KOH,
extraction with cyclohexane,
and preseparation by SPE on
Isolute aminopropyl and C18
columns
Saponification with a mixture of
ethanol, water, and KOH,
extraction with DCM, and
preseparation on silica gel
Sonication, ASE, or extraction
with hexane, or QuEChERS,
cleanup using GPC followed
by SPE on silica columns, or
cleanup using SupelMIP
SPE–PAH column

ASE, pre-cleanup with GPE,
and SPE

Column/Stationary Phase

Temperature Program

Detection

Reference

30 m × 0.25 mm capillaryfused silica column/DB-5

110°C isothermal
for 1.5 min → 210°C
at 30°C/min → 290°C at
3°C/min → 300°C at
10°C/min

MSD

Karl and
Leinemann (1996)

30 m × 0.25 mm capillary
column/cross-linked 5%
phenyl methyl siloxane
HP-5MS
25 m × 0.2 mm capillary
column/SPB-5

40°C isothermal for
1 min → 250°C at 12°C/
min → 310°C at 5°C/min

MSD

Wang et al. (1999)

80°C for 0.5 min → 230°C
at 8°C/min → 300°C at
5°C/min

MSD

Mottier et al.
(2000)

40 m × 0.25 mm 0.25 µm
VF-5 MS-fused capillary
column

50°C isothermal for 1 min,
than to 320°C at a rate of
20°C/min, and then held at
320°C for 20 min
First dimension: 80°C
(4.3 min), 30°C/min to
220°C, 2°C/min to 240°C
(0 min), and 10°C/min to
360°C (15 min); second
dimension: temperature offset
10°C; carrier gas helium with
a ramped flow 1.3 mL/min
(19 min) at 50 mL/min to
2 mL/min (16 min)
Isothermal at 140°C for 1 min,
than 10°C/min to 240°C, than
5°C/min to 270°C, than 30°C/
min to 280°C, than 4°C/min to
290°C, at 30°C/min to 315°C,
and than 3°C/min to 330°C

MSD

Essumang et al.
(2012)

TOF

Drábova et al.
(2012)

HRMS

Pöhlmann et al.
(2013)

First column: BPX-50
capillary column
30 m × 0.25 mm
i.d. × 0.25 µm
Second column: BPX-5
(1 m × 0.1 mm
i.d. × 0.1 µm)

TR-50MS column
(10 m × 0.1 mm × 0.1 µm)

(Tamakawa et al. 1996; Plaza-Bolaños et al. 2010; Šimko 2011a).
Formerly used stationary phases, such as alumina and silica gel
were later replaced with chemically bonded phases on silica gel,
particularly reverse phases, widely used at this time. HPLC has
some advantages in PAHs analysis as follows:
• Separation of isomers shows very good resolution
• High sensitivity and specificity of fluorescence detection (FLD)
• Molecular sizes of PAHs can be estimated on the basis
of retention time using RP column
• Possibility to determine compounds with high molecular weight
• Analysis is usually carried out at ambient temperature, and there is no risk of thermal decomposition of
analytes

Ultraviolet (UV) detection has been mainly applied in the
previous decades, today due to a number of disadvantages,
such as selectivity problems, sensitivity limitations, and the
impossibility to discriminate matrix interferences, especially
in complex matrices that are mainly replaced by FLD. Indeed,
FLD is more selective and sensitive than UV detection, and it
is currently applied extensively, while variable excitation and
emission wavelengths can be programmed. LC–FLD has been
extensively applied for the determination of PAHs in very different matrices, including foodstuffs and beverages, since it is
cheap and simple, in comparison to other detection systems. For
this, HPLC–FLD has been chosen as one of the official methods
for the analysis of PAHs in food (Wenzl et al. 2006). However,
some compounds such as CPcdP does not exhibit fluorescence
and for this, it can be quantified only by UV detection (Simon
et al. 2008). Despite this, there is an improvement in comparison
to UV detection, FLD can still show a lack of selectivity, and
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Table 16.4
Examples of Preseparation Procedures and HPLC Conditions to Be Used for Determination of PAH in Some Foods
Sample
Coffee, tea

Toasted bread

Tea leaves Dried
tea products

Smoked meat
products

Vegetable oils

Sample Treatment and
Preseparation

Column/Stationary
Phase

Extraction with hot water,
filtration and extraction with
hexane, and preseparation on
C18 SPE
Ultrasound-assisted solvent
extraction with n-hexane,
preseparation on Sep-Pak
silica plus cartridges
Infusion with hot water
Extraction by methanol and
sonication, preseparation by
in-tube solid-phase
microextraction
ASE, and preseparation in one
step

250 × 4.6 mm i.d., packed
with totally porous
spherical RP-18 material
(packed size 5 μm)
25 cm × 4.6 mm, 5 µm
particle, Supelcosil
LC–PAH
Zorbax Eclipse PAH
column (100 × 2.1 mm
i.d., particle size of
3.5 µm)

Oil was dissolved in
cyclohexane/ethyl acetate
(50:50, v/v) and filtered
through the PTFE filter with
a pore size of 1 mm, than a
cleanup by GPC on G1000
HXL column (300 × 7.8 mm,
5 mm)

Zorbax Eclipse XDB-C18
(100 × 4.6 mm, 1.8 µm)
column connected with
guard column Zorbax
Eclipse PAH
(12.5 × 4.6 mm × 5 µm)
Column named
BAKERBOND PAH-16
Plus 250_ 3 and 5 mm

then GC–MS is applied to confirm the positive results (Šimko
et al. 1992; Houessou et al. 2006). Although HPLC–FLD is
the most utilized detection system for the analysis of PAHs in
food and beverages, HPLC–MSD or MS/MS modes can also be
applied. These methods are especially suitable for the identification hydroxy-PAHs using electrospray ionization (ESI) in the
negative mode (Rey-Salgueiro et al. 2009; Bednáriková et al.
2011). Owing to their nonpolar character, atmospheric-pressure
chemical ionization source (APCI) (Guang-Wen et al. 2007)
and atmospheric-pressure photoionization (APPI) (Ehrenhauser
et al. 2010) can be applied as ionization techniques. A review of
preseparation procedures as well as HPLC conditions to be used
for the determination of PAHs in some foodstuffs are presented
in Table 16.4.

16.3 Conclusion
The determination of PAHs in foodstuffs is a permanent process.
Modern methods of real risk assessment will need in the future
simple, versatile, precise, and comprehensive methods for the
measurement of PAHs in food. As mentioned by Tamakawa et al.
(1996), the main route for human exposure to PAHs is diet (80%).
So, it will be necessary to continue in developing and unifying
analytical methods applicable for online analysis, comparable

Mobile Phase

Detection

Reference

Acetonitrile–water mixture (75:25)

UV

Bishnoi et al.
(2005)

Acetonitrile–water gradient:
80:20 ACN/H2O changes to 95:5 ACN/
H2O in 40 min change, again to 80:20
ACN/H2O in 1 min, and hold for 10 min
Water/acetonitrile, gradient elution rate
0.6 mL/min

FLD

Rey-Salgueiro
et al. (2008)

FLD

Ishizaki et al.
(2010)

Methanol at a flow rate of 0.7 mL/min,
35°C

FLD

Skláršová
et al. (2013)

Gradient method with a flow rate of
0.5 mL/min and mobile-phase acetonitrile/
water, 50:50 (A) and acetonitrile
(B) was applied. The following gradient
elution program was used: 0e25 min 30%
B, 25e50 min 30% B to 100% B, and
50e68.5 min
100% B. After 68.5 min of analysis, the
column was returned to the initial
conditions and equilibrated for 20 min

FLD

Ciecierska
and
Obiedziński
(2013)

through the world that makes possible to evaluate and assess a
real risk assessment resulting from the presence of permanent
PAHs in the food chain.
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17.1 Introduction
Elemental food composition data are important to both consumers and health professionals. Regulations regarding food composition and nutritional status have been compiled over many
years, providing guidelines for assessing food quality and safety
for consumers [1,2]. Food provides humans and animals with all
the necessary mineral components, including macronutrients
and micronutrients or trace elements.
In humans and other mammals, approximately 30 elements are
known to exert physiological activities, including the so-called
trace elements, which are indispensable for life. To be considered
essential, a trace element must be present in all healthy tissues
of all organisms, its concentration must be relatively constant,
and its withdrawal produces similar structural and physiological abnormalities in different species, which are prevented or
reversed by addition of the element [3]. The elements fulfilling
these requirements are, at least, chromium, cobalt, copper, fluoride, iodine, iron, manganese, molybdenum, nickel, selenium,
silicon, tin, vanadium, and zinc. Other potential candidates
include barium, boron, bromide, or strontium [3]. However,
it must be taken into account that any essential trace element
becomes toxic when it enters an organism in large amounts. In
addition to the previously mentioned elements, there are others
that are toxic to the organism at relatively low concentrations,
such as arsenic (although required at very low levels), cadmium,

lead, antimony, and mercury. In general, prolonged accumulation of heavy metals through the foodstuff may lead to chronic
effects in the kidney and liver of humans and causes disruption
of numerous biochemical processes leading to cardiovascular,
nervous, kidney, and bone diseases.
Owing to the duality essentiality/toxicity of trace elements,
and the low concentrations regulated for toxic elements, reliable analytical methods for the analysis of foods are mandatory.
Modern analytical techniques and ultrasensitive instruments
that determine metal contents even at parts per billion levels have resolved several health disorders associated with the
intake of toxic metals. It should not be forgotten that the determination of trace elements and contaminants in complex matrices, such as food, often requires extensive sample preparation
and/or extraction procedures prior to instrumental analysis.
The traditional techniques for sample preparation are time
consuming and require large amounts of reagents. Advances
in sample preparation eliminate this handicap, by using microwave-assisted acid digestion, ultrasound-assisted extraction
(UAE), or direct solid sampling (DSS), among others. The
most widely used detection techniques include atomic absorption spectrometry (AAS) (differentiating between flame atomic
absorption spectrometry [FAAS] and graphite furnace atomic
absorption spectrometry [GFAAS]), inductively coupled
plasma–optical emission spectrometry (ICP–OES), inductively
coupled plasma–mass spectrometry (ICP–MS), and atomic fluorescence spectrometry (AFS).
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17.2 Daily Requirements and Toxic Elements
Dietary standards, regardless of the name they go by—
Recommended Dietary Allowances (RDAs), Recommended
Nutrient Intakes, Recommended Daily Amounts of Nutrients,
or Safe Intakes of Nutrients—are the average daily amounts of
essential nutrients estimated, on the basis of the available scientific knowledge, to be sufficiently high to meet the physiological
needs of practically all healthy persons in a group with specified
characteristics. The amount of each nutrient needed for an individual depends on his/her age, body weight, and physiological
and metabolic status of the individual. The latter must also take
into consideration individual variation within the group, quality
of the diet, effect of cooking and processing, and bioavailability
of the nutrient from the diet. Different organisms have provided
guidelines regarding the recommended and maximum tolerable
doses for each trace element. The following definitions have to be
taken into account [4]:
• Estimated average requirements (EARs): The average daily nutrient intake level estimated to meet the
requirement of half of the healthy individuals in a particular life stage and gender group.
• RDA: The dietary intake level that is sufficient to
meet the nutrient requirement of nearly all (97%–98%)
healthy individuals in a particular life stage and gender
group.
• Tolerable upper intake level (UL): The highest level of
nutrient intake that is likely to pose no risk of adverse
health effects for almost all individuals in the general
population. As intake increases above the UL, the risk
of adverse effects increases.
The RDA for minerals established by the Commision of the
European Communities in 2008 [5] is shown in Table 17.1, along
with the corresponding EAR and UL described by the European
Food Safety Authority and the Food and Nutrition Board of the

Institute of Medicine of the United States [4,6,7]. The RDA is
derived from both the individual variability and the nutrient
bioavailability from the habitual diet. The UL for each metal was
calculated from hazard identification (primarily the evidence of
adverse effects) and dose–response data. For some metals, a reliable EAR or UL could not be defined due to the insufficiency
of human and animal data studies. In the case of Cr, a reliable
UL was not defined due to the absence of sufficient data, but
the recommended value given by the World Health Organization
(WHO) could be used [8].
All required elements may be harmful for humans if the intake
exceeds the UL. However, there are other elements that are not
required for the human metabolism and are toxic no matter their
concentration. According to our current state of knowledge, these
elements include Ba, Be, Cd, Cr(VI), Hg, Pb, Sb, and Sr. The fact
that toxic elements are natural constituents of foods provides a
dilemma for health authorities. On the one hand, they wish to
protect human health, whereas on the other, they may not wish
to ban a food just because it naturally contains elevated metal
levels. As a result, the maximum permissible concentration is
often set at a level that is just above that of the typical metal
concentration in most common foods [1]. The most frequently
monitored toxic elements in foods are As, Cd, Hg, and Pb [9], for
the reasons explained below.
It must be taken into account that food grown near highways
or downwind of industrial plants may contain Pb and other toxic
amounts of metals. Even organic home gardens may be contaminated if, for example, old house paint containing Pb leaches it
into the soil. Pesticides used on fruits, vegetables, and many
other foods may contain As, Pb, Cu, Hg, and other toxic metals. Moreover, As can be added to chickens and pig’s feed, Hg
may be found in fish (especially those caught near the coast or
in contaminated streams or lakes), and people are exposed to Cd
not only through foods but also through drinking contaminated
water and breathing cadmium-contaminated air.
On the other hand, the content of toxic elements in foods is
influenced by many factors ranging from environmental conditions during growth to postharvest handling, processing,

Table 17.1
EAR, RDA, and UL for the Most Important Metals
Element

EAR (mg)

RDA (mg)

UL (mg day–1)

Top Sources in Foods

Ca
Cr

800
NE

1000
0.04

2500
0.25a

Fortified cereals, almonds, milk, cheese, and orange
Broccoli, turkeyham, and grapejuice

Cu

0.7

1

5

Sunflower seeds, oysters, and lobster

Fe

6

14

45

Fortified cereals, turkey, walnuts, and seeds

K

NE

2000

NE

Potatoes, bananas, tomato, and orange juice

Mg

330

375

350

Buckwheat flour, trail mix, and bananas

Mn

NE

2

11

Oatbran, whole-grain wheat flour, and bulgur

Na

NE

1500

2300

Onionsoup mix, miso, and tablesalt

Mo

0.04

0.05

0.6

Legumes, grain products, nuts, and seeds

P

580

700

4000

Cornmeal, condensed milk, and wheat flour

Se
Zn

0.05
9

0.06
10

0.3
25

Nuts, rockfish, and tuna
Nuts, oysters, fortified cereals, and baked beans

NE, not estimated.
a Recommended by WHO [8].
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preparation, and cooking techniques. For instance, metal content
increases in some commodities grown in contaminated soils or
atmospheres, whereas post-harvest-handling steps such as washing generally remove metal contaminants. Cooking may reduce
the metal content, although some foods can absorb metals if
the cooking water is contaminated. Metals used in the food-
processing equipment or food-packaging material may contribute to food contamination.
The effects of these toxic metals can range from subtle symptoms to serious diseases. Since metals build up in the body over
time, symptoms are often attributed to other causes and people
often do not realize that they have been affected by metals until
it is too late. Damage can be prevented by removing the metals,
but this can be a slow, difficult process. Hence, prevention is the
best defense when it comes to metal poisoning.
The European Union (EU) is setting maximum levels for certain contaminants, including those discussed above, with the
goal of reducing their presence in foodstuffs to the lowest levels
reasonably achievable by means of good manufacturing or agricultural practices. Specifically, the Commission of the European
Communities [10,11] establishes maximum levels, in a wet
basis, for Pb (ranging from 0.02 mg kg−1 for milk and cereals to
3 mg kg−1 for food supplements), Cd (ranging from 0.05 mg kg−1
for various meats to 1 mg kg−1 for bivalve mollusks and cephalopods), and Hg (ranging from 0.1 mg kg−1 for food supplements
to 1 mg kg−1 for seafoods). Currently, the EU has not defined a
máximum level for As in foodstuffs. This is probably due to the
fact that As is toxic at low levels, but is also required for the
human organisms at very low levels, therefore making very difficult to establish a proper regulation.
In the same way that the EU has set maximum levels for several metals in foods and feeds, official methods of analysis have
been established too. Some of the available methods include
the determination of Hg by cold-vapor atomic absorption spectrometry (CV-AAS) after pressure digestion (EN 13806:2002),
and the analysis of Pb, Cd, and Cr by FAAS after dry ashing
(EN 14082:2003) or by GFAAS after pressure digestion (EN
14083:2003) or microwave digestion (EN 14084:2003).

17.3 Sample Preparation
Many metals are ubiquitous in the environment and careful
attention must be paid to avoid sample contamination. For this
reason, the preparation of foodstuffs for analysis should ideally
be performed in a special clean room or, at least, in an area with
laminar flow clean air to minimize contamination from particles
in the laboratory air [9]. Every surface in contact with the sample is a potential source of contamination and hence, all sample
preparation steps must be cautiously planned.
Sample treatment involves all the procedures required to prepare a portion of the analytical sample into a form for introduction of the elements of interest into the analytical instrument. This
treatment usually takes much more time than the instrumental
determination of the element concentration, even more than 80%
of the total time [9,12]. The most common sample treatments for
the analysis of metals in foodstuffs are shown in Figure 17.1: dry
ashing, wet ashing, UAE, DSS, and slurry sampling.

17.3.1 Dry Ashing
Dry ashing is a sample preparation method generally convenient
to be applied for subsequent trace metal determination in food
materials. It is usually performed by placing 0.1–1 g of sample
in an open inert vessel and removing the organic matter from
the samples by thermal decomposition, using a muffle furnace
at typical temperatures of 450°C–550°C, at atmospheric pressure. Then the ash residues are dissolved in an appropriate acid.
Sometimes, ashing aids are added to the sample to reduce the
volatility of analytes (As, Se, etc.) and improve the decomposition of the organic matrix. This is generally achieved by addition
of large amounts of magnesium nitrate and/or oxide before ashing at high temperatures [2,13].
The main advantages of dry ashing are its simplicity, the preconcentration of trace elements in the final solution, and the
absence of organic matter in the ash, which is a prerequisite for
some analytical techniques. However, the degree of volatilization

UAE
Dry-ashing
Wet-ashing

Sample
preparation

DSS

ICP-OES

AAS
Detection
technique

Slurry
Sampling

AFS

ICP-MS
Others

Immunoassays

Spectrophotometry
Figure 17.1

Voltammetry

Fluorescence

Most common sample treatments and detection techniques used for the analysis of metals in foodstuffs.
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loss is a limiting factor that depends on the applied temperature,
the form in which the analyte is present in the sample, and the
chemical environment in the ashing stage. Some elements, such
as Hg, cannot be analyzed using dry ashing due to its high volatility. Finally, the addition of an ashing aid increases the content
of inorganic salts significantly, which may be a problem for the
subsequent determination of trace elements [2].
In the last few years, several papers have been published using
dry ashing as the preparation method for metal determination
in foods. As, Bi, Sb, Se, and Te were quantified in vegetables,
pulses, and cereals, using hydride generation–atomic fluorescence spectrometry (HG–AFS) [14]. Cr, Cu, Fe, Mn, and Zn were
determined in rice using FAAS and GFAAS [15]. Comparison
studies between dry, wet, and microwave-assisted digestions
have been carried out in chocolates [16], dried fruit samples [17],
or cheese [18] among others, using FAAS/GFAAS [16] and ICP–
OES [17,18] as detection techniques.

17.3.2 Wet Ashing
Wet ashing breaks down and removes the organic matrix surrounding the metals so that they are left in the solution. A dried
ground food sample is usually weighed into a flask, tube, or
vessel containing strong acids and oxidizing agents. Then, it
is heated until the organic matter is completely digested. The
temperature and time required depend on the type of acids and
oxidizing agents used. Compared to dry-ashing methods, mineralization procedures using acid digestions present a wide range
of varieties that concern the choice of reagents and their mixtures, as well as devices used for the procedure application [2,19].
Classical open-vessel wet digestion has been described in recent
years for the determination of Cu and Zn in honeys using FAAS
[20,21], Hg in fish tissue by CV-AAS [22], and Al, Ba, Cd, Cr,
Cu, Fe, Mg, Mn, and Zn by ICP–OES in foods of plant origin
[23]. However, more modern microwave-assisted digestion techniques have replaced the classical methods. Although they can be
performed in open or closed vessels, the closed systems are usually preferred. From now on, when microwave digestion is mentioned, it refers to closed-vessel microwave-assisted digestion.
Using microwave mineralization, digestion times and contamination are dramatically reduced, less reagents and sample
amounts are required, and a reduction in the loss of volatiles is
achieved. The major advantage of microwave digestion is the
high heating efficiency that can be obtained. Heating causes an
increase in pressure due to the evaporation of digestion acids
during the decomposition of the sample matrix. The high temperature and pressure of the low pH sample medium increases
both the speed of thermal decomposition of the sample and the
solubility of the metals in the solution. New improvements in the
commercial equipment allow the determination of a high number
of samples in a short period of time. Generally, these systems are
much more efficient than conventional open wet digestion [24].
The type of acid used in the preparation procedure can have
important consequences in the measurement step. In all atomic
spectrometric techniques, HNO3 is the most desirable reagent,
observing no analytical problems for HNO3 concentrations up to
10%–25%, as long as its concentration is similar in calibration
and sample solutions. H2O2 is also rarely responsible for analytical problems, although it must contain the minimum possible
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concentration of impurity elements. However, the use of HCl can
be troublesome for some techniques, such as the problems caused
in GFAAS because of the possible formation of volatile and difficult-to-dissociate analyte chlorides that could cause vapor phase
and/or spectral interferences [2]. In ICP–MS, the use of HCl
is also undesirable due to the formation of polyatomic spectral
interferences. The use of hydrofluoric acid (HF) is also undesirable, because it should not be used with glass or quartz. As a
result, when HF is used in the mineralization step, it has to be
eliminated before sample introduction in the ICP, or HF-resistant
introduction systems, which are more expensive and require longer washout times, have to be used.
In recent years, microwave digestion has been used as sample
pretreatment for the determination of metals in a great variety of
foods, such as fast food [25], milk [26], yogurts [27], juices [28],
vegetables [29], offal [30], and edible oils [31,32]. Most of the methods employed HNO3 or a combination of HNO3/H2O2 in the digestion steps. Although ICP–MS was the preferred detection technique
[26,27,30–32], FAAS [28] and GFAAS [25,29] were also used.
Some authors advice a predigestion to be carried out to avoid
excessive pressure during the microwave digestion [9]. This predigestion may be performed by allowing the sample with added
acid to remain at room temperature or with mild heating in the
unsealed digestion vessel for a period of time. However, the recommended procedures for modern microwave digestors do not
usually include this predigestion step. Other authors reported the
use of the predigestion step to increase the amount of sample
digested [33].
Some papers have compared microwave digestion to dry ashing and the classical open-vessel wet digestion [16–18,28,34].
The overall conclusion was that microwave digestion required
shorter amounts of time and fewer reagents, obtaining more
accurate results and better recoveries when compared to the classical sample treatments.

17.3.3 Ultrasound-Assisted Extraction
For many years, the use of ultrasound energy in liquid and solid
media has been extensive in food-processing applications and
has created a growing interest in simple sample treatment [12].
UAE is recognized as an efficient extraction technique, reducing working times and increasing yields [2,74]. Although this
extraction procedure is mainly applied to the determination of
organic compounds, it has been used in recent years for the
determination of metals in food samples. The most available
and cheapest source of ultrasound irradiation is the ultrasonic
bath, but currently, a more efficient system using a cylindrical
powerful probe for the sonication of samples has been developed [35]. The ultrasonic probe is immersed directly into the
solution and provides an ultrasonic power that is up to 100
times greater than that one supplied by the bath, reducing the
sonication time [12].
In the last few years, several papers have described the use of
UAE for the determination of the total content of several metals in
foods, such as Fe, Mn, and Zn in coffee and cocoa samples [36]; Al,
Cd, Ni, and Pb in baby foods [37]; Ni in legumes, meats, and seafoods [38]; and Cd in dairy products [39]. However, UAE is mainly
used for speciation analysis, demonstrated by the numerous papers
recently published in this field. For instance, As speciation [40–43],
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Hg speciation [44,45], and Sb speciation [46] have been studied in
several foods, such as eggs, meat, seafood, and edible oils.
UAE can also be performed in the continuous mode, therefore increasing the precision and accuracy of the analyses. This
approach has been employed for the analysis of cocoa and coffee [36]; legumes, meats, and seafoods [38]; and dairy products
[39]. In all cases, a glass minicolumn immersed in an ultrasonic
bath was used as the sample container, and the analyses were
performed by FAAS.
A recent modification of UAE is ultrasound-assisted dispersive liquid–liquid microextraction (UA-DLLME), in which an
appropriate mixture of extraction solvent and disperser solvent
is injected into the aqueous sample with a syringe and a cloudy
solution is formed. The analytes of interest in the sample solution are quickly transferred into the fine droplets of the extraction solvent. During centrifugation, these droplets accumulate
and coalesce at the bottom of a conical vial. The sediment phase
of the solution is removed and analyzed conventionally. The
main advantages of the DLLME approach are its simplicity and
rapidity, low cost, and high recovery and enrichment factor. The
incorporation of the ultrasonic irradiation accelerates the process, and has been applied to the determination of organoarsenic
compounds in edible oils [41].

17.3.4 Direct Solid Sampling
DSS offers several advantages such as: (a) reduced sample preparation time; (b) no chemicals are required, reducing cost and
sample contamination; (c) higher accuracy due to lower errors
in the preparation of the samples; (d) higher sensitivity, as no
dilution is performed; and (e) minimum wastes generation. Some
disadvantages are: (a) the requirement of a special design for
the introduction of samples, preferably automatic weighing and
delivering systems; (b) every measurements needs weighing of
samples; (c) modifiers may not be effectively used in every application; and (d) a potential nonrepresentative sample due to the
small weight used [2,47]. The most common techniques used for
DSS in combination with AAS, ICP–OES, and ICP–MS are laser
ablation and electrothermal atomization or vaporization. From
these techniques, GFAAS has been the most widely used due to
the absence of a nebulizer system, simplifying the introduction
of the solid material into the atomizer [2].
The use of DSS and microwave digestion techniques were
recently compared for the determination of Cu and Pb in blackpepper samples [47]. The authors concluded that the results
obtained with both methods were not significantly different and
that the choice of the method is dependent on the concentration of the analyte, interferences, ease of digestion, and so on.
Specifically, the authors stated that DSS may be the best option
when the available sample amount is very small or the analyte
concentration is too low to be determined by the solution method
without any enrichment.
Some examples of DSS include the determination of Cu and Ni
in vegetable oils [48]; Cu, Pb, and Sn in tomato sauces [49]; and
Cd, Cu, and Zn in vegetables, flour, and milk [50]. All of them
used GFAAS detection. Adequate selection of the parameters
could avoid matrix effects, permitting the use of external aqueous analytical curves [48]. The capability of different modifiers
(Pd, Pd/Mg[NO3]2, Pd/NH4NO3, NH4H2PO4, and NH4H2PO4/

Mg[NO3]2) was compared to eliminate matrix effects in the
determination of Cd, Cu, and Zn in vegetables and milk by DSS–
GFAAS [50], concluding that Pd could be successfully used as a
modifier, but requiring the addition of NH4NO3 for Cd analysis.
Other recent papers described the determination of total Hg
in fish samples by DSS–thermal decomposition amalgamation
atomic absorption spectrometry (TDA-AAS). In this method, a
previously weighed portion of fresh fish was combusted and the
released Hg was selectively trapped in a gold amalgamator. Upon
heating, Hg was desorbed from the amalgamator and the measurement was performed [51].

17.3.5 Slurry Sampling
In this case, the sample is introduced in the system as a suspension of the finely powdered sample. The main advantages are the
possibility of changing the slurry concentration by simple dilution, hence combining the advantages of solid and liquid sampling, the potential use of aqueous standards for the calibration,
and the simplification of sample preparation [2,52]. In addition,
the same atomizers used for liquid sampling can be used for
the slurries atomization. However, the most critical factor in the
slurry technique is probably the need for maintaining the slurry
stable during the time required for sample introduction. Other
factors such as the homogeneity, particle size, and sedimentation
have to be considered too. The best means of a slurry analysis is
probably achieved using GFAAS because the whole introduced
sample is atomized. In FAAS and ICP–OES, the residence time
of particles in the flame or plasma is very short, and the sample
evaporation/excitation/atomization may be incomplete [53].
In slurry sampling, the sample is usually dissolved in HNO3
[52,54,55] or HCl [56], although the use of surfactants has also
been described [57]. After 15–20 min in an ultrasonic bath, the
suspended sample is directly introduced in the instrument and
analytical measurements are performed. In this way, the determination of Cr in plant samples [54], Fe and Zn in baby food [57],
or Zn in yogurts [56] has been reported. Most of the described
methods in the last few years used FAAS [52,55–57] and GFAAS
[54,58,59] as detection techniques. The use of different modifiers
has recently been described for the determination of V in parsley
using GFAAS [58], concluding that the use of modifiers was not
required, therefore simplifying the analytical method. The determination of 10 elements in flour-based ready-oven foods was
carried out by ICP–OES, using slurry sampling and microwaveassisted digestions to compare both sample treatments [53]. No
significant differences were observed, showing the suitability of
slurry sampling for food analysis.

17.4 Detection Techniques
The most common detection techniques for the analysis of metals in foodstuffs such as AAS, ICP–OES, ICP–MS, AFS, and
other detection techniques are shown in Figure 17.1.

17.4.1 Atomic Absorption Spectrometry
In the atomic spectrometry techniques most commonly used for the
analysis of metals, the sample is decomposed by intense heat into a
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cloud of hot gases containing free atoms and ions of the element(s)
of interest. In AAS, light of a wavelength characteristic of the
element(s) of interest is shone through this atomic vapor. Then,
some of this light is absorbed by the atoms of that element(s), being
the amount of the absorbed light measured and used to determine
the concentration of that element(s) in the sample. The most common techniques of AAS are FAAS and GFAAS, both based on the
Beer–Lambert law. In FAAS, a flame is used to vaporize and atomize the sample introduced through a nebulizer, whereas in GFAAS,
the sample is deposited into a graphite tube inside a furnace, and is
vaporized and atomized when the graphite tube is heated.
FAAS presents less sensitivity than GFAAS, and a higher
amount of sample is also required in FAAS. However, FAAS is
the least-expensive detection technique, and requires less of a
skill level for an analyst than GFAAS. In addition, analyses performed using FAAS can be much quicker than those performed

using the more time-consuming GFAAS [60]. However, both
techniques present the inconvenience of the non-multi-element
analysis, therefore obtaining low sample-throughputs when
high numbers of analytes need to be determined. In these cases,
ICP–OES and ICP–MS are usually the optimum choices.
FAAS has been applied to the determination of metals in
legumes [38], fish [61], juices [28], or vegetables [52], among other
food samples. Different sample pretreatments have been utilized,
including UAE [38,61], slurry sampling [52,56], wet digestion
[28,62], and microwave digestion [28,63]. GFAAS has also been
applied to the analysis of a wide variety of foods, including vegetables [29], meat [34], infant formulae [64], and fast food [25]. In
GFAAS methods, in addition to microwave digestion [47,64] and
slurry sampling [54,58], among others, DSS is also frequently used
[48–50] due to its previously discussed advantages. Applications
of FAAS and GFAAS to food analysis are shown in Table 17.2.

Table 17.2
Examples of AAS Applications
Food
Legumes, meat, and seafood
Fish, mussel
Yogurt
Dairy products
Cassava
Honey
Cocoa, coffee
Baby food
Juices
Wheat flour
Rice flour, tea
Rice flour, spinach, and tea
Oysters
Carrots, onion, and potatoes
Baby foods
Convenience and fast food
Infant formulae
Cabbage, herbs, and tea
Parsley
Cabbage, flour, kale, and milk
Blackpepper
Vegetable oils
Tomato sauce
Rice
Rice, nuts, seeds, biscuit, meat,
milk, mushroom, and vegetables
Honey
Chocolates with pistachio
Rice
Rice

Fish
Fish
Seafood

Analytes

Sample Treatment

Detection

Reference

Ni
Cd, Cu, and Zn
Zn
Cd
Mn
Cu, Zn
Fe, Mn, and Zn
Fe, Zn
Cu, Fe, and Zn
Mn
Cd, Co, and Ni
Cd, Co, Cu, and Ni
Cu, Fe, and Mn
As, Cd, Cr, Cu, Ni, and Pb
Al, Cd, Ni, and Pb
Cr
Al, Cd, and Pb
Cr
V
Cd, Cu, and Zn
Cu, Pb
Cu, Ni
Cu, Pb, and Sn
Cd, Pb
Cu, Fe, Mn, and Zn
Al, Se
Cu, Fe, Mn, and Zn
Cd, Cr, Ni, Pb, and Se
As, Cu, Fe, Hg, and Zn
Cd, Ni, and Pb
Cu, Fe, Mn, and Zn
Cr
As, Cd, Cr, and Pb
Ca, Co, Cu, Fe, Zn, and K
Mg, Mn, Mo, Na, Ni, and Hg
Hg
Hg
Hg

UAE with HNO3
UAE with HNO3/HCl/H2O2
Slurry with HCl
UAE with HCl
Slurry with HNO3
Open-vessel wet digestion with HNO3/H2O2
UAE with H2O
Slurry with Triton X-114 and HNO3
Microwave digestion and wet digestion with HNO3/H2O2
Slurry with HNO3
Closed-vessel wet digestion with HNO3
Closed-vessel wet digestion with HNO3
Slurry with HNO3/HCl
Microwave digestion with HNO3
Ultrasound with HNO3
Microwave digestion with HNO3
Microwave digestion with HNO3/H2O2
Slurry with HNO3
Slurry with Triton X-100 and HNO3
DSS
DSS; microwave digestion with HNO3/H2O2
DSS
DSS
Dry ashing
Microwave digestion with HNO3/H2O2

FAAS
FAAS
FAAS
FAAS
FAAS
FAAS
FAAS
FAAS
FAAS
FAAS
FAAS
FAAS
FAAS
GFAAS
GFAAS
GFAAS
GFAAS
GFAAS
GFAAS
GFAAS
GFAAS
GFAAS
GFAAS
GFAAS
FAAS
GFAAS
FAAS
GFAAS
FAAS
GFAAS
FAAS
GFAAS
GFAAS
FAAS
CV-AAS (Hg)
CV-AAS
CV-AAS
TDA-AAS

[38]
[61]
[56]
[39]
[52]
[20,21]
[36]
[57]
[28]
[55]
[62]
[65]
[108]
[29]
[37]
[25]
[64]
[54]
[58]
[50]
[47]
[48]
[49]
[109]
[34]

Microwave digestion with HNO3/H2O2
Microwave digestion with HNO3/H2O2
Dry ashing
Dry ashing
Microwave digestion with HNO3
Wet digestion with HCl/HNO3/HClO4/H2SO4
Microwave digestion with HNO3/H2O2
DSS

[63]
[16]
[15]
[66]

[22]
[67]
[51]
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Some works described the use of both FAAS and GFAAS for
the analysis of several elements in honey [63], rice [15], and a
wide variety of food samples [34]. In these works, the authors
usually selected FAAS for the most abundant elements, and
GFAAS for the analysis of low contents of metals.
An example of the versatility of AAS when coupled with flow
systems was demonstrated by the development of a chelating sorbent from Amberlite XAD-2 resin, which was used as packing
for a minicolumn in an online system. Cd, Co, Cu, and Ni were
preconcentrated in the sorbent and were detected by FAAS after
elution with HCl or HNO3 [65]. The minicolumn could be used
repeatedly for at least 300 operation cycles, observing enrichment factors higher than 15 for all elements. The method was
applied to the analysis of spinach, black tea, and rice flour after
closed-vessel acid digestion. The flow system involved two steps:
(a) preconcentration step, in which the injection valves were in
the load position and the sample was pumped through the minicolumn, retaining metal ions; and (b) elution step, switching the
valves position so that the carrier is pumped through the loop
(filled with the acid eluent) and metal ions are released from the
minicolumn and directed into the nebulizer of the spectrometer.
A manifold of this system is shown in Figure 17.2.
When Hg has been analyzed with AAS, usually CV-AAS or
TDA-AAS have been selected as detection techniques. In this
way, Hg has been determined in rice [22,66,67], and seafood [51].

17.4.2 Inductively Coupled Plasma–Optical Emission
Spectrometry
ICP–OES, also called ICP–AES (inductively coupled plasma–
atomic emission spectrometry), has been widely used for the
determination of metals in foodstuffs in the last few years. ICP–
OES utilizes an argon plasma to vaporize, atomize, excite, and
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Figure 17.2 Online system for the determination of Cd, Co, Cu, and
Ni using FAAS. (a) Preconcentration step; (b) elution step. CR: carrier; S:
sample; P: peristaltic pump; C: minicolumn; W: waste; L: loop; E: eluting
solution; V: injection valve. (Reprinted from Amberlite XAD-2 functionalized with Nitroso R salt: Synthesis and application in an online system for
preconcentration of cobalt, 494, Azevedo Lemos, V. et al. Anal. Chim. Acta,
87–95, Copyright, 2003, with permission from Elsevier.)

ionize the elemental species in a sample. Once the atoms or ions
are in their excited states, they can decay to lower states through
radiative (emission) energy transitions. The intensity of the
light emitted at specific wavelengths (characteristic of the element) is used to measure the content of the metals in the sample.
ICP–OES allows sensitive multi-element analysis because the
characteristic emission spectra may be generated for a range of
elements under the same excitation conditions. In addition, ICP–
OES also presents the possibility of choosing from several different emission wavelengths of an element. A comparison between
ICP–MS and ICP–OES has been presented [68,69]. The main
advantages of ICP–OES are its lower cost, easier operation, and
maintenance. However, ICP–OES sensitivity is much lower than
the one obtained with ICP–MS. As a result, ICP–MS is usually
the chosen one when very low levels of metals need to be determined (especially with the aid of the collision/reaction cell technology). In some works, the authors make use of both ICP–OES
and ICP–MS, depending on the elements to be analyzed and the
sensitivity required [70–72].
Some examples of the use of ICP–OES for the analysis of metals in food samples are shown in Table 17.3, demonstrating the
suitability of this detection technique for the analysis of a wide
range of foodstuffs, such as several infant foods [71], instant soups
[73], fish [74], meat [75], and vegetables [76]. Microwave digestion or dry ashing are used as sample pretreatment in most cases.
An online procedure was recently described for the preconcentration and determination of Cd, Cr, Cu, Ni, and Pb in guarana
and cabbage [76]. The method involved solid-phase extraction of
the metals using a minicolumn of Amberlite XAD-4 modified
with dihydroxybenzoic acid, followed by their elution with HCl
and detection by ICP–OES. With this approach, high enrichment
factors and sensitivity were obtained.

17.4.3 Inductively Coupled Plasma–Mass
Spectrometry
ICP–MS is routinely used in many diverse research fields, including food sciences. The high temperatures obtained in an ICP, up
to 8000–10,000 K, make it the most versatile atomizer and element ionizer available, as no material can withstand that temperature [77,78]. ICP–MS uses an argon plasma to vaporize, atomize,
and ionize the elemental species in the sample solution, in the
same way than ICP–OES. However, in ICP–MS, a mass-spectral
detection is used instead of a wavelength-based detection. The
most important advantages of ICP–MS are its high sensitivity;
multi-element quantitation; relative salt tolerance; compound-
independent response, leading to species-unspecific measurements; large dynamic range; and high quantitation accuracy.
Routine multi-element analysis of metals in foodstuffs is currently carried out by ICP quadrupole MS (ICP-Q-MS). Some
recent examples include the determination of Pt, Rb, and Se in
different types of rice [15]; Cd and Pb in offal [30]; Cd, Cr, Mn,
Pb, Sr, and V in milk [26]; and Al, As, Cd, Hg, Pb, and Sb in the
second French total diet study [79]. In other works, the multi-element capability of ICP–MS was highly exploited, as demonstrated
by the analysis of 18 trace elements in vegetable edible oils [32],
16 elements in 18 different types of food samples [80], 45 elements in milk [81], or the comparison of the levels of 20 trace and
minor elements in soy and dairy yogurts [27]. Table 17.4 shows
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Table 17.3
Examples of ICP–OES Applications
Food
Apples
Mushrooms
Canteen menus

Analytes

Sample Treatment

Cheese

Ag, Al, Ba, Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Mn, Na, Ni, Pb, Sr, and Zn
Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, and Zn
Al, As, B, Ba, Be, Bi, Ca, Cd, Co, Cr, Cu, Fe, K,
Li, Mg, Mn, Mo, Na, Ni, Pb, Se, Sr, Ti, Tl, V, and Zn
Cd, Co, Cr, Cu, Mn, Ni, Pb, Se, and Zn

Dried fruits

Ba, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, Sr, and Zn

Instant soups
Cabbage, guarana
Flour-based
ready-oven foods
Fish

Ca, Cd, Cr, Cu, Fe, K, Mg, Mn, Na, Ni, P, Pb, and Zn
Cd, Cu, Cr, Ni, and Pb
Ca, Cu, Fe, K, Mg, Mn, Na, P, S, and Zn

Honey
Pig meat
Infant food
Cereals
Wine
Smoked meat

As, Cd, Cr, and Pb
Hg
Al, As, Ca, Cd, Co, Cu, Fe, K, Li, Mg, Mn, Na, Ni, Pb, and Zn
As, Cd, Co, Cr, Hg, Ni, and Pb
Ca, Fe, K, Mg, Mn, Na, and Zn
Ba, Ca, Cd, Cr, Cu, Fe, Mg, Mn, Ni, P, Pb, Sr, Ti, V, and Zn
Al, Ba, Ca, Cu, Fe, K, Mg, Mn, Na, P, Sr, and Zn
Cd, Cu, Cr, Fe, Mn, Ni, Pb, and Zn

Reference

Microwave digestion with HNO3
Microwave digestion with HNO3/H2O2
Microwave digestion with HNO3/H2O2

[110]
[111]
[33]

Dry ashing, open-vessel wet digestion, and
microwave digestion with HNO3/H2O2
Dry ashing, open-vessel wet digestion, and
microwave digestion with HNO3/H2O2
Microwave digestion with HNO3/H2O2
Closed-vessel wet digestion with HNO3
Slurry with HNO3; comparison with
microwave digestion with HNO3
Wet digestion with HNO3/H2O2
Wet digestion with sulfonitric mixture/V2O5
Microwave digestion with HNO3/H2O2
Wet digestion with HNO3/H2O2
Microwave digestion with HNO3/HCl/H2O2
Microwave digestion with HNO3/HCl/H2O2
Wet digestion with HNO3/H2O2
Dry ashing

[18]
[17]
[73]
[76]
[53]
[74]
[112]
[70]
[71]
[113]
[114]
[75]

Table 17.4
Examples of ICP–MS Applications
Food
Olive oil
Vegetable oils
Cow’s milk
Offal
Meat, fish, vegetables, pasta, egg,
pulses, and dairy products
Infant food
Milk
Total diet study
Dairy products, baby formulae, juice,
potatoes, flour, mushrooms, honey,
cocoa, and alcoholic beverages
Yogurts
Fish and seafood
Wheat
Mushrooms
Cheese
Bread, cheese, fruit, and vegetables
Nuts and seeds
Caviar
Mixed food diet standard vinegar
Pig meat
Meat, milk, and fish
Rice
Rice

Analytes

Sample Treatment

Reference

As, Cu, Fe, and Pb
Ag, As, Ba, Be, Cd, Co, Cr, Cu, Fe, Hg, Mn, Mo,
Ni, Pb, Sb, Ti, Tl, and V
Cd, Cr, Mn, Pb, Sr, and V
Cd and Pb
Al, As, Cd, Co, Cr, Cu, Hg, Mg, Mn, Mo, Ni, Pb,
Se, Sr, V, and Zn
Al, As, Ba, Cd, Co, Cr, Cu, Mo, Ni, Pb, Sb, and Se
45 Elements
Al, As, Cd, Hg, Pb, and Sb
>50 Elements

Microwave digestion with HNO3
Microwave digestion with HNO3

[31]
[32]

Microwave digestion with HNO3
Microwave digestion with HNO3/H2O2
Microwave digestion with HNO3/H2O2

[26]
[30]
[80]

Microwave digestion with HNO3/HCl/H2O2
UAE with aqua regia
Microwave digestion with HNO3
Microwave digestion with HNO3/H2O2

[71]
[81]
[79]
[85]

Ag, Al, As, Ba, Be, Cd, Co, Cr, Cu, Fe, Hg, Mn,
Mo, Ni, Pb, Sb, Sn, Tl, V, and Zn
Hg
As
As, Ba, Cd, Co, Cs, Li, Pb, Sb, Sr, and U
Ag, Al, As, Cd, Co, Cr, Cu, Fe, Hg, Li, Mn, Mo,
Ni, Pb, Sb, Se, Si, Sn, V, and Zn
Ag, Al, As, Cd, Co, Cr, Cu, Fe, Hg, In, Li, Ni, Mn,
Mo, Pb, Si, Sb, Se, Sn, V, and Zn
70 Elements
70 Elements
Ba, Cd, Co, Cr, Cu, Li, Mn, Mo, Pb, Sb, V, and Zn
Cu, Fe, Mn, Mo, Se, and Zn
Cr, Fe, and Se
Pt, Rb, and Se
As

Microwave digestion with HNO3

[27]

Microwave digestion with HNO3/H2O2
Microwave digestion with HNO3/H2O2
Wet digestion with HNO3/H2O2
Wet digestion with HNO3/H2O2

[45]
[40]
[115]
[84]

Wet digestion with HNO3/H2O2

[82]

Microwave digestion with HNO3/HF
Microwave digestion with HNO3
Simple dilution of solutions
Wet digestion with HNO3/H2O2
Microwave digestion with HNO3
Microwave digestion with HNO3
Microwave digestion with HNO3

[83]
[89]
[88]
[70]
[86]
[15]
[109]

Note: Total metal content quantitation (species unspecific).
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applications of ICP–MS for the determination of metals in food
samples, indicating the sample treatment performed (microwave
digestion with HNO3 or HNO3/H2O2 in most cases).
ICP-Q-MS presents some disadvantages compared to other
detection techniques, mainly the presence of spectral interferences from the matrix constituents [82]. Spectral interferences
(such as 40Ar35Cl on 75As) are particularly troublesome if the analyte concentration is very low; so, they have to be corrected or
reduced to manageable levels. Many of the spectral interferences
can be resolved using the double-focusing ICP–MS (DF-ICP–
MS), which is capable of separating these species due to its high
resolution. Another benefit of this instrument is the higher sensitivity compared to ICP-Q-MS when operated at low resolution.
DF-ICP–MS permits the use of higher dilution factors, eliminating matrix interferences. Some examples include the determination of 70 elements in culinary nuts and seeds [83]; 21 elements
in bread, cheese, fruits, and vegetables [82]; and 20 elements in
four varieties of cheese [84].
The ICP time-of-flight MS (ICP-TOF-MS) has also been
applied to the determination of metals in foodstuffs. Its sensitivity is similar to that one found in ICP-Q-MS, and its main
advantages are the high sample throughput and high resolution,
tolerating higher salinity of samples and minimizing spectral
interferences. More than 50 elements were determined by this
instrument in several foods and beverage samples [85].
However, high-resolution ICP–MS instruments are very
expensive; so, most laboratories use ICP-Q-MS with different
alternatives to eliminate the spectral interferences: (a) sample
pretreatments; (b) interelement correction algorithms; (c) measurement of less-abundant isotopes (such as 57Fe instead of 56Fe);
or (d) collision and reaction cell technologies.
Collision cell technology has been used for the determination
of chromium (52Cr), iron (56Fe), and selenium (80Se) in several
food reference materials, minimizing the argon-based interferences 40Ar12C, 40Ar16O, and 40Ar40Ar, respectively [86]; thanks
to the use of the collision cell, the main isotopes of these metals
could be measured, highly improving the accuracy and sensitivity of the method. The potentiality of the collision/reaction cell
was evaluated for the determination of 24 elements in dietary
supplements [87], and 12 elements in a mixed food diet reference
material [88]. Other interesting applications of this technology
were the origin differentiation of different types of caviar [89],
mainly based on the Sr/Ca, Sr/Mg, and Sr/Ba ratios.
In addition to the species-unspecific total element quantitation, species-specific measurements can also be carried out by

hyphenation of ICP–MS to separation techniques such as liquid
chromatography (LC) or gas chromatography (GC). For the analysis of foodstuffs, LC–ICP–MS has been the chosen methodology in the last few years, mainly focusing on the speciation of
As [40–43] in different samples such as egg, meat, edible oils,
and seafood. In most of these works, UAE was selected for the
extraction procedure, although microwave-assisted extraction
(MAE) [40] also provided satisfactory results. Some applications
are shown in Table 17.5.

17.4.4 Atomic Fluorescence Spectrometry
AFS is based on the absorption of radiation of specific wavelengths by an atomic vapor, followed by detection of radiationally deactivated states via emission in a direction (typically)
orthogonal to the excitation source. Both absorption and subsequent atomic emission processes occur at wavelengths that are
characteristic of the atomic species present. AFS is a very sensitive and selective method for the determination of some toxic
metals such as As, Cd, Hg, or Pb. The main disadvantages of this
technique are: (a) quenching, when excited atoms collide with
other molecules in the atomization sources; (b) spectral interferences, when lines in the source overlap lines in the matrix
elements in the atomizer; and (c) chemical interferences, resulting from chemical processes during atomization that reduce the
population of free atoms [90]. Some applications are shown in
Table 17.6.
Several important elements in foods (As, Sn, Pb, etc.) can form
volatile and covalent hydrides. As a result, hydride generation
(HG) is the preferred technique when hydride-forming elements
are to be analyzed by AFS [14,90]. The advantage of volatilization as a gaseous hydride lies in the separation and enrichment
of the target elements, reducing interferences. NaBH4 is usually
the selected reducing agent [14,90–93], because only solutions
are involved in the procedure, simplifying the automation procedure and increasing sampling throughput. The analysis of cereals
[14,91], soft drinks [92], vegetables [14,94], and meat and fish
[94] have been carried out, among others.
Recent works have been described coupling flow injection
methodology with HG–AFS detection. For instance, a
continuous-flow HG–AFS method was described for the determination of Pb in wine [93]. The sample pretreatment consisted
of a simple dilution of wine followed by direct plumbane generation using hexacyanoferrate(III), with NaBH4 as the reducing agent. Another example was the determination of total As

Table 17.5
Examples of ICP–MS Applications
Food
Egg and meat
Fish and seafood
Rice and seafood
Edible oils
Wheat

Analytes
As(III), As(V), arsenobetaine, dimethylarsinate, and
monomethylarsonate
Ethylmercury, methylmercury
As(III), As(V), methylarsonic acid, dimethylarsenic
acid, and arsenobetaine
Dimethylarsenic acid, monomethylarsonic acid, and
3-nitro-4-hydroxyphenyl arsenic acid
As(III), dimethylarsenic acid, and methylarsonic acid

Sample Treatment

Reference

UAE with a solution containing MeOH + HNO3

[43]

UAE with a solution of HCl + l-cysteine + 2-mercaptoethanol
UAE with enzymes (protease type XIV and α-amylase)

[45]
[42]

UA-DLLME with hexane (disperser solvent) and ammonium
formate buffer solution (extraction solvent)
Comparison of UAE and MAE

[41]

Note: Speciation analysis using LC–ICP–MS (species specific).
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Table 17.6
Examples of AFS Applications
Food

Analytes

Cereals, vegetables, and pulses
Cereals
Carrot, fish, meat, mushroom, and seafood
Soft drinks
Wine
Carrots, spinach, and onions
Edible marine algae
Seafood
Fish

As, Bi, Se, Sb, and Te
Sb and Te
As
As
Pb
Sb speciation
11 As species
As(III), As(V), monomethylarsonic,
and dimethylarsenic
Inorganic Hg, methylmercury

in meat, rice, seafood, fish, and vegetables using flow injection
online sorption coupled to HG–AFS (Figure 17.3); in this case,
a cigarette filter was used as the sorbent material [94]. After the
reduction of As(V) to As(III) using l-cysteine, the As determination was carried out using the system shown in Figure 17.3. In
the first step, tubings were filled with the sample and ammonium
pyrrolidine dithiocarbamate (APDC) solutions, forming the
As(III)–PDC complex, which was absorbed in the filter (placed
in the minicolumn). Then, H2O was pumped through the filter to
remove the residual matrix. Finally, HCl solution was pumped
to elute the analyte from the minicolumn and this solution was
mixed with KBH4 before entering the HG–AFS instrument. An
enrichment factor of 26 was achieved, although 22 mL of sample
solution were required.
In addition to the total content determination of several metals, HG–AFS has also been coupled to LC to perform speciation
analysis. In this way, the presence of 11 arsenic species was studied in algae samples after MAE with H2O2, using both anion and
cation exchange chromatography, followed by HG–AFS detection. Low concentration levels of the toxic dimethylarsenic acid
were detected, whereas high As(V) concentrations were found
in most of the studied algae [95]. In other works, the authors
made use of sequential injection analysis (SIA) before an HPLC–
HG–AFS system [96]. Thanks to the use of the SIA system, the
standard addition method could be automated and used to overcome sample matrix effects. The described system was applied
to the determination of As(III), As(V), monomethylarsonic, and
dimethylarsenic in seafood after UAE with deionized water.
Peristaltic pump A
KBH4
HCI

HG-AFS

H2O
Rotary
valve

Sample
Mini-column
(cigarette filter)

APDC
Peristaltic pump B

Figure 17.3 Online system for the determination of As using HG–AFS.
APDC: pyrrolidine dithiocarbamate.

Sample Treatment

Detection

Reference

Dry ashing
Ultrasound
Wet digestion (HNO3/HClO4)
Dry ashing
Dilution
Ultrasound
MAE with H2O
UAE with H2O

HG–AFS
HG–AFS
HG–AFS
HG–AFS
HG–AFS
LC–HG–AFS
LC–AFS
SIA–LC–AFS

[14]
[91]
[94]
[92]
[93]
[46]
[95]
[96]

MAE with HCl and NaCl

LC–CV-AFS

[97]

For Hg analysis, CV-AFS is usually employed [90,97].
Owing to its high vapour pressure at room temperature, Hg
can be measured without additional thermal energy. Therefore,
Hg vapor produced by reduction of the metal is directly swept
out of the reaction vessel using an argon carrier gas and introduced in the optical beam, where Hg atoms can be excited [90].
The coupling of LC and CV-AFS was also described for the
determination of inorganic Hg, and alkylated and arylated Hg
species in fish after MAE with HCl and NaCl as sample pretreatment [97].

17.4.5 Other Detection Techniques
In addition to the most commonly used detection techniques,
mentioned above, other detections have also been reported for
the determination of metals in food samples, many of them utilizing flow methodologies. The use of automated flow methodologies introduces interesting advantages in the system, such as
high repeatability, lower consumption of reagents, high sample
throughput, and diminished wastes generation. The most widely
used flow systems are flow injection analysis (FIA) and SIA.
Both of them have been coupled to different detection techniques,
such as ultraviolet (UV)-visible spectroscopy, luminescence, and
voltammetry. The main advantages are their simplicity and low
cost. However, they can be applied only to some specific applications and a small number of metals, usually just one element
per method.
Immunoassays, such as enzyme-linked immunosorbent
assays (ELISAs), have been widely used for the determination
of small and large molecules, due to their rapidity, low-cost,
portability, and high sample throughput. Although they are
insufficiently used in the analysis of food contamination by
metals, some applications have been developed in the last few
years. For instance, a sensitive and specific ELISA was developed for the determination of Hg(II) in milk (after defatting
and deproteinization) and vegetables (after solid–liquid extraction with HNO3) [98]. Another enzymatic method was developed for the determination of Cu in beverages [99], based on
the variation of superoxide dismutase activity depending on Cu
concentration in the samples.
Spectrophotometric methods are less commonly used for metal
determination in complex matrices, due to their lower selectivity
and sensitivity. However, some flow methods have been recently
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Metals
Peristaltic
pump

Selection
valve
Holding
coil

Reaction
coil
Fluorimeter

Carrier
(acetate buffer pH 5.2)
Figure 17.4

Sample

DMSO

HQSA

Fluorometric flow injection determination of Sn. DMSO: dimethylsulfoxide; HQSA: 8-hydroxyquinoline-5-sulfonic acid.

described with this goal. The determination of total Fe was
achieved in vegetables, fruits, and bread, after wet digestion with
HNO3 [100]. The authors used a flow system to preconcentrate
Fe on a minicolumn packed with a new synthesized sorbent, and
the spectrophotometric measurement was performed after Fe
elution with HCl and proper derivatization. A sequential injection lab-on-valve system was also recently described for the analysis of Fe in wine samples, exploiting the bead injection concept
[101]. In this case, a small amount of beads was injected into the
flow channel, in which the beads were trapped and sample and
reagent solutions were injected. The reaction and measurement
took place and the beads were discarded, remaining the system
prepared for new determinations.
Fluorescence presents higher sensitivity than spectrophotometry, although the selectivity of derivatization reactions still
remains an issue to be taken into account. The fluorometric
determination of Sn in juices of canned fruits using a sequential
injection system [102] and the determination of copper in rice,
tea, and tomatoes with stopped-flow injection [103] have been
described. The former was based on the complexation of Sn with
8-hydroxyquinoline-5-sulfonic acid (HQSA) after suitable dilution of the juices, whereas the latter used the reaction between
thiamine and Cu(II) to form fluorescent thiochrome. The manifold used for the determination of Sn [102] is shown in Figure
17.4. The procedure began by the aspiration of dimethylsulfoxide
(DMSO), sample, and HQSA solutions; then, by flow reversal,
the aspirated zones were propelled to the fluorimetric detector
and the analytical signal was measured.
Finally, voltammetry is also used for the determination of trace
quantities of toxic metals in foodstuffs mainly due to its high
precision and to the possibility of determining several trace elements at the same time in one mineralizate sample. Voltammetry
has been successfully applied to the analysis of flour [104], rice
[105], vinegar [106], and fish, soup, and tea [107], among other
foods. The determination of Cr(VI) was based on a catalytic
adsorptive-stripping voltammetry procedure using rubeanic
acid as the complexing agent [106]; high selectivity and sensitivity were observed in this method. The sequential voltammetric
determinations of Hg(II) and Cu(II) at the gold electrode, and of
Cu(II), Pb(II), Cd(II), and Zn(II) at the hanging mercury drop
electrode by square anodic-stripping voltammetry were also
recently developed [104].

17.5 Conclusions
The main sample treatments consist of dry and wet ashing, slurry
sampling, DSS, and UAE, being microwave digestion, the most
important approach used among wet-ashing techniques. From
our point of view, the intrinsic favorable characteristics of microwave digestion, together with the improvements in the available
equipment, make this sample treatment the most important one
these days. In addition, the possibility of MAE may increase the
use of this approach in the future for speciation studies, making microwave equipments the clear choice in modern analytical
laboratories. As detection techniques, AAS, ICP–OES, ICP–MS,
and AFS, still remain as the most outstanding ones. Among them,
the most important advantages are shown by ICP–MS, especially
high-resolution instruments. Although their cost remains as the
main handicap when discussing implementation in an analytical
laboratory, this inconvenience may be overcome in the future,
and ICP–MS became the clear choice when analyzing metals in
foodstuffs.
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18.1 Introduction
Genetic engineering technology is an efficient way to improve
organisms, overcoming the barrier of reproduction isolation across unrelated species. Genetically modified organisms
(GMOs) refer to organisms in which the genetic compositions
have been changed in a way that does not happen naturally
(European Commission 2001). To date, many kinds of GMOs
including microorganisms, animals, and plants have been created and applied, particularly, genetically modified (GM) crops
have been widely planted. In 2012, globally about 170.3 million
hectares of GM crops were planted in 28 countries, and a total
of 59 countries authorized 319 GM events as food or feed as well
as the release into the environment (James 2013). A total of 2497
regulatory approvals have been officially issued, among which
1129 are relative to food use (James 2013).
As the commercialization of GMOs, there have been controversies globally regarding food safety, environmental risk, and
ethical concerns on GMOs. To ensure the right of consumers to
known and selected GM or non-GM foods, more than 60 countries and regions issued regulations for labeling GMO-derived
products. These labeling regulations can be categorized as voluntary (e.g., the United States, Canada) or mandatory (e.g., Australia,
European Union [EU], and China) (China Order 10 2002;

European Commission 2003; Gruère and Rao 2007; Michelini
et al. 2008) (Table 18.1). The labeling threshold was also required
in different countries and areas, such as in European countries,
and any food or feed containing more than 0.9% of GMO ingredients should have mandatory labeling based on the precautionary
principle (European Commission 2003). Accordingly, the development of reliable detection methods for screening, identifying,
and quantifying the presence and the amount of GMOs in products is essential for the enforcement of GMO-labeling regulations.

18.2 Detection Methods of GMOs
The detection methods for GMOs are mainly based on two types
of targets: transgenic deoxyribonucleic acid (DNA) and the
expressed novel protein(s) encoded by the introduced DNA(s).
Currently, hundreds of GMO detection methods either based
on DNA detection such as polymerase chain reaction (PCR)
and microarrays, or based on protein detection such as enzymelinked immunosorbent assays (ELISAs) have been reported
(Dong et al. 2008; GMDD, 2013; GMOMETHODS, 2013; Zhang
and Guo 2011). Unlike protein-based techniques, DNA-based
methods are able to directly detect the target DNA, even in most
processed samples, and with a relatively low limit of detection
(LOD) (Zhang and Guo 2011). In this chapter, the current existing
355
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Table 18.1
Labeling Regulations in Several Major Countries or Regions
Country/
Region

Labeling
Type

Product/
Process

Threshold
Level

China
European
Union
Korea

Mandatory
Mandatory

Process
Process

None (0%)
0.9%

Mandatory

Product

3%

Japan

Mandatory

Product

5%

Australia

Mandatory

Product

1%

Canada
Argentina
United States

Voluntary
Voluntary
Voluntary

Product
Product
Product

5%
No
No

Regulatory Bodies for GMOs
Ministry of Agriculture, PRC
European Commission; Council Parliament; and European Food
Safety Authority
Ministry of Agriculture and Forestry; The Korea Food and Drug
Administration
Ministry of Health, Labour and Welfare; Ministry of Agriculture;
and Forestry and Fisheries
The Office of the Gene Technology Regulator; Food Standards
Australia New Zealand
Canadian Food Inspection Agency; Health Canada
National Advisory Commission on Agricultural Biotechnology
U.S. Department of Agriculture; Environmental Protection
Agency; and Food and Drug Administration

methods, techniques, and recent developments used for screening, identification, and quantitation of GMOs are reviewed.

18.3 DNA-Based GMO Detection Methods
and Applications
Raw materials or processed products containing detectable
DNA of GMOs can be identified by detecting for the presence
of the introduced exogenous DNA (Michelini et al. 2008). DNAbased methodologies are ideal for GMO detection because of
their versatility (from screening to identification), specificity,
high throughput, and their requirement for even small amounts
of testing materials (Prins et al. 2008; Zhang and Guo 2011).
In EU, the only analyte used so far for legal purpose regarding
GMO detection is DNA (Holst-Jensen et al. 2006). When applying DNA-based detection methods, factors such as specificity,
sensitivity, matrix effects, availability of the certified reference
material (CRM), the use of the endogenous reference gene, and
so on, need to be taken into consideration (Michelini et al. 2008).

18.3.1 DNA Extraction and Purification
The quality and quantity of the extracted DNA determine the
successful applicability of a DNA-based method in GMO detection and quantification. The method used for extraction and purification of DNA from sample matrices is of critical importance
for DNA-based analysis. The first step of DNA extraction is to
prepare samples, and a suitable sampling procedure should meet
the statistical requirement implicated in each step of the sampling
procedure. The sample used for analysis in the testing lab should
be large enough to be fully representative of the food or feed
products. The extraction of DNA from samples generally requires
cell lysis, inactivation of cellular nucleases, and separation of the
desired nucleic acid from cellular debris. Common lysis procedures include mechanical disruption (e.g., grinding), chemical
treatment (e.g., detergent lysis), and enzymatic digestion (e.g., proteinase K) (ISO 21571:2005). After cell lysis and nuclease inactivation, cellular debris may easily be removed by purification.

To date, the commonly used DNA extraction techniques are
detergent-based methods and commercially available kits, such
as the cetyltrimethylammonium bromide (CTAB) method (Doyle
1987), sodium dodecyl sulfate (SDS) method (Dellaporta et al.
1983), DNeasy Plant Mini Kit (Qiagen), and Wizard Genomic
DNA Purification Kit (Promega) (Demeke and Jenkins 2010;
Gryson 2010). The detergent-based CTAB and SDS methods
have been validated by the Community Reference Laboratory
for GM Food and Feed (CRL-GMFF 2007, 2009). Most commercially available kits and published protocols utilize detergent,
with the short extraction time and efficiency of DNA extraction;
however, they are more expensive. Different extraction methods
have a great difference on DNA yield and/or PCR amplification
efficiency (Demeke and Jenkins 2010). The effects of the different
DNA extraction techniques for the amplification of the target DNA
or the role that extraction methods playing in DNA amplification
have been discussed, and there is no “universal” method used for
a wide variety of sample matrices (Cankar et al. 2006; Corbisier
et al. 2007; Di Bernardo et al. 2007). To obtain the highly purified DNA free from inhibitors, DNA extraction methods should be
carefully selected and optimized for each sample matrix.

18.3.2 Taxon-Specific (Endogenous) Reference Gene
and Reference Materials
The availability of a suitable taxon-specific reference gene is a
fundamental requirement for an internal or comparative control
for GMOs analysis as well as for the identification of target taxon
ingredients in mixed samples (Chaouachi et al. 2007; Guo et al.
2009). Moreover, in real-time quantitative PCR (RT-qPCR) analysis of GMOs, a taxon-specific reference gene is frequently used
for determining the amount of the target taxon-derived genomic
DNA. GM contents (%) are calculated by the ratios of specific
GMOs target sequence with respect to taxon-specific reference
gene sequence. According to the requirement of GMOs quantification, an ideal taxon-specific reference gene should meet these
three factors: taxon specific, no allelic variation among various
cultivars, and low or stable copy number in the haploid genome
(Guo et al. 2009). Till now, a number of endogenous reference
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Table 18.2
Taxon-Specific Reference Genes Used in GMO Detection
Taxon-Specific Reference Genes
Zein, zSSIIb, high-mobility-group protein
(hmg-A), Invertase 1 (Ivr1), and alcohol
dehydrogenase 1 (Adh1) genes for maize
Lectin gene for soybean
Acetyl CoA carboxylase (BnACCg8),
cruciferin, and high-mobility-group protein
(Hmg I/Y) genes for rapeseed
Apx, metallo-carboxypeptidase inhibitor
(Mcpi), and putative protein 18 kDa (Lat52)
genes for tomato
Stearoyl-ACP desaturase (Sad1) gene for cotton
Chymopapain and papain genes for papaya
Sucrose-6-phosphate synthtase (SPS), gos9,
and Oryzain β genes for rice
Uridine diphosphate (UDP)–glucose
pyrophosphorylase (UGPase), and metallocarboxypeptidase inhibitor (Pci) genes for
potato
γ-Hordein, serine/threonine protein kinase
(Pkaba1), and acetyl CoA carboxylase1
(Acc1) genes for barley
Serine/threonine protein kinase (Pkaba1),
RALyase, and waxy-D1 genes for wheat
11s storage protein (helianthin) gene for
sunflower
Adenylate transporter (ant) gene for sugar beet

Reference
Hernandez et al. (2004);
Yoshimura et al. (2005)
Hernandez et al. (2005)
James et al. (2003); Weng
et al. (2005)
Hernandez et al. (2003);
Mason et al. (2002);
Yang et al. (2005a)
Yang et al. (2005b)
Goda et al. (2001); Guo
et al. (2009)
Ding et al. (2004);
Hernandez et al. (2005)
Hernandez et al. (2003);
Watanabe et al. (2004)

Hernandez et al. (2005);
Rønning et al. (2006)
Hernandez et al. (2005);
Iida et al. (2005);
Rønning et al. (2006)
Hernandez et al. (2005)
Chaouachi et al. (2013)

systems for GMO detection have been reported, as shown in
Table 18.2 (Zhang and Guo 2011). Among these various endogenous reference gene detection systems, the nucleotide stability and amplification performance of each have a difference.
Papazova et al. (2010) evaluated the reliability of eight existing
maize reference assays, and found that assays targeting to Zein
and Starch synthase (SSIIb) genes are highly reliable in terms
of nucleotide stability and PCR performance. Wang et al. (2010)
compared the applicability of four endogenous rice reference
genes, and showed that the SPS and ppi-PPF genes and their
assays are applicable for being used as rice endogenous reference assays due to their better quantification consistency and
less sequence variation among cultivars. Therefore, the international collaborative efforts for validation and harmonization of
an endogenous reference system are necessary (Jiang et al. 2009;
Yang et al. 2008a).
To comply with GMO-labeling regulations, reference materials are required as a calibration or quality-control material in
GMO detection. Generally, the labeling threshold in most countries (usually from 0.9% to 5%) for GMO events in legislation has
been widely expressed as the ratio of mass/mass or DNA copy,
but the available methods for GMO quantitation mainly depend
on the copy number calculations, which should be converted into
mass/mass expression (Rodríguez-Lázaro et al. 2007). For such
purposes, some countries/regions such as EU, United States,
China, Japan, and so on strengthen the research and development of reference materials. To date, the commercially available

reference materials for GMOs are commonly matrix CRMs.
The JRC Institute for Reference Materials and Measurements
(IRMM: http://irmm.jrc.ec.europa.eu/) and the American Oil
Chemists’ Society (AOCS: http://secure.aocs.org/crm/) are the
two major developers of CRMs for GMO detection. Genomic
DNA, extracted from these materials, can be used as a calibration material in quantitative measurements or for qualitycontrol purposes. The IRMM has produced the first powdery
GMO CRMs in cooperation with the Institute for Health and
Consumer Protection (Ispra, Italy). Chinese institutions such
as Development Center of Science and Technology, Ministry of
Agriculture, and National Center for Molecular Characterization
of Genetically Modified Organisms, in Shanghai Jiao Tong
University (SJTU) collaboratively develop reference materials
suitable for GMO analysis. Until now, many CRMs for GMO
detection have been developed by IRMM, AOCS, and Chinese
institutions. However, CRM has some limitations in practical
application, such as the inadequate availability of GM crop materials, limited quantitative ranges, and high costs. Moreover, the
production of CRMs is an extremely complex, time-consuming,
and expensive process (Debode et al. 2010). Therefore, reference
molecules usually referring to plasmid DNA containing cloned,
junction-specific, and endogenous sequences as calibrators have
been developed as an alternative of the conventional reference
material (Li et al. 2009; Lievens et al. 2010; Meng et al. 2012;
Yang et al. 2007; Zhang et al. 2008). Some interlaboratory trials
showed that plasmid DNA is a cheaper and more flexible alternative of the reference material for practical identification of GMOs
in DNA-based detection methods (Caprioara-Buda et al. 2012;
Meng et al. 2012).

18.3.3 Detection Strategy of DNA-Based Methods
DNA-based methods for the detection of the presence of GMOs
are mainly based on the specific amplification of the DNA fragment of the transgenic insert, which is composed of a promoter,
a coding sequence (trait), and a terminator (Figure 18.1). On the
basis of their detected targets, the detection strategy of DNAbased methods are classified into four types, namely, screeningspecific, gene-specific, construct-specific, and event-specific
methods (Holst-Jensen et al. 2003).
Targets used in the screening methods generally are common
regulatory elements of the transgene in GMOs, such as P-35S
(CaMV 35S promoter), T-35S (CaMV 35S terminator), and
T-Nos (terminator of the nopaline synthase gene). The aim of the
screening analysis is to qualitatively determine whether a sample
contains GMOs. Since screening methods cannot distinguish
the common regulatory elements existing in natural (non-GM)
donors (such as viruses, bacteria, and plants) from their resulting
GMOs, they cannot identify the GMO event, and the positive
samples by screening analysis need to further assays of the presence of specific GMO event(s).
Gene-specific method targets to sequences within a specific
transgene. A positive signal usually represents the presence of a
specific gene in the sample (Holst-Jensen et al. 2003). Constructspecific method detects the the junction between the commonly
used element sequence and the transgene itself, allowing the
identification of the presence of a specific transgene construct.
Event-specific PCR specifically identifies the transgene event
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Figure 18.1 A scheme showing a typical transgene construct and four types of PCR-based assays targeting to different DNA fragments. (a) Screeningspecific detection; (b) gene-specific detection; (c) construct-specific detection; and (d) event-specific detection. The arrows indicate the primer pairs targeting
to particular sequences around and within the transgene inserts.

PCR, an in vitro biochemical technique used to enzymatically
amplify special DNA sequences, is the most common technique
for analyzing the presence of DNA in samples (Holst-Jensen
2009). The key elements in the PCR process include oligonucleotide primers binding specifically to the target sequences,
dNTPs (four nucleotide triphosphates), a heat-stable polymerase,
and magnesium ions in the buffer (Saiki et al. 1985). Generally,
PCR consists of consecutive cycles of three different temperatures: at a high temperature such as ~94°C for denaturation of
the double-stranded DNA, when the temperatures decreases to
a lower value such as 50°C–65°C, primers anneal to the singlestrand DNA template and at an optimal temperature for the DNA
polymerase, the DNA is newly synthetized using the single DNA
strand. After the repeated cycles for 20–50 times, a specific target DNA fragment can be amplified a millionfold. According to
detection purposes, PCR can be performed qualitatively or quantitatively, including singleplex PCR, multiplex PCR, competitive
PCR, RT-qPCR, and so on (Michelini et al. 2008; Zhang and
Guo 2011).

18.3.4.1 Qualitative PCR-Based Detection
In GMO detection, qualitative PCR technologies are largely used
for screening and/or identifying single or multiple transgenic
DNA fragments, including singleplex PCR, multiplex PCR,
nested PCR, and so on. Owing to the rapid increase of authorized GM events, there is a need to increase the throughput of
GM detection. Multiplex amplification is one of the preferable
choices, in which several primer pairs are included to permit the
simultaneous detection of multiple targets. Such systems dramatically improve the cost and time efficiency of GMO detection. Generally, the qualitative PCR amplification products were
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Figure 18.2 AGE detection of PCR products. Lane M: DNA marker
standards; lane 1: no template control; lanes 2–9: PCR products amplified
by eight singleplex PCR reactions, respectively; and lane 10: PCR product
amplified by one multiplex PCR reaction.

directly distinguished by size in agarose gel electrophoresis
(AGE) with ethidium bromide staining (Figure 18.2). Randhawa
et al. (2009) developed a multiplex PCR assay for six selection
marker or reporter genes (AadA, Bar, Hpt, NptII, Pat, and UidA)
in GMOs. Onishi et al. (2005) and Shrestha et al. (2008) respectively reported the application of the multiplex PCR assay for
the simultaneous detection of up to eight events of GM maizes
within a single reaction.
The sensitivity and resolution of AGE, however, are relatively
low because the assay requires the amplicons with apparent differences in size and a long separation time. Recently, the combination of PCR and capillary gel electrophoresis (CGE) was
developed for simultaneous detection of multiple DNA targets
(Figure 18.3). The CGE assay provided the higher resolution and
16.0
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Samples
Int. cont.

18.3.4 PCR Methods for GMO Detection

M

Rel. FI. units (RFU. × 1E-001)

based on the unique 5′ or 3′ integration flanking sequences with
high specificity. Event-specific PCR methods represent the legal
basis in the authorization of a GMO for commercial use as food/
feed in the EU and China. The authority requires the notifier
to provide an event-specific detection method for GMOs to be
approved together with its corresponding control sample. The
provided method is then interlaboratory validated under supervision of the EU Reference Laboratory for GM Food and Feed
(EURL-GMFF) with the help of the European Network of GMO
Laboratories (ENGLs). Finally, EURL-GMFF publishes these
validation results together with method details on the website
(http://gmo-crl.jrc.ec.europa.eu/). In China, the submitted methods are generally optimized and each species generally employs
only one endogenous reference gene to avoid the excess of work
caused by different reference genes used in one plant species.
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Figure 18.3 CGE detection of PCR products. PCR products were loaded
onto a capillary in a sequencer device showing different peaks determining
different PCR product sizes.
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the detection capability compared with AGE, and the sample
separation time was shorter (Querci et al. 2010). Recently, Nadal
et al. (2006, 2009) reported the development of multiplex PCR–
CGE with the amplicon identification by size and color for the
simultaneous detection of five maize targets (four GM maizes
and reference gene Adh1) and six cotton targets (five GM cottons and reference gene Acp1). All the targets were labeled during PCR by using suitable fluorescent dyes such as 6-carboxy
fluorescein, tetrachloro-6-carboxy fluorescein, and hexachloro6-carboxy fluorescein. Amplicons of similar sizes were labeled
with different dyes. The method can be automated with a high
sensitivity (0.1%), allowing the identification of amplicons differing in size by as few as 2 bp.
To increase the degree of multiplexing for the detection of
the maximum number of GMOs with improved sensitivity and
robustness (Zhang and Guo 2011), a microdroplet-based PCR
technology was developed, in which the template DNA molecules are segregated in millions of microdroplets in a water-inoil (w/o) emulsion (Tewhey et al. 2009). Each template molecule
is amplified individually in the microdroplet, alleviating the
critical drawbacks of conventional multiplex PCR (Williams
et al. 2006). Recently, Guo et al. (2011) reported a novel combined approach, based on the multiplex microdroplet PCRimplemented capillary gel electrophoresis (MPIC), allowing for
massively parallel singleplex amplification of complex target
sequences. In MPIC reaction, each target DNA is preamplified
by multiplex PCR over a few cycles employing bipartite primers
with the same set of universal sequence tails. Subsequently, the
preamplification DNA products are used as templates in the next
universal microdroplet PCR amplification. In this second step,
only one universal primer pair targeting to both universal tail
sequences is included in the microdroplet PCR system containing millions of independent emulsified microdroplets. In other
words, each single-template DNA molecule is theoretically compartmentalized in an individual emulsion droplet, and therefore,
single-molecule PCR amplifications are performed in parallel.
This way, the multiple DNA target molecules could be coamplified with high efficiency and throughput in microdroplet PCR.
Finally, the microdroplets are pooled and the resulting products
are purified and analyzed by CGE based on the different DNA
sample sizes. Using genetically GMO analysis as a model, 24
DNA targets can be simultaneously detected with a relative LOD
of 0.1% (w/w).

18.3.4.2 Quantitative PCR-Based Detection
The detection of GMOs not only requires the identification of the
presence of authorized and unknown GMOs, but also to quantify the content of the specific GM event to comply with legal
regulations. Generally, the purpose of GMO quantification is to
calculate the percentage of GMO material among the sample.
Currently, there is no unambiguous agreement upon the measurement unit (DNA copy number) for the quantification of GMOs
in food products in Europe (Trapmann et al. 2010). The earlier
piece of legislation fixed a threshold of 0.9% for GMO events
approved within Europe and the unit was on the mass fraction
of GMOs (Holst-Jensen and Berdal 2004). However, a later recommendation suggested the application of GM DNA copy number compared with target taxon-specific DNA copy numbers,

calculated in terms of haploid genomes (European Commission
2004). For GMO quantification, GMO event-specific sequence
and a taxon-specific reference gene sequence should be tested.
The percentage of GM DNA copy number in relation to taxonspecific reference gene copy number gives the relative GMO
content of the sample. There are mainly two GMO quantification approaches, namely, double competitive quantitative PCR
(DC-qPCR) (García-Cañas et al. 2004; Mavropoulou et al. 2005)
and RT-qPCR (Buh Gasparic et al. 2008). The later one is widely
used in practical analysis.

18.3.4.2.1 Double Competitive Quantitative PCR
The early quantitative PCR tests were based on DC-qPCR, which
was developed to overcome the fluctuations of amplification efficiency. In DC-qPCR, each target sequence was coamplified with
a competitive synthetic DNA internal standard (DNA competitor), and the competitor resembles the target DNA and shares the
same primers (Ahmed 2002; Mavropoulou et al. 2005). The ratio
of the amplified products of the target and the internal standard
represents the ratio of their initial amounts in the sample. From
this point of view, DC-qPCR absolutely quantifies both GMOspecific sequence and the reference gene. A major disadvantage
of DC-qPCR is the low throughput since it requires titration of
each sample with the competitor followed by electrophoresis.
However, the latest introduction of capillary electrophoresis and microtiter well-based hybridization assays has effectively improved the high throughput and multiplexing ability of
DC-qPCR. Mavropoulou et al. (2005) proposed a high-throughput alternative of the double quantitative competitive-polymerase
chain reaction (QC-PCR) for GMOs, in which electrophoretic
separation and densitometry of PCR amplicons are replaced by a
rapid bioluminometric hybridization analysis in microtiter wells.
The amplified fragments are then hybridized with specific probes
and captured on a universal solid phase to achieve simplicity and
high throughput. The hybrids are detected by a bioluminometric
assay using a streptavidin–aequorin conjugate.
Another high-throughput approach was developed by
Kalogianni et al. (2007) and this method is a multiplex QC-qPCR
amplification on the basis of a multiple-analyte hybridization
performed on spectrally encoded microspheres. In this method,
commercialized microspheres stained with precise amounts of
two spectrally distinct fluorophores are employed. Microsphere
sets are individually coupled with oligonucleotide probes specific for DNA targets and competitors. Following multiplex PCR,
biotinylated PCR products are heat denatured and hybridized
with complementary probes containing the attached fluorescent
microspheres. The hybrids can be detected by a streptavidin–
phycoerythrin conjugate. A variety of microspheres are analyzed
by flow cytometry using two lasers: A 635-nm laser line for classification of the microspheres, and a 532-nm line for detection
of the interrogated DNA sequence. The sizes of PCR products
are identical to those of their corresponding DNA competitors,
which surpass electrophoretic methods. The established method
dramatically simplifies QC-PCR and enhances its throughput
with a sensitivity of approximately 500 copies for each target.

18.3.4.2.2 Real-Time Quantitative PCR
RT-qPCR was first developed in 1992 (Higuchi et al. 1992), and
because of the high sensitivity and specificity, the reproducibility
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Figure 18.4 RT-qPCR analysis. Amplification plots are generated by
plotting the fluorescent signal from each sample against the cycle number;
therefore, amplification plots represent the accumulation of the product during the real-time PCR experiment. The reference samples used to generate
the plots are a dilution series of the target DNA sequence.

of data, and less labor intensity, it has been a golden standard
method for nucleic acid quantification (Elenis et al. 2008). In contrast to DC-qPCR, RT-qPCR allows for the real-time monitoring
of the amplification reaction through the fluorescent signal as the
increased amount of PCR products at each reaction cycle (Figure
18.3). The quantification is calculated by comparing the number of cycles of the amplification threshold to the cycle number
of target DNA copies in a sample at the logarithmic phase during the PCR amplifications (Figures 18.4 and 18.5). Generally,
the length of target molecules in real-time PCR assays are in
the range of 60–200 bp, which allows its applicability for testing processed foods (Gryson 2010). Currently, a number of PCR
fluorogenic signal reagents have been developed for the quantitative purpose, TaqMan®/minor grove binder (MGB) probes and
SYBR Green I are the most commonly used RT-PCR chemistry
(Buh Gasparic et al. 2008, 2010). Other types of chemistries suitable for RT-PCR include fluorescence resonance energy transfer (FRET) probes (Wittwer et al. 1997), LNA (locked nucleic
acid) probe (Salvi et al. 2008), Plexor technology (Buh Gasparic
26
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et al. 2008), light upon extension (LUX) probe (Nazarenko
et al. 2002), molecular beacons (Andersen et al. 2006) and their
derivatives (Amplifluor, Sunrise, and Scorpion primers) (Li et al.
2002; Thelwell et al. 2000; Whitcombe et al. 1999), universal
template (UT) probe (Zhang et al. 2003), and so on. The amplification efficiency, specificity, sensitivity, and the applicability of
many real-time PCR chemistries were compared and evaluated:
none of them seemed to be significantly better than others, but
LNA and MGB probes are good alternatives to TaqMan because
they can be used for a much shorter DNA fragment with a higher
sensitivity (Buh Gasparic et al. 2010).
With the development of detection technology, multiplex
TaqMan quantitative PCRs have been recently reported. Yang
et al. (2008b) reported a novel set of fluorescent signal device
named attached universal duplex probes (AUDPs) that detect different target DNA sequences in duplex PCR assays with a higher
fluorescent intensity. Moreover, amplified target DNA fragments
as long as 1.5 kb can be detected with high efficiency. A hexaplex
RT-PCR assay has recently been reported by Bahrdt et al. (2010),
and this assay comprises detection systems for CaMV35S promoter, NOS terminator, FMV34S promoter, two construct-specific sequences in the novel GM soybean and maize, and internal
positive control (IPC).
Van den Bulcke and coworkers (2010) developed another simplex RT-qPCR-based approach “Combinatory SYBR®GREEN
qPCR screening” (abbreviated as “CoSYPS”). CoSYPS is a
matrix-based method for testing GMOs. The CoSYPS decisionsupport system (DSS) interprets the analytical results according
to four parameters: the Ct value, Tm value of the amplicon, and
the LOD and limit of quantitation (LOQ). CoSYPS represents
a novel RT-qPCR good manufacturing practice (GMP) analysis
approach on the basis of SYBR®Green method, supported by a
matrix-based interpretation of the analytical data.
Recently, the “RT-qPCR based ready-to-use multitarget
analytical system” allowing simultaneous identification of all
EU-authorized GMOs based on TaqMan RT-PCR was developed
by Querci et al. (2010). The system consists of 96-well prespotted
plates containing lyophilized primers and probes for the individual detection of targets, allowing simultaneously identifying
39 GM events, and reducing laboratory efforts.

5

Figure 18.5 A standard curve generated from the amplification data
given in Figure 18.4. A standard curve showing threshold cycle (Ct) on the
y-axis and the starting quantity of DNA target on the x-axis. Correlation
coefficient (R2) values are employed for evaluating the performance of PCR
reaction. The initial starting amount of the target template in the sample
can be obtained by the linear regression equation (y) of the standard curve.

When quantitative analysis is required, the use of RT-qPCR is
preferred because of its accuracy and precision. However, the
limitations in its use for detecting a very low number of DNA targets or the influence from some inhibitors present in samples has
led to new developments such as the digital PCR (Corbisier et al.
2010). Digital PCR is first presented in 1999 (Vogelstein and
Kinzler 1999). With the development of analytical technology,
it is now a new and stable approach for nucleic acid quantitative
detection. Digital PCR is a method of absolute quantification different from conventional qPCR, it is free of reference standards,
or endogenous controls (Pohl and Shih 2004). Through limiting
dilutions and partitioning a DNA sample into many individual
PCR reactions, digital PCR can quantify the absolute number of
targets present in the sample. The work flow includes: (1) Prepare
and dilute the sample in large multiples, to make sure the partitions contain zero, one, or more copies of the target nucleic acid;
(2) proceed the PCR reaction, which is the same as qPCR; and
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(3) analyze the data: After end-point PCR amplification, each
partition is scrutinized and defined as positive (“1,” presence of
the PCR product) or negative (“0,” absence of the PCR product),
hence the term “digital.” The absolute number of target nucleic
acid molecules contained in the original sample before partitioning can be calculated directly from the ratio of positive to total
partitions, using binomial Poisson statistics.
Currently, there are two commercially available digital PCR
systems (Pinheiro et al. 2012), namely, chamber digital PCR
(cdPCR) and droplet digital PCR (ddPCR). All of them distribute the DNA sample into nanoliter (nL) reactions. The main area
where dPCR has shown potential in GMO analysis is absolute
quantification of target DNA sequences. Corbisier et al. (2010)
measured the amount of GM maize MON810 and high-mobility-group protein A gene (hmg) copies by digital PCR. The ratio
of the absolute copy numbers (MON810/hmg) determined by
digital PCR was found to be identical to the ratios measured by
RT-qPCR using a plasmid DNA calibrator. Burns et al. (2010)
investigated the applicability of digital PCR for the assessment
of the absolute limits of detection and quantitation in GMO
analysis. Digital PCR facilitates absolute single-molecule detection without the dependence on a calibration curve, and reduces
the associated matrix effects. Morisset et al. (2013) compare the
ddPCR and quantitative PCR, and found that ddPCR has a better
dynamic range and specificity.

18.3.5 DNA Microarray
To meet the requirement of simultaneous analysis of increasing GMOs, microarrays have been developed with the advantages of automation, miniaturization, and high throughput. The
microarray consists of glass supports with thousands of specific
oligonucleotide capture probes spotted in the array format on
their surface. The subsequent detection of the target(s) of interest labeled with a fluorescent marker is performed by direct
hybridization. Ultimately, the individual fluorescence intensity
of each spot on microarrays is scanned by a computer and the
resultant data are analyzed (Bordoni et al. 2005; Morisset et al.
2008).
The combination of nucleic acid amplification strategies with
microarray technology renders it high sensitivity. Several reports
on microarrays combined with multiplex PCR analyses showed
the effective screening or identification of GMOs by using fluorescent probes (Schmidt et al. 2008; Xu et al. 2007). Kim et al.
(2010b) developed an event-specific DNA microarray system for
the simultaneous detection of 19 GMOs in processed foods.
Germini et al. (2005) and Peano et al. (2005) showed the inclusion of short peptide nucleic acids (PNAs) as capture probes on
microarrays for testing GM food and feed matrices. The strategy of padlock probe ligation together with microarray detection (PPLMD) of multiple GMOs was developed by Prins et al.
(2008). Linear padlock probes targeting GMO events, screening elements, and plant species developed can hybridize to
their genomic target DNA and are visualized using microarray
hybridization. Furthermore, Morisset et al. (2008) developed
a novel multiplex quantitative DNA-based target amplification
method suitable for the combination with microarray detection
(NAIMA). This fast and simple integrated assay allows the quantification of GMOs on-chip with high sensitivity.

Nevertheless, the microarray analytical approach is relatively
expensive, complicated, and difficult in quantification compared
with PCR approaches, limiting its extensive availability. Owing to
its high-throughput capacity, microarray technology is mainly used
in screening GMOs, and in discriminating authorized or unauthorized GMOs in a very comprehensive manner (von Götz 2010).

18.3.6 Loop-Mediated Isothermal Amplification
Loop-mediated isothermal amplification (LAMP) is one isothermal amplification technique for nucleic acids developed by
Notomi et al. (2000). The LAMP assay is carried out using Bst
DNA polymerase large fragment (New England Biolabs) with
strand displacement activity under isothermal conditions ranging from 60°C to 65°C within 1 h. It includes the use of four
different specially designed primers that can recognize at least
six independent target DNA sequences, providing higher specificity of amplification than the conventional PCR assay. The
LAMP products typically display ladder-like pattern and can be
judged by AGE or real-time monitoring (Mori et al. 2001). In
addition, using SYBR Green I dye, the amplified products can
be directly detected by the naked eye instead of the conventional
gel electrophoresis analysis (Iwamoto et al. 2003). Several modified LAMPs have been developed for detecting GM soybean and
maize (Chen et al. 2011, 2012; Guan et al. 2010; Kiddle et al.
2012). Compared with the classical PCR analysis, the LAMP
assay shows the advantages such as time-saving, low cost, or
simple procedures for result analysis. The system was successfully applied and validated in screening and identification of GM
rice, soybean, and maize samples (Zhang et al. 2013).

18.3.7 Biosensors
A biosensor captures real-time electrical signal change converted from the change into a physical property of the probe due
to the environmental change. A biosensor generally consists of a
recognition part and a transducer part (Figure 18.6) (Marmiroli
et al. 2008; Mueller and Steinhart 2007). The biosensor has been
applied in a variety of molecular reactions including proteinand DNA-based measurement with the advantages of simplicity,
quickness, and cost reduction. For DNA biosensor technology,
the single-strand oligonucleotide probes (recognition layer) used
as the capture probe attached to the sensor surface has been
widely used. Different DNA biosensor methods based on optical, electrochemical, and piezoelectric transduction have been
successfully established for analyzing GMO-related sequences
(Ahmed et al. 2009; Bai et al. 2010; Stobiecka et al. 2007). Recent
reviews summarized the application of sensors for GMO detection by comparing with PCR-based methods or LAMP (Elenis
et al. 2008; Marmiroli et al. 2008; Zhang and Guo 2011). Even
though biosensors cannot replace the use of quantitative PCR
for accurate determination, they can be applied for preliminarytesting samples (Marmiroli et al. 2008).
Surface plasmon resonance (SPR) is a typical optical biosensor in which the target DNA hybridizes the immobilized probe
attached to the sensor surface, causing a change in the refractive index of the solution near the surface. The change is linearly correlated with the amount of target DNA, allowing the
real-time monitoring of hybridization with a high sensitivity,
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Figure 18.6 Schematic diagram of a biosensor. A biosensor consists of a bioreceptor for the specific detection of the respective analyte in spatial contact
to a transducer for converting the signal into an electrically manageable format and a signal-processing unit.

good reproducibility, and low LOD (Elenis et al. 2008). Feriotto
et al. (2002) reported the first application of SPR-based assay for
GMO detection, Gambari and Feriotto (2006) showed the SPRbased assay for rapid (about 40 min), easy, and automated detection of GM Roundup Ready Soybean. The silicon-based optical
thin-film biosensor chips were also reported for GMO detection
by Bai et al. (2007, 2010).
Enzyme-based electrochemical sensors have been developed
using disposable oligonucleotide-modified screen-printed gold
electrodes. A thiol-tethered probe containing a –SH group is
attached to the gold surface. After being denatured, the PCR
products hybridize with a biotinylated probe in the solution, then
the solution moved onto the electrode, and allowed the hybridization with the immobilized probe (Elenis et al. 2008). Ahmed
et al. (2009) first reported a rapid GMO detection using the combination of LAMP and subsequent analysis of unpurified amplicons by an electrochemical sensor. This method does not require
the laborious probe immobilization, and amplification and detection are performed on a single device, reducing the possibility of
cross-contamination.
DNA sensors based on piezoelectric biosensors assay such
as quartz crystal microbalance (QCM) sensors have also been
reported as an effective alternative to gel electrophoresis and
traditional methods for GMO detection (Stobiecka et al. 2007).
QCM sensors have a quartz layer surface coated with gold electrodes. The PCR products in the sample solution recognize
the immobilized probe on the sensor surface, and this interaction can be monitored in a real-time manner. Mannelli et al.
(2003) developed two different protocols for immobilizing the
probe onto the quartz crystal surface: a thiol–dextran method

a
Capture
antibody

b
Target
antigen

and a thiol-derivatized probe and blocking thiol method. Both
approaches are applicable for the sensitive and specific test of
GMOs (Mannelli et al. 2003; Passamano and Pighini 2006).

18.4 Protein-Based Analytical Methods
and Applications
The detection of a novel protein expressed by a transgene provides
an alternative method for testing GMOs. Immunoassays are the
most common protein-based detection approach, in which antibodies with a high specificity are used in a colorimetric system
to detect target proteins (Holst-Jensen 2009). The availability of
the highly specific antibodies directed against the target proteins
is a prerequisite for the development of immunological detection
methods. It is worthy to note that the sample or the protein in the
immunoassay should not be significantly degraded or denatured.
To date, some immunoassay products are available, and the lateral flow devices (LFDs) and plate-based enzyme-linked immunosorbent assays (ELISAs) are the most widely used test formats
(Fantozzi et al. 2007; Grothaus et al. 2006).

18.4.1 Enzyme-Linked Immunosorbent Assays
For protein-based GMO detection, the preferable immunoassay
used is the sandwich ELISA (Figure 18.7). In this design, the target antigen in the sample is sandwiched between two antibodies:
a primary antibody, coated on a 96-well microplate, to capture
the target antigen and a secondary antibody, conjugated to an
enzyme such as horseradish peroxidase (HRP), to detect the

c

d
Enzymelinked
antibody

Colored
products
Substrates

Figure 18.7 Diagram of a sandwich ELISA. (a) 96-Well microplate was coated with capture antibody; (b) a specific target antigen was bound by the
capture antibody; (c) enzyme-linked secondary antibody bound to the target antigen; and (d) the substrate was converted by the enzyme (such as HRP) into
the colored product.
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presence of the captured antigen (Grothaus et al. 2006; Kamle
and Ali 2013). The coupled enzyme is able to convert the substrate into colored chemicals for quantification of target proteins
present in the sample. ELISA methods have been successfully
used for detecting proteins including CP4-EPSPS, PAT, NPTII,
and Bacillus thuringiensis (Bt) proteins expressed in GM crops
(Ermolli et al. 2006; Kamle et al. 2011, 2013; Kim et al. 2010a;
Raymond et al. 2010; Ruttink et al. 2010; Shim et al. 2007).

18.4.2 Lateral Flow Devices
LFDs are designed for the qualitative purpose of GMOs and a
typical LFD consists of a sample pad, a conjugate pad, a nitrocellulose membrane, and a wicking pad assembled on a thin
plastic backing (Figure 18.8, Grothaus et al. 2006). The device
contains one mobile, labeled detection antibody and two capture
antibodies (specific for the GM protein and untreated antibodies, respectively). When the sample is placed in the sample port,
the sample flows through capillary movement to the conjugate
pad, which contains labeled antibodies against the antigen (target
substance) conjugated to colored particles. If the antigen is present, it binds to the particle-conjugated antibodies. Subsequently,
the antigen–antibody–particle complex leaves the conjugate pad
and goes along with the membrane into the deviced antibodies
where the immobilized antigen-specific antibody (first capture
antibody) captures the complex, exhibiting a visible colored line.
Furthermore, the sample extract continues to flow up the membrane, and the excess detection antibodies are coupled to the
second capture antibody at the control zone. Regardless of the
presence or absence of the target antigen, the control line shows
colors, ensuring the testing quality of the device. The LFD assay
generates results as either “Yes” or “No” within 5–10 min, and
this method is easily handled for on-spot analysis with less cost.
In the past few years, several technologies have been developed
for quantitative, or higher-throughput detection using immunoassays in microarray formats or flow cytometry by colored beads
coated with the antibodies. Fantozzi et al. (2007) reported an innovative covalent microsphere immunoassay, based on the application
of fluorescent beads coupled to a specific antibody for the quantification of the endotoxin Cry1Ab present in GM maizes. To increase
the sensitivity with immunoassays, the immuno-PCR (IPCR)
method was developed and successfully used in the detection of
Bt protein with an increased sensitivity (Allen et al. 2006; Kumar
2012). The IPCR assay is found to be 10 times more sensitive
than sandwich ELISA. Other alternative protein-based methods,
Target
protein

Sample
pad

including immunomagnetic electrochemical sensors (Volpe et al.
2006), two-dimensional gel electrophoresis (Kim et al. 2006) mass
spectrometry (Ocaña et al. 2007), quantum dot-based fluorescencelinked immunosorbent assay (QD-FLISA) (Zhu et al. 2011), and
SPR (Zhao et al. 2013), were also used in the protein detection.
Compared to DNA-based methods, protein-based methods are
mainly applied as convenient, economical analytical tools for
the large-scale screening of the presence of GM materials, and
can be used in this field. However, protein-based methods have a
major drawback due to their unstable accuracy and precision in
complex matrices, so that they are not applicable for processed
foods because of the denaturation of proteins during processing.
In addition, the costs for developing highly specific antibodies is
high (Zhang and Guo 2011).

18.5 Detection of Unauthorized GMOs
The possible presence of unauthorized GMO in the food chain
is one of the main challenges we are facing today. With the
increasing development of international trade, some incidents
have demonstrated that unauthorized (or unknown) GMOs may
enter the market. Unauthorized GMOs are mainly grouped into
two categories: (1) GMOs authorized for commercialization in
some but not all countries or regions (the so-called asynchronous approval); and (2) GMOs that are not (yet) authorized in
any country or region. The former is most commonly reported
(Ruttink et al. 2010). The possible presence of unauthorized GM
food and feed poses a significant socioeconomic risk, which may
affect domestic supplies, international trade, reduce the trust in
the industry and authorities, or pose significant risks to human
and animal health and the environment (Holst-Jensen et al. 2012;
Michelini et al. 2008). For example, in 2006, an incident of the
widespread low-level contamination of the United States developed rice, event LL601, and caused about a 2-year import ban in
EU, Japan, Russia, and South Korea (Vermij 2006).
Owing to the lack of available information about the transgene
in unauthorized GMOs, it is a challenge to monitor and detect
them. Event-specific detection methods and reference materials are essential for discriminating an unauthorized GMO from
the authorized GMOs, but there are usually no official reference
materials available for unauthorized GMOs (Novak et al. 2009).
The screening strategy using the combined screening methods by comparing the results generated from the matrix table
(sometimes referred to as matrix approach, as in Table 18.3) is
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Figure 18.8 Diagram of an LFD. No signal on the control line indicates an invalid result, the presence of only one (control) line on the membrane indicates a negative result, and the presence of two lines indicates a positive result.
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Table 18.3
Matrix Description of the Authorized GM Crops in China, in 2013
Species
Maize

Soybean

Canola

Cotton

sugar beet

GMOs
Bt 176
Bt 11
Bt 11 × GA21
MON 810
TC1507
DAS59122
T 25
MIR 604
MON 88017
MON 863
NK 603
MON89034
GA 21
Event 3272
MON87460
GTS 40-3-2
MON 89788
A 2704-12
DP-305423
DP356043
CV127
MON87701
MON87701 ×
MON89788
GT 73
T 45
Topas19/2
Ms1 × RF1
Ms1 × RF2
Ms8Rf3
Oxy-235
MON 531
MON15985
MON 1445
MON 88913
LLCotton25
GHB614
H7-1

p35S
X
X
X
X
X
X
X
X
X
X
X

X
X

tNOS

pFMV

pNOS

t35S

nptII

X

bar

Cry1Ab

X
X

X
X
X
X

X

X
X
X
X
X
X
X
X
X
X
X
X
X
X

pat

Cry1Ac

gm-hra

CP4EPSPS

X
X
X
X
X
X

X

X

X
X
X

X
X

X

X
X
X
X
X

X
X

X

X
X

X
X
X
X
X
X

X
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thus considered as a useful way to reveal unauthorized GMOs
(Hamels et al. 2009; Holst-Jensen et al. 2012; Querci et al. 2010;
Ruttink et al. 2010). The numbers of GMOs and specific targets
included in the matrix can be flexibly changed according to the
available information, needs, and specific situations. However,
the conclusion for the presence of unauthorized GMOs can only
be indirectly inferred and is inconclusive in the matrix approach
due to the lack of specific identification of the particular GMO
event (Ruttink et al. 2010).
Crosses indicate the corresponding target is present in the
GMO; bar, Streptococcus viridochromogenes phosphinothricin-N-acetyltransferase; CP4-EPSPS, 5-enolpyruvylshikimate-3-phosphate synthase gene derived from Agrobacterium
sp. CP-4; Cry1Ab and Cry1Ac are coding regions of Bt

X

insect-resistance genes; gm-hra, encoding a modified version
of the soybean acetolactate synthase; nptII, encoding neomycin phosphotransferase II; pat, Streptococcus hygroscopicus
phosphinothricin-N-acetyltransferase; p35S and t35S, cauliflower mosaic virus 35S promoter and terminator; pFMV, figwort mosaic virus 35S promoter; pNOS and tNOS, and nopaline
synthase promoter and terminator derived from Agrobacterium
tumefaciens. Only the common GMO targets were listed in
Table 18.3. The information is referred to AGBIOS GM Crop
Database (http://www.cera-gmc.org/?action = gm_crop_database) and GMO Detection Method Database (GMDD) (http://
gmdd.shgmo.org/).
Cankar and coworkers (2008) reported another approach for
detecting unauthorized GMO by differential quantitative PCR
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using several common elements or genes (e.g., promoter, genes
of interest) in different GMOs. This approach may partially
improve the applicability of the matrix approach (Holst-Jensen
2009).
An advanced detection technology for unauthorized GMOs
was reported by Tengs et al. (2007) using a high-resolution
microarray method. The method is PCR independent, which
includes direct hybridization of fragmented genomic DNA with
25-nt probes covering both strands of a set of 235 vectors. The
approach allows the user to detect the presence of transgenic
sequences and get sufficient information for further characterization of unknown genetic constructs in samples. With the
increasing number of available sequences and the reduction of
DNA-sequencing costs, high-throughput sequencing and computational subtraction are also useful to identify transgenic cDNA
sequences from GM plants (Tengs et al. 2009).

18.6 Future Developments
To date, various protein- and DNA-based detection methods for
GMO screening, identification, and quantitation are available
(http://gmdd.shgmo.org/). Current testing methods are generally expensive and not applicable for in-field applications, or lack
sufficient capability to quantify the GMOs. As the increase of
approved GMO events, to exactly detect the presence/absence of
GM events is extremely time consuming, tedious, and expensive.
In the future, new alternatives and advanced methods allowing fast, multiplex, or high-throughput detection of GMOs will
be developed. In addition, international efforts for harmonization and standardization of methods for testing GMOs are also
essential.
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19.1 Introduction
Quality-related characteristics of food include external factors,
such as appearance (size, shape, color, gloss, and consistency),
texture and flavor, federal-grade standards, and internal factors
(chemical, physical, and microbial) (Pripp 2013). Food-quality
control is based on technological, physical, chemical, microbiological, nutritional, and sensory parameters. The food quality is dependent on a range of variables from the farm to the
dining table, including the quality of raw material, processing
techniques, packaging, and cooking (Parker 2003). Cooking is
an essential process for producing palatable food, which causes
complicated physicochemical changes in foods to enhance their
desirability after heat treatment (Gisslen 2010).
Foods have been heat treated for many centuries to modify
and preserve their organoleptic and nutritional properties. The
thermal food processing extensively used in food technology
may be classified as unit operations utilizing different processing
procedures such as blanching, cooking, drying, pasteurization,
sterilization, or thawing (van Boekel et al. 2010). These thermal processes can induce quality changes, such as flavor deterioration, texture softening, and color and vitamin destruction
(Delgado et al. 2012). The stability and shelf life of food products
are critical for their potential success in the market; food stability is thus a unique approach for understanding this critical area
based on an examination of the physicochemical and biochemical

factors affecting food quality (Nicoli 2012). The recent development of advanced thermal processing in the food industry faces
continuing challenges with the demand for enhanced food safety
and quality without damage to other desirable sensory and nutritional qualities (Delgado et al. 2012).

19.1.1 Thermal Food Processing-Induced
Food Chemical Reactions
Heat application is for preserving food through enzyme inactivation and microbial destruction and developing desirable and
beneficial sensory characteristics (color, flavor, and texture);
these advances have facilitated the production of new desirable
food items. Maintaining both quality and safety in thermal food
processing is challenging in food preparation. Dry heat cooking (frying, baking, roasting, broiling, and grilling) and moist
heat cooking (boiling, simmering, and steaming) are employed
depending on the required food properties (Gisslen 2010).
However, it may result in heat-induced extensive chemical reactions (Figure 19.1). The extent and variety of reactions may vary
as a function of many factors.
Thermal food processing can induce several biological and
physicochemical modifications, leading to sensory, nutritional,
and textural changes. Thermal treatments result in enhanced food
safety and quality. Table 19.1 provides a summary of the main
cooking methods and their physicochemical effects on the final
371
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characteristics of cooked food (EUFIC 2010). Thus, the cooking
technique has a substantial impact on the final sensory, nutritious,
and health properties of different foods (van Boekel et al. 2010).
Among the cooking methods, frying is a popular, well established,
inexpensive, rapid, and easy food preparation technique, which
has several types depending on the amount of fat/oil required,
cooking time, and cooking pan type (Ng et al. 2007; Quaglia et al.
1998). Frying modifies physicochemical and organoleptic properties of foods, producing a crispy texture, rich flavor, and aroma
associated with fried foods (Sánchez-Muniz et al. 2007).
Fried food quality depends on the oil and food types. Moreover,
frying conditions (oil temperature, volume, and frying time) and
food weight and thickness play important roles. Deep-fried food
has a major share in the food industry. Many physicochemical
alterations occur in foods while frying.

19.1.1.1 Selection and Quality of Frying Oil
To prevent degradation of oil during frying, the right oil must
be chosen. The quality of oil used in deep frying contributes

to the fried food quality (Bansal et al. 2010; Marmesat et al.
2007). Thus, the selection of stable, high-quality-frying oils is
important in preventing deterioration during frying and maintaining a high quality of fried foods (Choe and Min 2007; Paul
et al. 1997). Oil selection is generally based on price, quality,
flavor, oxidation susceptibility, functionality, and availability.
The effect of oil composition on oil uptake, by-product type,
and residues absorbed by deep-fried foods has been reported
by Blumenthal, who developed a “frying fat quality curve”
of frying oil for potato crisps (Blumenthal 1991). The curve
describes five stages of oil degradation: break-in, fresh, optimum, degrading, and runaway. To maintain the frying oil within
the “optimum region” of the curve, frequent or continual slow
replenishment of fresh oil during the frying process is advised
because it can effectively minimize the oil thermal oxidation
(Choe and Min 2007).
Frying oil is always heated to 170°C–220°C. Upon heating, oil
transfers heat and interacts with proteins and carbohydrates in
the food matrix, inducing favorable odor and taste. During frying, the complicated physicochemical and organoleptic properties (taste and odor) directly influence food quality and consumer
health (Aladedunye and Przybylski 2009; Ansorena et al. 2010;
Sánchez-Muniz et al. 2007). Frying oil may undergo chemical
reactions such as hydrolysis, oxidation, polymerization, isomerization, and cyclization, all highly dependent on the oil type
and quality (Velasco et al. 2008). Degradation products such as
free fatty acids, hydroperoxides, and polymerized triglycerides
with potential health hazards may form (Clark and Serbia 1991).
Various cyclic fatty acids with five- and six-membered rings are
formed by thermally induced intramolecular cyclization during
heating of vegetable oils at higher temperatures (Table 19.2).
These monocyclic, bicyclic, tricyclic, and polycyclic compounds
are potential sources of dietary toxicity (Kitts 2005; Romero
et al. 2006). The quality and taste of deep-fried foods are influenced by several factors, the most important being the choice
of a frying oil that should be stable at high temperatures and
resistant to rancidity induced by oxidized fatty acids in the oil
(Lalas 2008).

Table 19.1
Effects of Different Cooking Methods on the Physicochemical Properties of Cooked Foods
Cooking Method

Food Types

Frying

Meat, fish, eggs, and
vegetables

Baking

Bread, biscuits,
pastry, and cakes
Meat, vegetables, and
nuts

Roasting

Grilling

Boiling
Steaming

Meats, fish,
vegetables, fruits,
and bread
Rice, pasta, vegetables,
and pulses
Fish, vegetables

Chemical Processes

Cooking Effects

Maillard reaction, caramelization, polysaccharide degradation, loss
of pigmentation, protein denaturation, vitamin loss, undesirable, or
desirable compound generation
Caramelization, Maillard reaction, polysaccharide degradation,
protein denaturation, undesirable, or desirable compound generation
Caramelization, Maillard reaction, polysaccharide degradation, loss
of pigmentation, protein denaturation, vitamin loss, undesirable, or
desirable compound generation
Caramelization, Maillard reaction, polysaccharide degradation, loss
of pigmentation, protein denaturation, vitamin loss, undesirable, or
desirable compound generation
Polysaccharide degradation, loss of pigmentation, protein denaturation,
polysaccharide gelatinization, vitamin loss, and mineral loss
Polysaccharide degradation, loss of pigmentation, protein
denaturation, and vitamin loss

Color, flavor, texture, nutritional
composition, undesirable, or
desirable compound generation
Color, flavor, texture, undesirable,
or desirable compound generation
Color, flavor, texture, nutritional
composition, undesirable, or
desirable compound generation
Color, flavor, texture, nutritional
composition, undesirable, or
desirable compound generation
Color, flavor, texture, and
nutritional composition
Color, flavor, texture, and
nutritional composition

Source: Modified from http://www.eufic.org/article/en/expid/cooking-review-eufic/
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Table 19.2
Examples of Thermal-Induced Intramolecular Cyclization in Frying Oils and Fried Foods
Ingredients

Heating
Conditions

Degraded Products

Analytical Methods

References

Soybean oils

195°C ± 5°C

Cyclic monomers

GLC, GC–MS

JAOCS. 58: 779–784, 1981

Sunflower oil, linseed oil
Sunflower oil
Refined linseed oil

275°C
240°C–270°C
275°C

Cyclic fatty acid monomers
Cyclic fatty acid monomers
Cyclic fatty acid monomers

JAOCS. 64: 1026–1032, 1987
JAOCS. 66: 704–709, 1989
J Agric Food Chem. 44: 3193–3196, 1989

Sunflower oil/linoleic acid

275°C

Cyclic monoenoic fatty acids

Refined linseed oil

275°C

Cyclic fatty acid monomers

Linseed oil/linolenic acid

275°C

Cyclic dienoic fatty acids

Refined linseed oil

275°C

Cyclic fatty acid monomers

Frozen prefried potatoes

Cyclic fatty acid monomers

Food Res Int. 29: 109–116, 1996

Refined linseed oil
Sunflower oil/oleic acid

180°C, 200°C,
and 220°C
275°C
140°C–200°C

GLC, HPLC, and GC
GC–MS
GC–EI–MS,
GC–MI–FTIR
HPLC, GC–FTIR, and
GC–MS
GC–EI–MS,
GC–MI–FTIR
HPLC, GC–FTIR, and
GC–MS
GC–EI–MS,
GC–MI–FTIR
GLC, GC–MS
GC–EI–MS
GC, GC–MS, and HPLC

JAOCS. 73: 1317–1321, 1996
Chem Phys Lipids. 82: 101–110, 1996

Sunflower oil
Primrose oil/linolenic acid
Sunflower oil, linseed oil

Fry potato strips
275°C
>200°C

Cyclic fatty acid monomers
Monocyclic saturated fatty
acids
Bicyclic fatty acids
Cyclic dienoic fatty acids
Cyclic fatty acids

High-oleic sunflower oil
extra virgin olive oil
Refined low erucic acid
rapeseed oil
Sunflower oil, high-oleic
acid sunflower oil
EPA/fish oil
DHA/fish oil
Ribose + arginine, lysine,
ornithine, and citrulline
Roasted coffee

Deep frying

Cyclic fatty acid monomers

HPLC, GC–MS
GC, GC–MS, and HPLC
HPLC, GC–FTIR, and
GC–MS
HPSEC, HPLC, and GC

Chem Phys Lipids. 87: 137–147, 1997
Chem Phys Lipids. 97: 105–118, 1999
Eur J Lipid Sci Technol. 102: 515–520,
2000
JAOCS. 80: 437–442, 2003

250°C/5–6 h

Cyclic fatty acid monomers

GC–MS

J Agric Food Chem. 51: 4284–4290, 2003

Frying of frozen
foods (180°C)
250°C

Polymers, cyclic fatty acid
monomers
Cyclic fatty acid monomers

HPSEC, HPLC, and GC

Eur J Lipid Sci Technol. 109: 165–173,
2007
J Chromatogr A. 1138: 216–224, 2007

120°C/20 min

Furfuryl-amine derivatives

Roasted cocoa nibs
Wheat sourdough, bread
Stewed beef and grilled
dry-aged beef
Beef patty
Ground beef patty
Griddled beef steak
Chicken, fish
Beef
Beef patty
Meat products (beef,
chicken, pork, and fish)
Chicken breast, duck
breast
Pork, beef, turkey, and
chicken
Beef patty, chicken breast

DKP

DKP
DKP
DKP
230°C

Heterocyclic aromatic amines

150°C–180°C
180°C–210°C
190.1°C–222.5°C
165°C–300°C
150°C–230°C
170°C–230°C

HPLC, GLC, and
GC–EI–MS
Pyrolysis–GC–MS
HPLC, HPLC–ESI–MS,
HPLC–ESIMS/MS, and
GC–EI–MS
HPLC, LC–MS/MS
LC–MS
GC–MS

Chem Phys Lipids. 66: 143–153, 1993
Lipids. 29: 893–896, 1994
Chem Phys Lipids. 75: 171–182, 1995
JAOCS. 72: 721–727, 1995

J Agric Food Chem. 60: 10155–10161,
2012
Eur Food Res Technol. 213: 8–11, 2001

J Agric Food Chem. 53: 7222–7231, 2005
J Agric Food Chem. 57: 9563–9568, 2009
J Food Sci. 74: C100–C105, 2009

Heterocyclic aromatic amines
Heterocyclic aromatic amines
Heterocyclic aromatic amines
Heterocyclic aromatic amines
Heterocyclic aromatic amines
Heterocyclic aromatic amines

HPTLC/UV–FLD HPLC/
UV–FLD
HPLC/ESI–MS/MS
LC–MS
HPLC
LC–ESI–MS/MS
HPLC–UV/DAD
HPLC

J Agric Food Chem. 53: 3248–3258, 2005
Food Chem Toxciol. 45: 667–675, 2007
Food Chem Toxciol. 44: 484–492, 2006
Chem Res Toxicol. 20: 520–530, 2007
Meat Sci. 91: 325–333, 2012
Meat Sci. 90: 739–746, 2012

180°C

Heterocyclic aromatic amines

HPLC

Meat Sci. 85: 149–154, 2010

Different
temperatures
230°C

Heterocyclic aromatic amines

HPLC, GC–MS

J Chromatogr B, 802: 95–106, 2004

Polar and nonpolar HCAs

HPLC

J AOAC Int. 92: 715–724, 2009
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Table 19.3
Frying Oil Undergoes Chemical Reactions during Frying
Chemical
Reactions

Causative
Agent

Hydrolysis
(lipolysis)
Oxidation

Moisture

Polymerization
(thermal
degradation)

Temperature

Air

New Compounds Produced
Free fatty acids
Diacylglycerols
Oxidized monomeric triacylglycerols
Oxidized dimeric triacylglycerols
Oxidized oligomeric triacylglycerols
Volatile compounds (aldehydes,
ketones, alcohols, hydrocarbons, etc.)
Cyclic monomeric triacylglycerols
Isomeric monomeric triacylglycerols
Nonpolar dimeric triacylglycerols,
nonpolar oligomeric triacylglycerols
Higher-molecular-weight compounds

Source: Modified from http://lipidlibrary.aocs.org/frying/c-newcpds/index.
htm and http://lipidlibrary.aocs.org/frying/a-oxtgetc/index.htm

19.1.1.2 Food Types
Foods are cooked using various cooking techniques. Different
food types require different thermal-cooking processes including frying, baking, roasting, broiling, and grilling to prepare
delicious foods (EUFIC 2010). Chemical changes in food components (amino acids, proteins, sugars, carbohydrates, vitamins, and lipids) caused by high-heat cooking reduce nutritive
values and form several toxic chemicals such as heterocyclic
amines (HCAs), polycyclic aromatic hydrocarbons (PAHs),
N-nitrosamines, and Maillard reaction by-products. Cooking
meat (beef, poultry, fish, and pork) at high temperatures may create HCAs and/or PAHs (Table 19.3). Both HCAs and PAHs are
well-known human carcinogens. Nitrosamines existing in many
foods at high temperatures (as with frying) are also carcinogenic
(Shibamoto and Bjeldanes 2009).
Two major nonenzymatic browning reactions, caramelization
and the Maillard reaction, occur in food processing. Both reactions occur while cooking and develop substances with wonderful aroma and flavors (Davies and Labuza 1997). Caramelization
is a simple chemical decomposition by pyrolysis of sugar in foods
to produce a nutty, buttery flavor as well as a brown color as the
temperature increases; the Maillard reaction occurs when amino
acids react with the reducing sugars to form colors and flavors.
It is an extremely complex reaction with many parallel and consecutive steps and includes a whole network of various reaction
pathways (Martins et al. 2001; Van Boekel 1998). The Maillard
reaction can produce many intermediates and by-products, leading to the reduction of the nutritional value of food and formation
of precursors of toxic and mutagenic compounds (Bravo et al.
2012; Martins et al. 2001). Table 19.4 shows many thermally
induced Maillard reaction products in foods and the analytical
methods used in their determination. Consistent evidence has
shown that acrylamide, a possible carcinogen, is easily formed
in foods with a high content of asparagine (Asn) and reducing
sugars by the Maillard reaction. Furthermore, diketopiperazines
(DKPs) corresponding to cyclic dipeptides have been detected
in various natural products and processed foods, beverages,
and their ingredients after thermal treatments (Gautschi and

Schmid 1997). Table 19.5 indicates examples of intramolecular
cyclization of DKP formation of aspartame (APM) sweetener.
This reveals that food components play an important role in thermal food processing.

19.1.2 Instrumentations for Food Analysis
Identification and detection of physicochemical characteristics of
components, additives, and contaminants in raw materials and
food products are the critical tasks in food product development,
processing, and quality assurance. Owing to the complex properties of the food matrix, it is difficult to analyze one component
accurately in the presence of other components using the classical method of analysis. For reliable results, the most optimal
technique must be selected for food analysis, which depends on
food properties and the component or product (Paré and Bélanger
1997). The analytical techniques for food analysis may cover a
broad range of methods such as spectroscopic, chromatographic,
biological, electroanalytical, thermal, and coupled techniques
based on the complexity of food matrices (Table 19.6) (Ibáñez
and Cifuentes 2001; Lin and Wang 2012). Although there are
many different analytical techniques available for determining
a particular property of a food material; criteria such as precision, reproducibility, accuracy, sensitivity, specificity, speed, and
simplicity of operation are of utmost importance in the selection
of an optimal analytical technique (Ibáñez and Cifuentes 2001;
Mossoba 1998; Tunick 2008).
Temperature changes can cause alterations in the physicochemical properties of food components and in the final product
during production, transport, and storage, leading to changes in
taste, appearance, texture, and stability. A better understanding
of the temperature effects on the food properties will enable food
manufacturers to optimize processing conditions and improve
product quality. Among the advanced instrumental techniques,
thermal analytical methods can monitor the temperature-dependent food properties while mimicking accelerated stability
tests to predict stability and shelf life of food samples. Thermal
analysis is recognized as a convenient food analysis method for
providing unique information regarding the sample nature or
modifications induced by industrial processing. Among various
thermal analysis methods, both differential scanning calorimetry
(DSC) and thermogravimetry (TG) are the commonly used thermoanalytical techniques to evaluate the changes in the physicochemical properties of food components and their combination
as a function of temperature (Hatakeyama and Quinn 1999). In
this chapter, DSC, TG, and DSC equipped with a Fourier transform infrared (DSC/FTIR) microspectroscopy for food analysis
have been described below in detail.

19.1.2.1 Differential Scanning Calorimetry
DSC has been widely used for investigating the thermal behavior of consumer products, particularly in the field of food. It is
used to study the physical behavior during processing and storage of carbohydrates, fats and oils, proteins, alcohol/water content, and food packaging. DSC records the energy required to
keep a zero temperature difference between a sample cell and a
reference cell under a controlled rate. The thermocouples constantly measure the temperature of each cell and heaters supply
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Table 19.4
Examples of Thermal-Induced Maillard Reaction in Foods
Ingredients/Conjugates
Aspartame + glucose

Conditions

Maillard Reaction Products

Analytical Methods

References

70°C, 80°C, 90°C, and
100°C
250°C

Browning reaction

UV

Acrylamide

FTIR, thermal FTIR, and
Py–GC–MS

50°C/14 days

Amadori products

MALDI–TOF–MS

Asparagine + glucose
Asn + fructose
Glc + amino acids

120°C–170°C

Acrylamide

PTR–MS, GC–EI–MS

70°C/4 h

Amadori compounds

CE–MS

Glc + glycine

Boiling water/36 h

HPLC, TLC

β-Lactoglobulin + galactooligo
saccharides

pH 7.0, 40°C/
23 days

Eight-colored compounds/aqueous
solution
Five eight-colored compounds/
ethanolic solution
Conjugates

Raw milk

70°C, 80°C, and 100°C

Amadori product

Soy protein isolate + carbo
xymethyl cellulose
l-Ascorbic acid + l-cysteine

80°C

Maillard reaction/films

141°C

Tropical almond (Terminalia
catappa L.)
B-casein + Glc

100°C, 150°C, and
200°C
102°C/130 min

Alicyclic sulfur compounds,
thiophenes, thienothiophenes,
thiophenones, thiazoles, and pyrazines
Acrylamide
GC–MS, LC–MS

Whey protein isolate + dextran

pH 6.5, 60°C/48 h

β-Lactoglobulin + galactose/
tagatose
Phaseolin + Glc

pH 7, 40/50°C/6 days
60°C, 79%RH/10 h

Amadori/Heyns compounds,
conjugates
Glycated phaseolin

β-Conglycinin + dextran

60°C/75%RH

Conjugates

Corn fiber
gum + β-lactoglobulin/whey
protein isolate
Glc oxidase + ribose/arabinose

75°C, 79%RH/2 days

Conjugates

GPC, SDS–PAGE, SEM,
NMR, and HPSEC

37°C, pH 7.2/3–15 days

Aggregates

Amino Acids. 43:
1311–1322, 2012

Gelatin + lactose/sucrose

75°C, 80°C, 95°C, and
100°C
80°C/60 min

Conjugates

CD, FTIR, and
fluorescence
spectroscopy
DSC, XRD, FTIR, and
SEM
FTIR, NMR, and
Chroma meter

180°C

AGEs

FT-CL

Luminescence, 27:
362–370, 2012

Asparagine + glucose
Asn + fructose
Asn + sucrose
Lysozyme + Glc

Soy protein
isolate + carboxymethyl
cellulose
Polylysine + Glc, maltose,
lactose, and dextrin

High-molecular-weight Maillard
reaction products
Conjugates

Maillard reaction/film

heat to the cells, ensuring that both cells have the same temperature (Chiu and Prenner 2011). DSC relies on changes in the
heat absorbed or released by a material because its temperature
varies at a controlled rate. A process that absorbs heat belongs
to an endothermic process, whereas a process that evolves heat

SDS–PAGE, IEF,
RP-HPLC–UV, and
MALDI–TOF–MS
MALDI–TOF–MS
FTIR, DSC, TGA, and
XRD
SPME–GC–MS

SEC, SDS–PAGE,
HPLC, and FTIR
DUV, SDS–PAGE, SEC,
DSC, and TEM
MALDI–TOF–MS,
RP-HPLC
SDS–PAGE, DSC, CD,
and fluorescence
spectroscopy
SDS–PAGE, HPSEC

J Food Sci. 48: 543–544,
1983
J Agric Food Chem. 51:
1753–1757, 2003
J Agric Food Chem. 51:
51–57, 2003
Anal Chem. 75:
5488–5494, 2003
Electrophoresis. 25:
2077–2083, 2004
Food Chem 102:
281–287, 2007

J Agric Food Chem. 55:
7916–7925, 2007
Mol Nutr Food Res. 53:
1487–1495, 2009
Carbohydr Polym. 79:
145–153, 2010
Food Chem. 121:
1060–1065, 2010
Food Chem Toxic. 48:
2212–2213, 2010
Food Chem 120:
505–511, 2010
J Agric Food Chem. 58:
2988–2994, 2010
J Agric Food Chem. 58:
500–506, 2010
J Agric Food Chem. 59:
10114–10123, 2011
Food Hydrocolloids, 28:
301–312, 2012
Food Hydrocolloids, 26:
326–333, 2012

J Food Engineer. 110:
53–59, 2012
Mater Sci Engineer C,
32: 40–46, 2012

is an exothermic process. These changes occur when food
components undergo some type of phase transition (crystallization, melting, evaporation, glass transitions, and conformational changes) or a chemical reaction (oxidation and hydrolysis)
(Marwaha 2010).
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Table 19.5
Examples of Intramolecular Cyclization of DKP Formation of APM Sweetener
Ingredients

Conditions

DKP Formation

Aspartame
Aspartame

DKP
DKP

HPLC
HPLC

Food Chem. Toxic. 25: 499–450, 1987
J AOAC Int. 76: 275–782, 1993

Aspartame
Aspartame
Aspartame
Aspartame
Aspartame

Plasma, urea
Tabletop sweetener, candy,
fruit beverage, fruit pulp,
soft drink, yogurt, cream,
cheese, and chocolate
Solution (pH change)
Solid state
Solid state
Buffer solution
–

DKP
DKP
DKP
DKP
DKP

HPLC
DSC, TGA, HSM, and HPLC
DSC, TGA, and NMR
CE
ESI–MS

Aspartame
Aspartame
Aspartame

Solid state
Solid state
Solution (pH change)

DSC, TGA, and DSC–FTIR
DSC, TGA, and DSC–FTIR
HPLC

Pharm Res. 10: 1174–1180, 1993
J Pharm Sci. 86: 64–71, 1997
J Pharm Sci. 87: 508–513, 1998
J Pharm Biomed Anal. 16: 1089–1096, 1998
Rapid Commun Mass Spectrom. 14:
987–993, 2000
J Agric Food Chem. 48: 631–635, 2000
Food Addit Contam. 17: 821–827, 2000
J Food Sci. 66: 808–809, 2001

Aspartame
Aspartame

Solid state
Sweetener tablets

TGA, DSC, XRD, and HSM
TGA, FTIR, and HPLC

Pharm Res. 18: 267–273, 2001
Thermochimica Acta, 433: 163–169, 2005

Aspartame

Sweetener tablets

TGA, Py–GC–MS

J Food Technol. 5: 265–267, 2007

Aspartame

Sweetener tablets

TGA, DSC

J Food Technol. 5: 135–138, 2007

Aspartame
Aspartame
Aspartame
Aspartame
Aspartame
Aspartame

Solid state
–
Solid state
Foods
Lassi
Environmental water

DSC
HPLC
EA, FTIR, TGA, and DTA
HPLC, LC–MS
HPLC, HPTLC
HPLC–MS/MS

J Pharm Biomed Anal. 46: 617–624, 2008
Jpn JFCS. 16: 72–77, 2009
J Therm Anal Calorim. 97: 359–365, 2009
Jpn JFCS. 17: 130–135, 2010
J Food Sci Technol. 47: 408–413, 2010
Chemosphere, 88: 563–569, 2012

DKP
DKP
3-(carboxymethyl)-6benzyl-2,5dioxopiperazine (DKP)
DKP
DKP (APM–lactose
interaction)
DKP (APM–lactose
interaction)
DKP (APM–lactose
interaction)
DKP
DKP
DKP
DKP
DKP
DKP

Numerous food components are chemically complex materials
in which phase transitions occur over a wide range of temperatures (Meste et al. 2002; Roos 1995, 2010). In various carbohydrate systems, phase transitions such as starch gelatinization,
amylopectin recrystallization, amylose–lipid complex formation,
and freezable water have been quantified by DSC, a technique
that can also be used to study changes in proteins as a function
of temperature (Levine and Slade 1988; Totosaus et al. 2002;
Vittadini and Vodovotz 2003; Vodovotz and Chinachoti 1998).
Thermally induced denaturation of proteins may be caused by
disruption of various chemical forces. Usually, endothermic
changes are associated with the rupture of hydrogen bonds,
whereas exothermic changes result from weakening of hydrophobic interactions and aggregation of proteins (Li-Chan and
Ma 2002; Tang 2007). Moreover, the early Maillard reaction in
skim milk powder and whey protein concentrates was observed
as an exothermic phenomenon in calorimetric curves (Morgan
et al. 2005).
The following food properties can be directly measured by
DSC techniques (Raemy 2003): melting point and heat of fusion;
temperature and heat of crystallization/recrystallization; specific
heat capacity; glass transition; starch gelatinization; dissociation
of bound water; oxidation of oils/lipids; carbohydrate decomposition; protein denaturation; and component–component
interaction.

Analytical Methods

References

19.1.2.2 Thermogravimetric Analysis
Thermogravimetric analysis (TGA) is a thermally dependent
weight change technique useful for monitoring processes that
involve changes in food mass or components (drying, liberation
of gases, and absorption of moisture) as a function of temperature or time (Tomas and Schmidt 2010). Gravimetric instruments
typically consist of a sensitive balance situated within a container.
A well-designed TGA allowing the careful control of temperature, pressure, and composition of the gases surrounding a sample in the container is an extremely valuable instrument for food
analysis because it allows simulation of various types of thermal
food processes and storage conditions such as drying, cooking,
and moisture uptake (Tomas and Schmidt 2010; Tunick 2008).
The mass of a sample may increase or decrease with temperature or time depending on physicochemical processes. Heating
often causes a reduction in mass through evaporation of residual
moisture or solvent and/or liberation of gas after various chemical reactions. In contrast, food mass may increase due to absorption of moisture from the atmosphere or oxidation. In studying
the release of water from the hydrates of food components or
food products, a mass loss in the TG curve may be attributed to
the endothermic phenomenon in the DSC thermogram.
TGA measures physical changes and force reactions, leading to the weight loss or gain due to decomposition, oxidation,
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Table 19.6

19.1.2.3 DSC/FTIR Microspectroscopy

Analytical Techniques Usually Used in Food Chemistry

DSC and FTIR spectroscopy are applied to identify and quantify
the materials in research, quality control, and production in food
sciences. DSC measures thermally activated processes such as
heat capacity, melting, crystallization, glass transition temperature, and enthalpy of food components and products. FTIR spectroscopy is associated with molecular vibrational characteristics
of specific functional groups of food ingredients after different
processes.
DSC/FTIR spectroscopy was first introduced by Mirabella
in 1986 (Mirabella 1986). The measurement technique was
achieved by combining DSC with provision for microscopic
observation of the specimen and an infrared (IR) microsampling
accessory fitted into an FTIR spectrometer. This technique provided important insights into the structural changes associated
with thermal response for a wide range of materials. DSC/FTIR
spectroscopy provides spectroscopic and thermodynamic information for the same test sample during a single experiment in real
time (Akinade et al. 1994; Johnson et al. 1995; Spragg 2000). The
coupling of DSC and FTIR in a single system implies that DSC
can measure the thermal responses of samples, whereas FTIR
analysis observes changes in their structure simultaneously. DSC
and FTIR analyses are directly monitored by one computer, and
the overall operation permits the simultaneous collection of both
data sets. The advantages of DSC/FTIR are as follows: (i) the
substrate is in the same test specimen for both determinations;
(ii) the same thermal and chemical environments pertain; (iii)
both thermal and chemical events occur in real time; and (iv)
shorter experiment time (Degamber et al. 2004).
The DSC/FTIR system utilized a miniature DSC positioned in
an IR spectrometer coupled to a microscope (Figure 19.2). The
DSC cell is usually mounted on a microscope stage. Here, the
FP84HT hot stage is used as a DSC cell, which provides a precise
thermal measurement cell for simultaneous visual observation
and heat flow measurements. In the instrumental configuration,
the IR beam passes through a hole in the DSC cell via the IR
microscope to the mercury cadmium telluride (MCT) detector. The sample is placed in a hole in the DSC cell. A careful
alignment procedure is required before operation. This unique
approach is a simple, quick, and time-saving tool, which delivers fast performance in a one-step continuous process while

A. Spectroscopic Techniques
1. Atomic spectroscopy (AS)
2. Fluorescence spectroscopy
3. Fourier transform infrared spectroscopy (FTIR)
4. Electron spin resonance spectroscopy (ESR)
5. Mass spectrometry (MS)
6. Matrix-assisted laser desorption ionization–time of flight mass
spectrometry (MALDI–TOF MS)
7. Near-infrared spectroscopy
8. Nuclear magnetic resonance (NMR)
9. Raman spectroscopy
10. Scanning/transmission electron microscopy (SEM/TEM)
11. Tandem mass spectrometry (MS/MS)
12. UV-visible spectroscopy
B. Chromatographic Techniques
1. Capillary electrophoresis (CE)
2. Gas chromatography (GC)
3. Gel chromatography
4. High-performance liquid chromatography
5. Ion chromatography
6. Layer chromatography
7. Supercritical fluid chromatography (SFC)
C. Biological Techniques
1. Immunological techniques
2. Polymerase chain reaction (PCR)
D. Electrochemical Techniques
1. Biosensor
2. Immunochemical biosensor (ELISA)
E. Thermal Analysis
1. Differential thermal analysis
2. Differential scanning calorimetry (DSC)
3. Dynamic mechanical thermal analyzer (DMTA)
4. Dynamic vapor sorption (DVS)
5. Isothermal titration calorimetry (ITC)
6. Thermogravimetry analysis (TGA)
F. Coupled Techniques
1. CE–MS
2. DSC–FTIR microspectroscopy
3. Electrospray ionization–tandem mass spectrometry (ESI–MS–MS)
4. Flow-injection analysis inductively coupled plasma mass
spectrometry (FIA-ICP-MS)
5. GC–ICP–MS
6. GC–FTIR
7. GC–MS
8. HPLC–ICP–MS
9. HPLC–MS
10. HPLC–NMR
11. SFC–FTIR
12. SFC–MS

FTIR spectrometer
IR microscope

dehydration, or desorption of a sample with time and temperature. Numerous technical capabilities for TGA are simply listed
as follows: decomposition temperatures; rate of degradation;
product lifetime; oxidative stability; thermal stability; determining rancidity in edible oils; moisture content; volatiles content;
and volatile organic compounds (VOCs) analysis.
TGA/FTIR is also capable of detailed FTIR analysis of
evolved gases produced from TGA (Ross et al. 2012).

Controller

DSC cell

Figure 19.2 Photograph of the combined DSC/FTIR microspectroscopic system used by the author.
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19.1.3 Determination of Thermally Induced
Decompositions or Intramolecular
Cyclization in Food Samples
The heating of vegetable oils may increase the speed of autoxidation. At higher temperatures (>200°C), the rate of autoxidation
increases and decomposed products and monomeric cyclic fatty
acids are produced (Christie and Dobson 2000; Vecchio et al.
2009). Thermal degradation (hydrolysis and oxidation) and the
formation of high-molecular-weight polar compounds (polymerization) of frying oil at high frying temperatures can cause
an increase in the viscosity and rancidity of oil. Moreover, the
intramolecular mono- or bicyclization of fatty acids occurring
at high temperatures is often found in food processing (Christie
and Dobson 2000; Destaillats and Angers 2005). Structures of
the major cyclic fatty acid isomers (CFAM) formed from linoleic
and α-linolenic acids have been elucidated using a combination
of mass spectrometry, gas–liquid chromatography, and IR spectroscopy (Sebedio and Juaneda 2007). Because autoxidation is
a process in which heat is released, thermal analysis is a simple
and direct analytical method easily used to follow the reaction
course (Ulkowski et al. 2005).

19.1.3.1 Thermal Analysis
Thermal analysis such as the oil-frying process can be applied
in accelerated stability tests of oils. DSC technique is a potentially nonchemical method for assessing the oxidative stability
of fats and oils (Vecchio et al. 2009; Velasco et al. 2004). It measures the temperature and heat flow associated with lipid oxidation as a function of time and temperature (Tan and Che Man
1999a,b). An accelerated oil stability test can be conducted isothermally or nonisothermally by DSC and/or TGA techniques
to measure heat flow into (endothermic) or out of (exothermic)
an oil sample undergoing oxidation changes by a flow of oxygen
as a purge gas (Tan and Che Man 2002; Vecchio et al. 2009;
Velasco et al. 2004). DSC also measures oxidation onset temperature, maximum reaction temperature, and end temperature
for characterization of the oil quality (Kiritsakis et al. 2002;
Samyn et al. 2012). Tan and Che Man have used DSC analytical
method to compare the thermal (transition and crystallization)
properties and chemical composition of different edible oils or
determine the total polar compounds in heated oils (Tan and
Che Man 1999a,b, 2000).

N2 gas

T0
EXO

correlating the thermal response and the IR spectra during structural changes in samples. The measurement procedure may be
used to analyze different samples, such as solids, films, and solutions, using the transmission or reflectance mode.
This DSC–FTIR microscopic technique can be used easily
and successfully to study the thermal and spectral properties of
a material in real time because it undergoes changes. This technique is a simple, rapid, and powerful tool for testing the thermal-dependent conformational behavior of microsamples. It is
also used for accelerated stability testing to predict the stability
and shelf life of samples. In the author’s laboratory, this unique
system has been extensively applied for investigating thermal
effects on structural change and reactions in pharmaceutical or
polymeric samples (Lin and Wang 2012).
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Figure 19.3 Isothermal DSC oxidation curve of corn oil under purging
with N2 or O2 gas. (Modified from Tan, C.P., Y.B. Che Man, J. Selamat, and
M.S.A. Yusoff. 2002. Food Chem. 76: 385–389. With permission.)

When the isothermal DSC mode was used to determine accelerated oil stability under an oxygen purge, the end point of DSC
was taken at the time where a rapid exothermic reaction of oil
and oxygen occurred (Cross 1970; Hassel 1976). The DSC technique is a simple and rapid method and did not require solvent or
chemical reagent. Tan and Che Man have indicated that the DSC
method was a reliable and efficient alternative for monitoring the
extent of lipid oxidation in various edible oils, with no need for
chemical reagents and delicate skills (Tan and Che Man 1999a,b,
2002). Edible oils with a higher degree of unsaturation are more
susceptible to lipid oxidation. Figure 19.3 displays the isothermal DSC oxidation curve of corn oil under N2 or O2 gas purge.
It clearly indicates that no exothermic peak was detected when
oil samples were scanned under nitrogen conditions due to the
absence of an oxidation reaction. In contrast, the extrapolated To
(start of oxidation) was taken as a measure of the relative stability of the oil toward oxidation under oxygen condition (Tan et al.
2002). Their results from DSC show excellent correlations with
other accelerated methods and chemical analyses (Tan and Che
Man 1999a,b; Tan et al. 2002).
In the nonisothermal study, the application of the linear heating rate allowed the thermal analysis much faster than other
methods for determining kinetic parameters of autoxidation.
Nonisothermal DSC has been used in autoxidation for several
fatty acids (lauric, myristic, palmitic, linolenic, and stearic acids)
and edible oils (corn oil, palm olein, and soybean oil) (Tan and
Che Man 1999a,b, 2000, 2002; Ulkowski et al. 2005). Typical
DSC curves for the nonisothermal oxidation of linolenic acid
for different heating rates (5–17 K min–1) are shown in Figure
19.4. Because three double bonds and two bis-allyl positions are
located in the structure of linolenic acid, the oxidation starts at
low temperatures (85°C–105°C) but is dependent on the heating
rates (Ulkowski et al. 2005).
A unique pressure DSC (PDSC) is a renewal thermal analysis for improving food quality and safety (López-Beceiro et al.
2011; Ulkowski et al. 2005). The higher temperature and pressure of PDSC can accelerate the reactions and shorten the analysis time. Thus, it is an effective way of measuring the oxidative
tendency of lubricant base oils, vegetable oils, and oleochemicals
in an accelerated mode (Dunn 2005; Sharma et al. 2008). The
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Peak

15

DSC

110°C

TGA

1.69% a 123°C
1.68%
b

Exothermic

100

c 13.10%

12.5
Four weight loss steps
a : 50°C–110°C,

• Evaporation process

5
K min–1

Starting oxidation
100

150

Endothermic

10
7.5

50

223°C

153°C

240°C
181°C

b : 110°C–150°C,
• Dehydration process
c : 153°C–223°C,

d 29.03%

Weight loss (%)

17

• Intramolecular cyclization
• Liberation of methanol
d : >240°C,

200

250

• Degradation process

300

Temperature (°C)
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Figure 19.4 Typical DSC curves of the nonisothermal oxidation of linolenic acid for different heating rates from 5 to 17 K min–1. (Modified from
Ulkowski, M., M. Musialik, and G. Litwinienko. 2005. J Agric Food Chem.
53: 9073–9077. With permission.)

use of PDSC has the additional advantage of reducing evaporation from the sample and achieves results in a shorter time
than conventional DSC. Its onset oxidation temperature is an
adequate parameter for distinguishing olive, corn, soybean, and
sunflower oils (López-Beceiro et al. 2011). In Hassel’s study of
oxidative stability of vegetable oils, it took 14 days by the active
oxygen method, but it required <4 h using the PDSC method.
This method is highly reproducible and versatile and applies to
oils with low-to-very-high oxidative stabilities (Hassel 1976).
Adaptation of this method by the fats/oils and food industries
will greatly enhance the efficiency and reliability of the oxidative
stability measurement, while reducing the cost and time (Kodali
2005).
APM is approximately 200 times sweeter than sugar and
is used as an artificial sweetener in many products including
foods, beverages, and pharmaceuticals worldwide. APM stability is quite good when used in dry applications but is markedly
affected under high temperature (O’Brien and Gelardi 1991).
The breakdown of APM follows two pathways depending on
pH, temperature, and moisture conditions. One pathway involves
the breakdown of the ester bond in methanol. The ester bond
is hydrolyzed, and the dipeptides aspartylphenylalanine and
methanol are produced. The other pathway involves cyclization
of APM into DKP (Wahlen 1998). APM and its by-product DKP
have been implicated in the possible carcinogenesis in Sprague–
Dawley rats, although other studies provide no evidence to support an association between APM and cancer in human tissues
(Magnuson et al. 2007; Soffritti et al. 2007). Because APM is not
stable at cooking and baking temperatures, its use is limited in
baked goods and some dry dessert mixes.
TGA and DSC curves of a solid-state APM hemihydrate are
shown in Figure 19.5 (Lin and Cheng 2000). It clearly indicates
three endothermic peaks near 123°C, 181°C, and 240°C in the
DSC curve, and four weight losses in the TGA curve. The first

Temperature (°C)

50
300

Figure 19.5 TGA and DSC curves of a solid-state APM hemihydrates.
(Modified from Lin, S.Y., and Y.D. Cheng. 2000. Food Addit Contam. 17:
821–827. With permission.)

1.69% weight loss in the TGA curve was due to the evaporation
of adsorbed water. The first DSC endothermic peak at 123°C and
its TGA weight loss from 110°C (1.68%) may be due to dehydration of the hemihydrate in the APM lattice. The second DSC
endothermic peak at 181°C and its corresponding TGA curve
from 153°C (13.10%) were attributed to the intramolecular cyclization of APM molecules to form DKP (Leung and Grant 1997;
Lin and Cheng 2000; Lin and Wang 2012). The third DSC peak
at 240°C and its related TGA weight loss from 223°C were attributed to the melting of DKP, which was formed as an impurity of
APM, and it mixed with uncyclized APM to broaden the melting
range. The degradation of APM started at 240°C and its weight
loss up to 300°C was approximately 29.03%. The identification
of solid-state DKP formation at 181°C required several complex
and time-consuming analytical steps, including thermal pretreatment, separation techniques, and high-performance liquid chromatography/mass spectrometry (HPLC/MS) analysis (Berset
and Ochsenbein 2012; Pattanaargson and Sanchavanakit 2000;
Sabah and Scriba 1998).

19.1.3.2 DSC/FTIR Microspectroscopy
Fresh oils obtained from fish species are rich in polyunsaturated fatty acids (PUFAs) such as docosahexaenoic acid (DHA)
and/or eicosapentaenoic acid (EPA) for possible prevention and
treatment of the coronary heart disease, hypertension, arthritis, and other human inflammatory and autoimmune disorders
(Siriwardhana et al. 2012). However, despite their health benefits,
fish oils are highly sensitive to oxidative deterioration; during
the autoxidation of fish oils, not only do undesirable flavors and
odors develop, but the secondary by-products that form decrease
the nutritional quality and safety of food. The prevention of fish
oil oxidation remains a challenge for manufacturers and food scientists (Chaiyasit et al. 2007).
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The Maillard reaction, which is often observed in baking, frying,
or other heating treatments of foods, is one of the most important
chemical reactions in food processing. The Maillard reaction, a
form of nonenzymatic browning, is a chemical reaction between
an amino acid and a reducing sugar (Chuyen 1998; Jaeger et al.
2010). During the thermal processing of foods, this reaction has
profound effects on the color, flavor, and texture of processed

174°C

Abs.
3338

19.1.4 Analysis of Thermally Induced Maillard
Reaction in Food Samples

2964
2931
2885

174°C
153°C

3450

disappeared after 174°C, whereas two new peaks were observed
at 3203 and 3088 cm−1 (NH of DKP). In addition, the peak at
1736 cm−1 (ester C∙O of APM) disappeared gradually from
153°C, whereas a new peak increased slowly at 1718 cm−1 (carboxylic C∙O of APM). The peak at 1666 cm−1 (amide C∙O)
also shifted to 1670 cm−1 (C∙O of DKP), with a higher intensity
because two diketones were present in the DKP ring. The amide
II-related NH peak at 1543 cm−1 also disappeared after 174°C,
which was possibly due to the complete formation of DKP. The
peaks at 1377 and 1225 cm−1 (methyl group and C∙O of the
ester) disappeared after the liberation of methanol from the APM
molecule, whereas the peak at 1283 cm−1 (CN of DKP) appeared
gradually. A scheme of the intramolecular cyclization pathway of
the APM molecule above 153°C is also displayed in Figure 19.6.
Obviously, this one-step DSC–FTIR technique could analyze
the thermal-dependent structural rearrangement of the APM
molecule by intramolecular cyclization. This provides a powerful DSC–FTIR microscopic technique as a potential tool for
simulating the cooking process and analyzing the degradation
products of APM in real time.

Abs.

165°C

3088

3203

Squid liver oil extracted from fresh squid contains abundant quantities of DHA and EPA but is also prone to oxidation,
which limits its usage in foods (Lin and Hwang 1993, 2002). Lin
et al. used a spray-drying technique to encapsulate squid oil to
improve its stability (Lin et al. 1995a,b). The thermal stability of
unencapsulated and encapsulated squid oils was directly examined using the DSC/FTIR technique. The results indicate that the
IR peak intensity at 1747 cm−1 assigned to C∙O of squid oil fatty
acids rapidly became weaker with an increase in temperature
for unencapsulated squid oil, mainly due to the degradation of
squid oil. However, the IR peak intensity for encapsulated squid
oil clearly showed a smaller decrease compared with that of the
unencapsulated squid oil. The unencapsulated squid oil began to
degrade at 30°C with almost no induction period, whereas the
encapsulated squid oil had a long induction period until approximately 160°C. This reveals that the encapsulation technique
effectively protected squid oil from thermal degradation. Realtime DSC/FTIR microspectroscopy may thus be a useful tool
for the direct determination of thermally induced degradation of
oil samples.
Lin and Cheng also used this DSC/FTIR technique to rapidly
and directly investigate the continuous pathway of water evaporation, dehydration, and intramolecular cyclization of APM
(Cheng and Lin 2000; Lin and Cheng 2000). The DKP degraded
from APM by intramolecular cyclization formed as an impurity
of APM. However, it is difficult to directly detect without using
complex analytical procedures. This one-step DSC/FTIR analysis can simultaneously induce and examine the DKP formation
in solid-state APM. Figure 19.6 shows three-dimensional plots
of the APM FTIR spectra at 2700–3450 and 1160–1800 cm−1 as
a function of temperature. The peak at 3338 cm−1 (NH of APM)

120
1160

OCH3
O

C

Figure 19.6 Three-dimensional plots of the FTIR spectra of APM at 3450–2700 and 1800–1160 cm−1 as a function of temperature and the scheme of
the intramolecular cyclization pathway in the APM molecule. (Modified from Lin, S.Y., and Y.D. Cheng. 2000. Food Addit Contam. 17: 821–827. With
permission.)
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foods (Charissou et al. 2007; VanBoekel 2006). The reactive
carbonyl group of the sugar reacts with the nucleophilic amino
group of the amino acid and forms many intermediates and byproducts. This process can be accelerated by high temperature,
intermediate moisture levels, and alkaline conditions (Ames
1990; Chuyen 1998; Martins et al. 2001).
The Maillard reaction is very complicated and can generally
be divided into three stages as follows: (a) the early stage, which
involves sugar–amine condensation and Amadori arrangement;
(b) the advanced stage, which leads to the formation of volatile
or soluble substances and contains sugar dehydration and fragmentation, and amino acid degradation through the Strecker
reaction; and (c) the final stage, which forms the insoluble high
molecular weight of melanoidins (Hodge 1953; Lineback et al.
2012; Martins et al. 2001; Nursten 2005). Moreover, a formation of the carcinogenic acrylamide compound has also been
observed at high temperatures (Ahn et al. 2002; Becalski et al.
2003; Lineback et al. 2012). Because many parameters, such as
the types of amino acids and sugars, kinetics of the reaction,
temperature, and water content, may manipulate the formation
of intermediates or end products, several complicated analytical techniques must be applied to analyze the reaction mixtures
during Maillard reaction (Davidek et al. 2003; Silván et al. 2006;
Yaylayan et al. 2005).

19.1.4.1 Thermal Analysis
Because the Maillard reaction can be accelerated by temperature, thermal analysis provides the heating source and determines the thermal behavior of different reaction products. Robert
et al. have used the DSC technique with open and closed systems
to measure the binary mixtures of asparagine monohydrate (Asn
H2O) and reducing sugars (fructose, glucose [Glc], and galactose)
(Robert et al. 2004). In the open system of DSC determination,
there was no exothermic signal observed, although the browning
reaction was clearly visible at the end of the heating period. They
proposed that the absolute value of the Maillard reaction enthalpy
was probably lower than that of the physical state change, masking the effect of the chemical reaction signal. However, in the
closed system of DSC measurement, an exothermic peak was
observed for each binary mixture due to the Maillard reaction.
This suggests the potential use of DSC in food processing for
studying the Maillard reaction.

19.1.4.2 DSC/FTIR Microspectroscopy
Several advanced reactions have been reported in the Maillard
reaction, including cyclization, dehydration, retroaldolization, rearrangement, isomerization, and further condensations
(Echavarría et al. 2012). The formation and pathways of many
intermediates and melanoidins have been determined using
different analytical techniques. However, these complicated
operations are time consuming and require integrated reaction,
separation, and identification processes (Davidek et al. 2003; Fay
and Brevard 2005; Fayle and Gerrard 2002; Silván et al. 2006;
Yaylayan et al. 2005).
In the author’s laboratory, the use of DSC/FTIR microspectroscopy to investigate online the continuous pathways
of the Maillard reaction in the solid-state Glc/Asn system was

attempted (Huang et al. 2013; Lin et al. 2013). The three-dimensional FTIR spectral plot (A) and the changes in several specific
IR peak intensities (B) of the physical mixture of Glc/Asn as a
function of temperature are revealed in Figure 19.7. The DSC
curve of Glc/Asn physical mixture is also shown. It clearly indicates that below 53°C, the IR spectral contour was maintained
almost at a constant. Beyond 53°C, the intensities of several IR
peaks started to alter. Above 94°C, the marked changes in IR
peak intensities at 2363, 1665, and 1711 cm−1 were observed. In
particular, the peak intensities at 2363 and 2331 cm−1 increased
with a temperature from 94°C to 145°C and subsequently
decreased. Both IR peaks at 2363 and 2331 cm−1 were responsible for the formation of CO2 through decarboxylation of the
sample (Kulesza et al. 2006). All changes in the FTIR spectral
contour could be directly observed from the thermally dependent
three-dimensional FTIR spectral plot. However, by continuous
heating to 117–135°C, the peaks at 1683 and 1645 cm−1 assigned
to Asn shifted to 1665 and 1629 cm−1, respectively. In addition,
a new peak at 1724 cm−1 also appeared. The appearance of both
peaks at 1724 (C∙O of COOH) and 1665 (C∙O of CONH2) cm−1
at 117°C were similar to that of the IR spectral peaks at 1726
and 1664 cm−1, respectively, found in the Schiff base intermediate after Glc/Asn interaction (Wnorowski and Yaylayan 2003).
Once the heating process was >117°C, all IR spectra for the
heated Glc/Asn samples were further markedly changed. Several
new peaks at 2363, 2331, 1711, 1660, and 1589 cm−1, assigned to
the formation of new combined products, have been proposed
by two processes. The first process seems to be the transformation of a Schiff base intermediate into an Amadori product (1660
and 1589 cm−1) and the second process is the formation of CO2
(2363 and 2331 cm−1) by decarboxylation of the Amadori product
(Kulesza et al. 2006; Wnorowski and Yaylayan 2003). In particular, the appearance and disappearance of both peaks at 2363
and 2331 cm−1 found in the heating course strongly imply that
the Amadori rearrangement and decarboxylation simultaneously
occurred from the Schiff base intermediate. Beyond 200°C, the
new IR spectral peaks at 1711, 1643, and 1589 cm−1 were gradually observed in the IR spectrum of the sample, which may relate
to the IR peaks of the decarboxylated Amadori product. The
possible continuous pathway of the solid-state Glc/Asn Maillard
reaction, determined by one-step DSC–FTIR microspectroscopy,
is proposed in Figure 19.8 (Taeymans et al. 2004; Zhang and
Zhang 2007). This implies that the solid-state Glc/Asn Maillard
reaction including the stepwise formation of Schiff base intermediate, Amadori product, and decarboxylated Amadori product
might be simultaneously detected by using this one-step DSC/
FTIR microspectroscopy in real time.

19.1.5 Conclusions and Future Trends
Temperature is well known to play an important factor in food
processing. In thermal food processing, barbecuing, roasting,
broiling, and frying produce good appearance, aroma, color, and
taste of foods, which are the key factors in consumer acceptance
of many food products. However, numerous thermally generated
toxic compounds are present in the list of daily ingested food
including heterocylic amines (HAs), PAHs, chloropropanols, and
5-hydroxymethyl furfural (HMF) from vegetable oils and acrylamide from the Maillard reaction (Tables 19.2 and 19.4).
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Recent research on thermally generated toxicants in food have
been focused on the optimization of analytical parameters and
methodologies for sensitive analysis of foods and the approach
directed at their mitigation in food. To understand the undesirable formation of such toxicants, a rapid and sensitive food-analytical methodology is necessary for pretesting and ensuring the
final food product quality, particularly for industrial applications.
The technique should not be time consuming or a complicated
process.

Thermal analysis, coupled with or without FTIR microspectroscopy, is a fast, simple, and powerful analytical tool in foodquality control. The current field of thermal analysis is both
diverse and dynamic. Thermal analysis can simulate the cooking
process and serve as an accelerated stability-testing method for
different foods in a short time span. DSC and TGA are popularly
used as thermal analytical techniques that can directly measure
heat flow and weight change of a sample with temperature or
time. The DSC technique is also particularly suitable for analysis
of food systems because they are often subjected to heating or
cooling during processing. The calorimetric information from
DSC can be directly used to understand the thermal transitions of
the food system during processing or storage. The DSC method is
easy to operate, and in most cases, no special sample preparation
is required (Farkas and Mohácsi-Farkas 1996; Kaletunç 2009;
Robert et al. 2004). Recently, modern approaches to DSC-based
techniques and their advancements have been developed and
introduced to improve the measurements of different samples at
a molecular level (Chauhan and Mittu 2012; Gill et al. 2010).
The best known of these new methods for the estimation of thermal behavior of samples are TGA–DSC, modulated-temperature
DSC (MTDSC), microelectromechanical systems (MEMS)–
DSC, gas flow-modulated DSC (GFMDSC), parallel–nano DSC
(PNDSC), pressure perturbation calorimetry (PPC), self-reference DSC (SRDSC), and high-performance DSC (HPeDSC)
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(Holland et al. 2002; Loskyll et al. 2012; McCluskey and Vlassak
2006; Poel and Mathot 2007; Royall et al. 2006; Tsamaloukas
et al. 2010; Verdonck et al. 1999; Wang et al. 2008). These new
types of DSC techniques can be considerably applied to biological and nanoscience studies (Gill et al. 2010).
In 1986, Mirabella introduced a unique analytical system
by combining DSC and FTIR spectromicroscopy (Mirabella
1986). This technique was successfully applied to the simultaneous investigation of solid-state characteristics, thermodynamic
properties, and structural information of drug substances. This
novel DSC/FTIR microscopic system provides a unique and useful tool for determining the temperature-dependent behavior of
microsamples and can provide an accelerated stability-testing
method to predict product stability. The authors have successfully introduced this system to apply the simultaneous investigation of encapsulated squid oil stability, intramolecular cyclization
of the sweeter (APM), and online monitoring of solid-state Glc/
Asn Maillard reaction. Recently, new coupled simultaneous techniques have been successfully constructed by applying two or
more instruments to the same sample through an interface. In particular, a combination of thermoanalytical instruments and spectroscopic methods such as TGA/FTIR, TGA/MS, simultaneous
thermal analyzer (STA)/MS, STA/FTIR, STA/FTIR/MS, DSC/
FTIR/thermomechanical analysis (TMA), DSC/x-ray diffraction, DSC/Raman, DSC/near-infrared spectroscopy (NIR), TGA/
DSC/FTIR, or TGA/differential thermal analysis (DTA)/FTIR/
MS would allow for fast and simultaneously qualitative or quantitative analysis of various physicochemical properties of samples
at the molecular level (Baitalowa et al. 2002; Bryant et al. 1998;
Degamber et al. 2004; Garnaud et al. 2002; Lexa 2003; Marcilla
et al. 2005; Materazzi and Curini 2001; Mullens et al. 2002; Price
2008; Ringuette et al. 2006; Sprunt and Jayasooriya 1997).
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20.1 Introduction
Although known in principle since the 1900s, that is, shortly
after the discovery of x-rays and radioactivity, food irradiation
by x- and γ-rays or by electron beam has been introduced only
recently, as a new technological process, mainly to reduce spoilage losses and to improve hygienic quality (Raffi and Kister
2008). Many investigations have been devoted to possible health
hazards and, in 1980, a Joint Food and Agriculture (FAO)/
International Atomic Energy Agency (IAEA)/World Health
Organisation (WHO) Expert Committee meeting (FAO/IAEA/
WHO 1981) concluded that “the irradiation of any food commodity up to an overall average dose of 10 kGy presents no toxicological hazard; hence, toxicological testing of foods so treated
is no longer required.” More recently, a new FAO/IAEA/WHO
study group also recognized that there is no toxicological hazard
even for doses higher than 10 kGy (FAO/IAEA/WHO 1999).
The Commission of the European Communities (CECs) and
the Health Authorities of many countries, concluded that these
aspects had been investigated to a greater degree than for any
other method of food processing. As a consequence, the radiation
treatment of different foods is now legally accepted in more than
40 countries, and although it is still prohibited in others, many
countries have no regulations at all.
In Europe, the first directive (European law) was rejected by
the European Parliament, due to the opposition of the antinuclear

consumers and also because that, in 1988, there was no method
allowing to proof whether or not a food has been irradiated. As
irradiated foods cannot usually be recognized by sight, smell, or
taste, the only way for consumers to know if a food has been processed by irradiation is the use of a label that clearly announces
the treatment. Consequently, and to facilitate trade in irradiated foods, regulatory authorities in all countries appear to be
interested in having simple and reliable methods to detect foods
treated by irradiation (Delincée and Ehlermann, 1989; Raffi
2002, 2004; Raffi and Kent, 2004) and, consequently, to check
on compliance with labeling regulations.
We shall see that we now have methods allowing the detection of irradiated foodstuffs; consequently, a new directive
was written by the European Commission and voted by the
Parliament (Anonymous 1999). More recently, an action, initiated by Argentina, leads to the establishment of a new DIN protocol on food irradiation (European Committee of Normalisation
[ECN] 2011) and may induce a new development in the industrial
process.

20.1.1 Definition of the Food Irradiation Treatment
Usually, two irradiation methods are used: high-energy electrons, generated by a particle accelerator, and γ-rays produced by
a cobalt-60 or cesium-137 radioactive source. X-rays also may be
used but only in research, up to now.
387
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The main effect of γ- and x-rays is Compton scattering, that is,
ionization of atoms giving rise to “secondary electrons”; these
electrons, like those generated in an accelerator, lead to a number
of other “secondary electrons” and ions. This cascade of secondary electrons loses energy in ionizing the foodstuff molecules,
with consequent production of free radicals and, thereby, of
“radiolytic products.”
The physical, chemical, and biological effects are linked to the
irradiation dose that is the quantity of energy absorbed by the
matter, measured in gray: 1 Gy = 1 J/kg. For different technological reasons, the doses usually applied are
• 0.02 –0.15 kGy for sprout inhibition (e.g., of potatoes)
• 0.2–1 kGy for disinfestation
• 1–10 kGy for radurization and radicidation, terms
invented to cover the process of pasteurization by
irradiation
• Up to 50 kGy for sterilization
If all these applications are theoretically possible, irradiation will be mainly used in developed countries to increase the
hygienic quality of foods (i.e., doses generally between 5 and
10 kGy) or in place of fumigation treatments (by ethylene oxide,
methyl bromide…). Doses >10 kGy, that is, for sterilization, will
not be used for the general public but in hospitals for immunosuppressive patients. But, in case of developing countries, the
treatment may also be used to increase the storage time and thus
to decrease the food losses.
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Table 20.1
Main Organizers of International Projects on Identification of
Irradiated Foodstuffs
E.U. Actions

ECN

BCR action (5415/1/5/340/90/11)
(1989–1993)

WG8 secretary (1993–…):
G. Schreiber (RFA)

General coordinators
J.-J.Belliardo (E.U.) and J. Raffi (F)

IAEA
ADMIT Program
(1989–1994)

Group coordinators
H. Delincée (RFA) and C. Hasselmann (F)
A.-M. Sjöberg (Fin) and M. Leonardi (It)
H. Stevenson (U.K.) and W. Meier (Sui)
M. Kent (U.K.) and K.-W. Bögl (RFA)
Copernicus action (CIPA-CT94-0134)
(1994–1997)
General coordinator
J. Raffi (F)
Group coordinators
E. Andrade (Port)
S. Barabassy (Hung)
F. Callens (Belg)
W. Stachowicz (Pol)
N. Yordanov (Bulg)

Secretary
G. Ladomery
DNA group
H. Delincée (RFA)
Chemical group
W. Nawar (USA)
Biological group
A.-M. Sjöberg (Fin)
ESR group
M. Desrosiers (USA)
ISO/FDIS 14470
(2006–2012)
M. Funes (Argentina)
C. Figueiredo (Brazil)
S. Espeillac (F)

Note: ADMIT, analytical detection methods for irradiation treatment of
food; BCR, Community Bureau of Reference (Brussels); ECN,
European Committee of Normalisation; EU, European Union; IAEA,
International Atomic Energy Agency; WG8: ECN Working Group on
methods of identification of irradiated foodstuffs.

20.1.2 Research on Identification Tests
The different mechanisms of radiolysis have been widely studied and their results can be used to identify potential identification tests. However, the most difficult problem has been that the
changes that occur in irradiated foodstuffs are very small and
generally similar to those produced by classic food treatment
processes (heating, freezing) or natural spoilage (auto-oxidation);
consequently, there is no radiolytic product that can be used as an
irradiation marker. Another difficulty is that, in trade conditions,
we never have the “blank sample,” that is, a similar product on
which no irration has been carried out.
Some facts about food irradiation need to be understood:

methods. The experts also decided to make a distinction between
“proof” and “presumption” protocols:

1. The effects of the irradiation treatment are only dependent, at constant temperature, on the energy delivered
to the food, that is, the “irradiation dose.”
2. The lower the temperature, the smaller the quantities of
radiolytic products produced.

Following the expert conclusions (Raffi 1992), 10 protocols
were published by the European Committee of Normalisation
(ECN) (Table 20.2). They are discussed and eventually revised
every 5 years.
We will not discuss in this chapter about presumption protocols. They are based on a “too much hygienic quality” of treated
samples, found by microbiological methods:

Many detection methods have been discussed in the literature,
but progress was particularly due to the actions of the Community
Bureau of Reference program (BCR) of the CEC and of the Joint
Division of the FAO and the IAEA (Vienna) (Table 20.1). A
BCR meeting held in Cadarache (France, February 13–15, 1990)
decided to examine the potential methods of detection of irradiated food by setting up a concerted research action covering four
areas, that is, deoxyribonucleic acid (DNA) methods, microbiological and biological methods, physical methods, and chemical

• A “proof” protocol leads to an unambiguous conclusion: the product has been irradiated or not
• A “presumption protocol” leads to more ambiguous
conclusions, that is, the product has not been irradiated
or the product has possibly been irradiated. In fact,
these protocols lead to a proof of treatment but without
knowing what treatment has been used

• The DEFT/APC (direct epifluorescence filter technique/aerobic plate counter) method compare the surviving micro-organisms (after a possible treatment)
versus their initial total number, determined by fluorescence (EN 13783).
• The LAL/GNB (limilus amoebocyte lysate/Gramnegative bacteria) consists of measurement of the
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Table 20.2
Compilation of Methods for Identification of Irradiated Foods
Technique of
Measurement

EN/DIN
Protocol

Datea

DEFT/APC

13783

2002/2011

DNA
LAL/GNB
GC
(lipid methods)

13784
14596
1784

2002/2011
2005/2009
2003/2011

1785
1786

2003/2008
1997/2011

Yes
Yes
Yes

13708

2002/2011

Yes

1787

1997/2001

Yes

1788

1997/2001

Yes
Yes

13751

2002/2009

Electron
spin resonance

Thermoluminescence

PSL

Proofb

Yes

Examples of Foodstuffs
Spices
Poultry
Meat
Poultry
Raw meats, cheese, avocado, papayas, and mangoes (HC)
Raw meats, liquid whole eggs (CB)
Meat
Fish
Sea-food shells
Food containing crystallized sugars: dried mangos,
papayas, and grapes
Food containing cellulose: pistachio, strawberries, and
paprika
Egg shell
Shrimp cuticles
Spices and dried vegetables, aromatic herbs
Fresh foods
Sea-food shells
Spices and dried vegetables

Note: APC, aerobic plate count; CB, comparison of lipids and cyclobutanone percentages by GC combined with mass spectrometry; DEFT, direct epifluorescence filter technique; DNA, DNA comet assay; GC, gas chromatography analysis—
more and more replaced by HPLC; GNB, Gram-negative bacterial count; HC, comparison of lipids and hydrocarbon
percentages by GC; LAL, limulus amoebocyte lysate test; PSL, photostimulated luminescence.
a Dates of initial publication and last revision of the protocol.
b Proof of irradiation or of no irradiation.

lippolysaccharides concentration, and these molecules
come from the GNB walls (EN 14569).
• The comet assay (EN 13784), based on DNA degradation, follows the electrophoresis migration of colored
DNA cells.
As the food control laboratories generally have the apparatus
required by these methods, they are generally used as screening
methods; see as examples the papers on comet assay (Merino
and Cerdo 2000; Miyahara et al. 2000; Chung et al. 2004) or on
microbiological tests (Sjöberg et al. 1999).
On the opposite, the proof protocols require more time and
apparatus not owned by food control laboratories, except chromatography. These methods are discussed in the following sections of this chapter.

20.2 Chemical Methods
When food containing a lipid is irradiated, a large number of
volatile compounds are formed that may be useful as markers of
irradiation treatment. The percentage of radiolytic products from
lipids such as volatile hydrocarbons, aldehydes, or butanones
is directly linked to the chemical composition of lipids; this is
due to the fact that, when fatty acids are exposed to high-energy
radiation, they undergo preferential cleavages, unlike other treatments, in the ester carbonyl region. The analysis of two types of
compounds can be used for identification of irradiated foodstuffs.

20.2.1 Lipid Methods Using Radio-Induced
Volatile Hydrocarbons
About 40 years ago, Nawar and Balboni (1970) proposed that
hydrocarbons could perhaps be used as indicators of irradiation. The two main hydrocarbons, formed from each fatty acid
C(N:M), are those, C(N-1:M), with one carbon less than the parent fatty acid and those, C(N-2:M + 1), with two carbons less and
one extra double bond.
The methodology initially used by Nawar and coworkers
involved extraction of the lipid fraction followed by vacuum
distillation (cold finger) and analysis by gas chromatography
(GC). For routine use, the methodology has been improved,
using Florisil columns for the cleanup step. It is often sufficient
to compare the lipid and hydrocarbon compositions to ascertain
whether or not the foodstuff has been irradiated (Figure 20.1).
Thus, a protocol (EN 1784, Table 20.2) based on this method was
voted by the ECN in 1996 and published in early 1997.
Currently, researches are devoted to the enlargment of the
application scope to fishes, other fruits, eggs, cereals, crustaceans (Lee et al. 2000; Merino and Cerdo 2000; Hwang et al.
2001a–c, 2007; Park et al. 2001; Bhattacharjee et al. 2003; Chung
et al. 2004; Lee et al. 2008; Blanch et al. 2009) … and to the
improvement of methodologies using supercritical fluid extraction (Horvatovich et al. 2000; Barba et al. 2009) or solid-phase
extraction (Kim et al. 2004a–c; Caja et al. 2008).
It must also be noticed that high-performance liquid chromatography (HPLC) can also be used instead of GC.
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Figure 20.1 Pie-charts showing ease of detection of 1 kGy irradiated avocado pears from initial fatty acids in C[N:M] (N carbon atoms
and M double links) mainly derive two hydrocarbons in C[N−1:M] and
C[N−2:M+1]. The upper circle represents the fatty acid composition of
avocado pear A (C16:0), B (C16:1), C (C18:1) et D (C18:2). The lower ones
represent the hydrocarbon compositions in the respective series, that is,
C[N−1:M] on the left and C[N−2:M+1] on the right.

20.2.2 Lipid Method Using Radio-Induced
Cyclobutanones
Forty years ago, LeTellier and Nawar (1972) also isolated a series
of cyclic compounds, 2-alkylcyclobutanones, from pure trigly
cerides irradiated at high doses. Using chicken meat as a model for
a fat-containing food, Stevenson et al. (1990) described a procedure for the isolation and identification of one of these compounds,
2-dodecylcyclobutanone that is formed from palmitic acid on irradiation. However, the dodecyl-cantilever beam (DCB) quantities
are always very small and chromatography must be combined
with mass spectrometry. A protocol was voted by the ECN in late
1996 and published in early 1997 (EN 1785) and research are now
devoted to extrapolation to other food (Merino and Cerdo 2000;
Lee et al. 2000, 2008; Park et al. 2001; Hwang et al. 2001b,c; Kim
et al. 2004a–c; Obana et al. 2006; Zanardi et al. 2007; Blanch
et al. 2009) or using other extracting methods (Stewart et al. 2001;
Marchioni et al. 2002; Caja et al. 2008; Tewfik 2008a,b).
We must note that
• 2-Dodecylcyclobutanone has never been detected in
unirradiated chicken meat and seems not to be generated by cooking; thus, it appears to be a specific marker
for irradiation treatment. A recent paper (Variyar
et al. 2008) shows its presence in unirradiated samples
but requires to be checked by other laboratories. In all
cases, the DCB-induced quantities are very low and it
is possible that, with the improvement of the apparatus sensitivity, the “specificity” (to irradiation) of this
product could disappear, as has already happened for
other “specific radiolytic” products.
• Other research on radiolytic products such as o-tyrosine are now stopped as not concluding.

Irradiation results in positive ions and free electrons that can
be relatively stable in solid and dry foodstuffs. When energy is
absorbed by these particles, the recombination of ions and electrons leads to light emission (luminescence). This happens when
the food is dissolved in water (chemiluminescence) or heated
(thermoluminescence = TL).
It had been proposed that TL could be used to detect irradiated vegetable foodstuffs but it was later pointed out by
Sanderson et al. (1989) that the seat of the phenomenon is not in
the vegetable material itself but in contaminating mineral particles adhering to the products. On this basis, techniques have
been derived to separate these grains from the organic matter
and subject them to the TL test. Normalization of the samples
by reirradiation provides an unequivocal identification of an
irradiated product. A BCR collaborative intercomparison has
been carried out and the results led to the protocol EN 1788
(Table 20.2) adopted in late 1996.
This method presents three main disavantages:
1. The mineral extraction is time consuming
2. The mineral extraction requires the use of sodium
polytungstate, which is not a very usual commercial
product; for instance only produced by one company in
Germany for Europe
3. It requires an irradiation facility
Consequently, a lot of searchers try to extract minerals by
other ways, including dry sieving or use of organic solvents that
lead to more important quantities of minerals in less time… and
also some healthy hazards.
Further work on TL has been reported on shell fish (Carmichael
and Sanderson 2000), spices (Chabane et al. 2001; Kitis et al. 2005),
or complex foodstuffs (Bayram and Delincée 2004; Marchioni
et al. 2005a,b). Research carried out on herbs (Raffi et al. 2000;
Soika and Delincée 2000; Boniglia et al. 2009; Bortolin et al. 2009;
D’Occa et al. 2010) show that the electron spin resonance (ESR)
signal may decrease when storage time grows: consequently, this
test may only give an irradiation presumption. Some research were
also carried out on shells (Figure 20.2).
Photostimulated luminescence (PSL) is a radiation-specific
phenomenon resulting from energy stored by trapped charge
carriers after radiation treatment of mineral impurities such
as feldspars and micas. Release of this stored energy by optical stimulation can induce a detectable luminescence signal that
may be more or less characteristic of the irradiation treatment. In
fact, the protocol comprises an initial measurement of PSL intensity, which may be used for screening purposes, and a calibration
method to determine the PSL intensity range for classification
leading to a proof of (or no) radiation treatment.
This PSL screening might (EN 13751) be applied to detect
treatment of any food containing mineral impurities but its sensitivity depends on the quantities and types of minerals of each
sample. As TL, this procotol is mainly devoted to herbs and spices
(Bortolin et al. 2006; Alberti et al. 2007; Boniglia et al. 2009).
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The idea of studying foodstuffs by ESR is neither new nor
uniquely devoted to irradiated products but derives from archeological datation … (Regulla 2000).
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20.3.2.1 Study of Irradiated Meat and Fish
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There is either no observable signal in the unirradiated meat
bones (Figure 20.3a), or there is a symmetric absorption (Figure
20.3b), with a g-factor of ~2.0044 and a peak-to-peak line width
of ΔH ~ 0.6 mT, due to the bone marrow.
The irradiated sample presents an asymmetric absorption
(Figure 20.3c and d) characterized by

Figure 20.2 TL recording of different shells before (0 kGy) and after
(5 kGy) irradiation. Oyster (O) is a quite pure calcite, telline (T) is a quite
pure aragonite, and mussel (M) is a “mixture” of the two carbonates.

20.3.2 Electron Spin Resonance
ESR is a spectroscopic method allowing the observation of
unpaired electrons, especially free radicals induced by irradiation. ESR can be used as an identification test if the radicals
are stable during the commercial storage of the food. This only
occurs in the solid and dry components of the food, where the
reactivity of the radicals with each other or with water is low.
Moreover, the radio-induced signals must be clearly distinguishable from those of a reference sample.
The choice of field or frequency values depends on the experimental arrangements (for instance, sample dimension and sample
holder), but their ratio (i.e., g-value) is an intrinsic characteristic
of the sample. For an unequivocal identification, it may be helpful to measure the g-values of the ESR signals. Nevertheless, this
is not necessary for the identification of irradiated samples. The
resonance condition is given by the formula: hν = gBH where h
is Planck’s constant, ν is the microwave frequency, g is the Landé
splitting factor (~2), and B is the Bohr magnetron; g-values can
be calculated using the equation
gsignal = 71.44775 * νESR(GHz)/B(mT)

which is due to the hydroxyapatite (Ca10[PO4]6[OH]2), the main
constituent of bone. If the marrow is not removed from the bone,
the ESR spectrum of the irradiated bone is a mixture of these
two last ESR signals.
ESR detection of irradiation treatment is not significantly
influenced by storage time, heating of the sample (e.g., boiling
in water), and can also be applied for the identification of irradiation of a secondary product such as mechanically recovered
meat (MRM) (Marchioni et al. 2005a,b) or of other foodstuffs
(Bayram and Delincée 2004).
By opposition to archeologic datation, it is not possible to
use the fact that the signal intensity is proportional to the dose
(Chawla et al. 2002), to obtain an estimate of it in the case of
meat bones; this is due to the complex chemical composition and
the crystallinity of the bone. As for other methods, dosimetry
must be carried out by the manufacturer, during irradiation, and
not on the foodstuff itself.
ESR signals of irradiated or unirradiated fish bones are similar to those of meat bones (Chiaravalle et al. 2010). Fish bones,
scales, and jaw may also be used as they are also composed
of hydroxyapatite. However, measurements on fish bones and
scales using the same protocol as for meat bones (Table 20.2)
require much more experience as the rigidity and crystallinity of fish bones are less than meat bone. The ESR detection
method can probably be used for other bone-containing species
but may require kinetic studies to ensure that the lifetime of
the ESR signal is longer than the commercial lifetime of the
product.

(a)

(b)

(c)

(d)

Figure 20.3 ESR spectra of meat bones: Samples unirradiated (a, b) or irradiated at 2 kGy (c, d), with (b, d) or without (a, c) the marrow.
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20.3.2.2 Study of Irradiated Fruits and Vegetable
Products (EN 1787 and 13708)
Since radicals are not stable in an aqueous medium, ESR signals can be observed only in solid parts of the fruit (seeds, pips,
stones, and peel) or in dried fruit. The chemical composition of
this foodstuff being more complicated than the bone (one main
constituent), the signals induced by irradiation are more complex
and more dependent on the fruit species and on the particular
part of the fruit observed. For this reason, it was necessary to
establish two types of protocols.
In unirradiated samples, two different kinds of ESR signals
can be observed:
1. A six-line signal (Figure 20.4, line A) due to Mn2+,
which is not influenced by irradiation; the separation of
the lines is ΔH ~ 8.5 mT
2. A central single line (Figure 20.4, line B and Figure
20.5a), which increases in magnitude with the irradiation dose, but varies to a large extent with the water
content; it may be related to a quinone radical
The ESR spectrum of irradiated samples may show the two
signals of unirradiated samples and two other kinds of signal
depending on the composition of the sample:
• If low-molecular-weight sugars (i.e., glucose, fructose,
saccharose…) are present, the induced signal is very
C

B

A
Figure 20.4 ESR spectra of irradiated berries (A and B lines are also
present in the unirradiated sample).
(a)

complex, large (Figure 20.5b), and very predominant
allowing easy identification (EN 13708) (Raffi et al.
2000; Vanhaelewyn et al. 2000; Ghelawi et al. 2001;
Sanyal et al. 2008).
• In other cases, the “characteristic” signal is a triplet whose
satellite lines can only be found as the central line being
masked by the unirradiated signal (Figure 20.4, line C);
this is due to a cellulose radical, but as these lines are
generally very weak with respect to the others, this leads
to greater difficulty in identification (EN 1787).
These two protocols, EN 1787 and 13708, first established for
fruits, can be extrapolated to many other vegetable products such
as spices (Chabane and Raffi 2001; Korkmaz and Polat 2001;
Franco et al. 2004), dried herbs and vegetables (Kwon et al.
2000; Raffi et al. 2000; Yordanov and Gancheva 2000), and
seeds (Sünnetciglu and Dadayh 2000; Engin et al. 2011) but the
ESR signal intensity may decrease with storage time, limiting
its use as a “proof protocol”; the observation of the ESR signal
characteristic from irradiation will be an irradiation proof but its
nonobservation is not a proof of no irradiation.

20.3.2.3 Other Products
Complex signals were observed in irradiated shells: the differences between irradiated and unirradiated samples are very
slight. Moreover, the signal intensity, which increases with irradiation dose, decreases during storage, leading to difficulties in
identification of irradiated samples. Some research were also
carried out on starches but the “characteristic signal” was only
present about 1 year after irradiation and the cereals may be kept
for several years.
Let us point out that the observation of an ESR signal is not a
proof of irradiation as the radicals may be present before irradiation or induced by other treatments. Thus, we must ascertain that:
• The shape of the ESR signal must be different from the
ones present before treatment, that is, for instance, due
to Mn2+ ions or to quinone radicals
• Their intensity must be relatively high, as the radicals
may also be induced by mechanical (Raffi et al. 2002a)
or ultraviolet (UV) (Bertolini et al. 2001a,b) treatments,
but in very low quantities in these last cases
Also note that, if other physical techniques such as viscosimetry and supercooling have also been studied, they do not lead to
protocols up to now (Chabane et al. 2001).

(b)

Figure 20.5
(b) at 2 kGy.

ESR spectra of dried grapes. Unirradiated (a) or irradiated

20.4 Case of Drugs and Cosmetic Products
As for foodstuffs, pharmaceuticals, cosmetics, and a lot of products intermediary between food and drugs can be irradiated for
the purpose of debacterization or sterilization (Crucq et al. 2005).
γ-Rays and electron beams have been used for a long time to
sterilize medical devices. This treatment will be more and more
applied for the sterilization of drugs; thus, it could be interesting
to be able to prove whether or not a drug has been irradiated.
Currently, there is no official protocol for doing this but we just
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tell now how the main methods used in case of foodstuffs might
be applied in case of drugs and relative products.

20.4.1 Chemical Analysis
In case of drugs not irradiated in the solid state, we can make
the hypothesis that the protocol devoted to foodstuffs containing lipids may be applied. But a problem will be that the main
cosmetic products, or creams used as vectors in pharmacopoeia
to transfer a drug through the skin, have complex compositions
that probably do not allow us to reach, in each case, a proof of
the irradiation treatment. Moreover, these products also contain
phospholipids that may not follow the same radiolysis rules than
the other lipids.
On the other hand, drug solutions often contain only one chemical product. Thus, a simple chemical analysis may lead to an irradiation technique, using HPLC (Engalytcheff et al. 2004a,b) or
combining chromatography and mass spectrometry (Colak et al.
2006; Slegers et al. 2006). Note that one difficulty, however, is to
make a distinction between radiolytic products and solvent purification residues. More fundamental research must be carried out.

20.4.2 TL Detection
This method must be applied to drugs irradiated in powder and
dry state, allowing the detection of radio-induced ions trapped
in the solid matrix. There is no problem of extraction as the TL
signal will be directly recorded on the whole sample, and on
the opposite of the protocol used for the detection of irradiated
spices where the TL signal is due to silicate impurities.
But the study might be more complex. First of all, the unirradiated sample presents as the unirradiated one a TL spectra, for
instance, two peaks in case of anhydrous ampicillin acid (Gibella
et al. 1999; Stocker et al. 1999; Raffi et al. 2002b); in this very
favorable case, the two peaks vary in different ways with regard
to the irradiation dose and thus lead to a proof of irradiation; but
in other close antibiotics, the peaks may have very different variations. Consequently, each drug is a different case and requires a
specific study. There will not be a general detection protocol as
in the case of foodstuffs.
Moreover, in case of mixtures, which is often the case, it will
be impossible to attribute the observed TL signal to a special
product; thus, the method will be limited to pure products. On
the other hand, in case of vegetal ingredients, the foodstuffs protocol may be applied.

20.4.3 EPR Detection
A lot of drugs and excipients can be irradiated in the solid state;
generally, they show no electron paramagnetic resonance (EPR)
signal in the unirradiated sample that is consequently very easy
to be detected. On the other hand, the irradiated drugs present
complex spectra; these drugs being dry, the lifetime of the signals
induced by radiation is very long: several months or even years
in case of the irradiated antibiotic, and anhydrous ampicillin acid
(Gibella et al. 1999, 2000; Raffi et al. 2002a,b; Engalytcheff et al.
2004b,c; Maquille et al. 2006). Consequently, ESR detection of
such irradiated drugs must be very easy.

However, in case of natural products used in some drugs, the
unirradiated sample may also present a single line very often
found in vegetal products, probably due to a quinone radical; but,
the single line is also easy to be distinguished from the complex
signal induced in irradiated drugs and is not, consequently, a
limit to the detection of an irradiated sample.
In excipients such as starch, cellulose, mannitol… there is no
signal or a simple singulet in the unirradiated sample and a complex EPR signal, relatively stable with time (at least in crystalline parts) in the irradiated samples. Here too, the detection of
an irradiation treatment will be easy, under the condition that the
signal shape is characteristic of irradiation, which is not always
the case.
However, we should note that, as in foodstuffs, the radicals
detected by EPR can also be induced by other treatments such as
UV radiation (Bertolini et al. 2001a,b) or by mechanistic action
such as grinding (Raffi et al. 2002a).

20.5 Conclusions
Since the 1980s where no method seemed to lead to the detection of irradiated foodstuffs, much work has been carried out.
Even if the 10 European protocols do not cover the whole
range of foodstuffs, they cover all the foodstuffs susceptible
to be irradiated. Consequently, a new directive was written
and then voted by the European Parliament in 1999; it must be
completed by a positive list (i.e., included authorized irradiated
foodstuffs) that was not yet discussed as the European Union
was blocked by
• The attitude of certain countries (such as Germany,
despite the fact that it was one main contributor to this
technology and to the proof of its wholesomeness)
• The lacking enthusiasm of its other members (a consequence of a bad use of the “precaution principle?”)
• The lobbying of certain associations of consumers,
chemical industrials, and food- marketing networks
But Europe was not alone in the world: the Food and Drug
Administration (FDA) approved for instance, on December 1997,
the use of irradiation in the United States to kill harmful bacteria
such as Escherichia coli in beef, lamb, and pork. The FDA was
acting on a 3-years-old petition since 1994, but gave the allowance after the recall last August of 11,000 tons of hamburger
meat feared and tainted with E. coli. If applied in France, the
accidents, which occurred in southwest of France in late 2005,
2007, and 2012 could not have happened.
The next few years will probably be a turning point with
regard to the development of food irradiation (Ehlermann 2005):
• When the directive will be applied, it will be easy to
inform the consumers (who have no choice currently)
with an “official development” of the treatment, including good labeling of the irradiated foodstuffs, or
• Whether or not there will be official development in
Europe, there will be in all cases introduction of foreign irradiated foodstuffs in Europe, due to the need to
replace some chemical treatments and to fight problems
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of salmonellae…, but more or less visible for the consumers… that means no opportunity for a good information. Recently, a new International Organization for
Standardization (ISO) protocol (European Committee
of Normalisation [ECN] 2011) for “Good processing
practices for the irradiation of foods for human consumption,” initiated by Argentina, was adopted and
may also change the treatment future.

The first solution is the best one and the choice is clear; the
issue of consumer protection must not be understood as a means
to prevent the consumer to be informed and to make an informed
choice (Ehlermann 2005). At present the question is: “Shall
we let Sound Science decides the safety of irradiated food?”
as asked by Loaharanu (2006); now, the ball is in the court of
policy and health authorities and also in the court of consumer
associations…
But, up to now, we are in an ubuesque situation where
• The consumers do not have the opportunity to choose
the irradiation treatment as it is quite not used
• Some industrials use forbidden fumigation treatments,
and the toxicity of them was proved, instead of the
non dangerous irradiation treatment, to not label their
foodstuffs
• The biological products, which do not use chemical
treatments and consequently have a random hygienic
quality, are not irradiated despite it is the unique proceedure to improve their hygienic quality…
Finally, this must be the health authorities job to suggest using
irradiation to improve the hygienic quality of foodstuffs. But, in
a period defavorable to nuclear techniques, it is true that this task
is not easy…
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21.1 Introduction
With the nuclear accidents at Chernobyl and Fukushima in
mind, it remains evident that there is a serious need for reliable
measurements of radionuclides in a variety of foodstuffs. This
chapter of the book summarizes information on measurements
of radionuclides in food. There is a compilation of guidelines for
collecting, preparing, and analyzing basic food for radionuclides
of interest.
Since the 1960s, the focus of a number of international organizations, for example, Food and Agriculture Organization (FAO),
United Nations Scientific Committee on the Effects of Atomic
Radiation (UNSCEAR), World Health Organization (WHO),
and World Meteorological Organization (WMO), has been on
the methods of radiochemical analysis. In response to a request
from the member states, the Fallout Radioactivity Monitoring in
the Environment and Food (MEF) Program was established by
the International Atomic Energy Agency (IAEA), and an excellent guidebook called Measurement of Radionuclides in Food
and the Environment [1] was prepared. Together with other documents [2–5], this guidebook was used as the background material for the guidelines.
This chapter does not contain detailed instructions or the measurement of the respective radionuclides in individual foodstuffs
because they are very extensive, but references are given. It is
also recognized that the reliability of these recommended methods largely depends on the laboratory techniques. Such a laboratory requires special counters and methods for radioactivity
measurements. To obtain reliable results, the measurements must
be based on standards and calibrations provided either by the central specialized laboratory, or on interlaboratory comparisons.

21.1.1 Radionuclides and Their Properties
21.1.1.1 Nuclides, Radionuclides, and Radioactivity
In general, an atom with atomic number Z and neutron number
N is known as a nuclide. Approximately 10% of more than 2600
known nuclides are stable. The total number of protons plus
neutrons is known as the mass number A of a nuclide. Hence, a
nuclide can be specified as follows:
A
Z

XN

Z is the atomic (proton) number
N is the neutron number
A is the mass number (N + Z)
X is the chemical element symbol
There are 115 currently known chemical elements. Elements
consist of atoms with a fixed number Z (known as the atomic
number) of protons in the nucleus and an equal number of orbital
electrons. In addition to protons, the nucleus contains a variable
number N of neutrons. Atoms of the same element with different

numbers of neutrons are known as isotopes of that element.
Elements can have many isotopes, most of which are unstable.
The number of neutrons determines whether the nucleus is
radioactive. For the nucleus to be stable, the number of neutrons
should in most cases be a little higher than the number of protons. If the number of neutrons is out of balance, the nucleus has
excess energy and sooner or later will discharge the energy by
decay processes. The nuclide with such an unbalanced nucleus
is unstable and is called a radioactive nuclide, or radionuclide.
A radioactive nuclide decays by one or several decay processes. The result of the decay processes is also simply characterized by the origin of different types of radioactivity as y
(i.e., electromagnetic waves), α, and f3 (i.e., stream of particles).
Radioactive nuclides do not decay after a given time. They decay
during a given time interval with a special probability. To tell
this probability of decay, the half-lives of all nuclides are given.

21.1.1.2 Effect of Radioactivity on the Living Tissue
Radioactive nuclides are materials of the same chemical properties as their corresponding nonradioactive isotopes. On the
basis of the characterization given above, radionuclides produce
radioactivity, that is, ionizing radiation. These forms of radiation
transfer lots of energy to any matter they pass through, changing the matter into ions (i.e., ionizing it). The living tissue is
very sensitive to changes, and this ionization can damage it. The
extent of the damage depends on what sort of radiation is doing
the ionizing, what sort of tissue it hits, and how much radiation
the tissue is exposed to.
Low doses of radiation over a long time can cause various
types of cancer (thyroid, lung, breast, and leukemia) and tumors,
and can mutate deoxyribonucleic acid (DNA), causing similar
problems to be passed on to the next generation.
Man is exposed to about three times as much ionizing radiation from natural sources as from all the man-made sources put
together. The major naturally occurring radionuclides include
the isotopes of uranium and thorium plus their daughters and
40K. Most man-made radionuclides come from medical uses,
especially x-rays, with nuclear explosions (almost entirely from
weapon tests) close behind. However, nuclear accidents such as
Chernobyl and Fukushima can have significant effects on the
incoming of radionuclides into the environment [7–10].

21.1.2 Radionuclides in Food
While natural radionuclides influence the natural background, the
transport of radionuclides from nuclear accidents and weapon tests,
which go through terrestrial and aquatic biota (Figures 21.1 and
21.2), can result in the contamination of the human diet. Ingestion
of radionuclides in foods can be an important contributor to the
total dose received by an individual or a critical (population) group.
Only a limited number of radionuclides from nuclear explosions or nuclear power plant (NPP) accidents significantly
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Figure 21.1

Pathways between radioactive materials released to ground and surface waters (including oceans), and man.
Internal
irradiation

External
irradiation
Inhalation
Clouds

Ingestion

Fallout

• Meat: 134Cs and 137Cs
• Other foods: 89Sr, 90Sr, 134Cs, and 137Cs
Other radionuclides may appear in terrestrially produced
foods, which were originally released into the air, vegetation,
or soil: 95Zr, 95Nb, 105Ru, 141Ce, 144Ce, 238Pu, 239+240Pu, 241Am,
and 242Cm. In terms of the life specificities of some organisms
in freshwater and seawater and their importance in the food
chain, radionuclides of particular concern include: 54Mn, 55Fe,
59Fe, 60 Co, 65Zn, 95Zr, 95Nb, 103Ru, 106Ru, 110 m Ag, 125Sb, 131I, 134CS,
137CS, 141Ce, 144Ce, and some transuranic elements.

21.1.3 Regulations

Figure 21.2 Pathways between radioactive materials released to the
atmosphere and man.

contribute to food contamination. These normally include fission
products and activation products.
The levels of radionuclides in the environment and in food
have been extensively compiled by UNSCEAR [11,12]. In general, the radionuclides of major importance in the contamination
of food are:
• Water: 3H, 89Sr, 90Sr, 131I, 134Cs, and 137Cs
• Milk: 89Sr, 90Sr, 131I, 134Cs, and 137Cs

The detection limits for radionuclide monitoring in food should be a
small fraction of the action level for the specific radionuclide. Action
levels are specific to the event and the radionuclide. International
health and radiation organizations have published [13–21] guidance
on the principles for establishing intervention levels (ILs) of doses
for measurements and control levels of radionuclides in food moving in international trade. In the FAO document [22], the ILs in
relation to foodstuffs are characterized as follows:
A postaccident IL of dose commitment for the public has to
be translated into the corresponding and measurable levels of
ground deposit (Bq m−2) of the significant radionuclides present,
and into the related levels in food and drink consumed (Bq kg−1
or Bq L −1). This then provides for the application of derived intervention levels (DILs) in the same units. These are the relatively
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IRALFA (Bq kg−1)

Table 21.1
Conversion Factors for Committed Effective Dose Equivalent per
Unit Radionuclide Intake (nSv Bq−l)
Radionuclide
Strontium-90
Ruthenium-106
Iodine-131 (thyroid based)
Cesium-137
Plutonium-239

1-Year Infant

10-Year Child

Adult

120
40
3700
13
49

46
13
1200
12
21

33
6
440
12
14

• Limiting the annual radionuclide intake (Bq)
• =Annual or “effective” food consumption (kg)

Source: Revised Guidance on the Principles for Establishing Intervention
Levels for the Protection of the Public in the Event of a Nuclear
Accident or Radiological Emergency. Vienna: International Atomic
Energy Agency, 1988.

easily monitored levels in food or the environment, below which
intervention would not be justified under the circumstances or,
above which, intervention would be indicated on the grounds of
public health.
The International Commission for Radiological Protection
(ICRP) has tabulated radiation dose commitment conversion factors in terms of Sv Bq−1 in consumed food and beverages [23] in
connection with occupational exposure. The same approach is used
and extended in the development of guidelines for ILs in postaccident situations by the IAEA [24]. A few doses per unit intake factors are illustrated in Table 21.1. The relatively higher conversion
factors for the “critical” group of infants should be noted.
The Chernobyl and Fukushima accidents have demonstrated
the need for improved international agreement on specified postaccident ILs as a basis for DILs for food and feed moving internationally. FAO then involved the elaboration and recommendation
for future international recognition of “Interim International
Radionuclide Action Levels for Food” (i.e., for food moving in
international trade). The acronym “IRALFs” was proposed for
these levels [25] and the IRALF for a particular radionuclide A
is defined as follows:

Table 21.2 presents the FAO interim international radionuclide
action levels for foods for selected radionuclides. IRALFs were
designed to provide for wide margins of postaccident radiological health safety for importing communities, for minimizing
constraints in the future, and for improved protection of the welfare of agriculture and fishery communities against anomalous
trade barriers. The levels can be applied to single radionuclides
or mixtures and would lend themselves to simple monitoring,
certification, and application. As implied by their definition,
IRALF values provided for a periodical international review
after some accidental release, a provision already adopted for
European Community (EC) countries.
On March 11, 2011, the magnitude-9.0 earthquake and a substantial tsunami struck off the northeast coast of Japan. The
Fukushima NPPs were inundated and stricken, followed by
radionuclide releases outside the crippled reactors. Provisional
regulation values for radioactivity in food and drink were set on
March 17 and were adopted from the preset index values, except
for radioiodines in water and milk ingested by infants [26]. For
radiocesiums, uranium, plutonium, and transuranic emitters,
index values were defined in all food and drink not to exceed
a committed effective dose of 5 mSv year−1. Index values for
radioiodines were defined not to exceed a committed equivalent
dose to the thyroid of 50 mSv year−1, and set in water, milk, and
some vegetables, but not in other foodstuffs. Index values were
calculated as radioactive concentrations of indicator radionuclides (131I for radioiodines, 134Cs, and 137Cs for radiocesiums) by
postulating the relative radioactive concentration of coexisting
radionuclides (e.g., 132I, 133I, 134I, 135I, and 132Te for 131I). Surveys
were thence conducted to monitor levels of 131I, 134Cs, and 137Cs.
Provisional regulation values were exceeded in tap water, raw

Table 21.2
FAO Interim International Radionuclide Action Levels for Foods for Selected Radionuclides
Radionuclide
Sr-90
First year
Following years
1–131
First year
Cs-134
First year
Following years
Cs-137
First year
Following years
Pu-239
First year
Following years

Target Organ

Dose Level
(mSv)

Dose Conversion
Factor (Sv Bq−I)

50
10

1.9 × 10−6
1.9 × 10−6

50

Radionuclide
Intake (Bq)a

Food
Intake (kg)

IRALF
(Bq kg−I)

26,000
5200

375
375

70
20

2.9 × 10−6

17,000

40

400

5
1

2.0 × 10−8
2.0 × 10−8

250,000
50,000

750
750

350
50

5
1

1.4 × 10−8
1.4 × 10−8

360,000
71,000

750
750

500
100

50
10

1.7 × 10−5
1.7 × 10−5

3000
590

375
375

10
2

Bone surface (infant)

Thyroid (infant)
Whole body (adult)

Whole body (adult)

Bone surface (infant)

Source: http://www.fao.org/docrep/u5900t/u5900t08.htm#TopOfPage.
a Bequerels corresponding to the annual dose.
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milk, and some vegetables, and restrictions on the distribution
and consumption began on March 21. Fish contaminated with
radioiodines at levels of concern were then detected, so that the
provisional regulation value for radioiodines in seafood adopted
from that in vegetables was additionally set on April 5. Overall,
restrictions started within 25 days after the first excess in each
food or drink item, and maximum levels were detected in leafy
vegetables (54,100 Bq kg−1 for 131I, and a total of 82,000 Bq kg−1
for 134Cs and 137Cs). The author focuses on the logic behind such
food safety regulations, and discusses their underlying issues.
The outlines of the food-monitoring results for 24,685 samples
and the enforced restrictions are also described.

21.2 Sample Preparation
The main purpose of measurement of radionuclides in food
should be fast identification of the most critical samples and the
most important radionuclides so that the necessary rapid action
can be carried out. It is by no means a simple process because
the pathways of radionuclides to man are relatively complicated
(Figures 21.1 and 21.2). On top of that, these pathways are dependent not only on the properties of radionuclides and concrete
foodstuffs, but also on a number of other effects, such as the specific conditions of production processes and the concrete processing of foodstuffs, that is, washing, cleaning, and cooking. In this
association, it is recommended that food analyses be based on
the determination of radionuclides in individual food items rather
than a mixed diet sample. The selection of foods to be sampled
can be based on individual diet or food consumption statistics and
the selection cannot be preferably carried out until after the final
processing. For these reasons, only those radionuclides and only
those foodstuffs should be sampled, which significantly contribute to human, that is, to population exposure. Radionuclides of
specific interest in food are listed in Section 21.1.2.

21.2.1 Radionuclides in Important Components of
Human Diet
Foodstuffs and their products, which are important components
of human diet in many countries and which are liable to radionuclide contamination, include milk, grain and rice, meat, aquatic
organisms, vegetables, and fruits.
The determination of 210Po and 210Pb was performed in marine
organisms from the seashore to abyssal depths, encompassing a
plethora of species from the microscopic plankton to the sperm
whale [27]. Concentrations of these radionuclides ranged from
low values of about 5 × 10−1 Bq kg−1 (wet wt.) in jellyfish, to very
high values of about of 3 × 104 Bq kg−1 (wet wt.) in the gut walls
of sardines, with a common pattern of 210Po > 210Pb. These radionuclides are primarily absorbed from water and concentrated
by phyto- and microzooplanktons, and are then transferred to
the next trophic level along marine food chains. Investigation in
epipelagic, mesopelagic, bathypelagic and abyssobenthic organisms revealed that 210Po is transferred in the marine food webs
with transfer factors ranging from 0.1 to 0.7, and is numerically
similar to those of the energy transfer in the marine food chains.
As 210Po preferentially binds to amino acids and proteins, its
transfer in food chains likely traces protein transfer and, thus,

Po transfer factors are similar to ecotrophic coefficients. 210Pb
is transferred less efficiently in marine food chains and this contributes to increased 210Po:210Pb activity ratios in some trophic
levels.

210

21.2.1.1 Milk
Milk composition is almost identical all over the world. It is easy
to collect a representative milk sample that can be analyzed in
liquid or dried form. Milk is likely to be contaminated by radioactive iodine and cesium within the first days after a release of
volatile radionuclides. Contamination of milk can be caused by
feeding contaminated feed, grazing of cows, goats, or sheep on
contaminated grassland, or also by ingestion of radionuclides in
drinking water or by inhalation.
Besson et al. [28] studied the transfer of two man-made radionuclides, radiocesium (137Cs), and radiostrontium (90Sr), from cow’s
milk to whey and cheese in three different types of French cheese
production with rennet coagulation. Most of the 137Cs was present
in the aqueous phase and became concentrated in the whey.

21.2.1.2 Grain, Rice, and Flour
Grain and rice are foodstuffs that are consumed directly and
which make up a large part of the human diet in the form of flour,
which then serves to make many different products. Grain and
rice can be contaminated with radionuclides during the growing season by the so-called foliar contamination if fallout occurs
during the season, and through root uptake if grown on previously contaminated soils. Selection of representative samples of
grain and rice is relatively easy at harvest time, in grain silos or
immediately prior to further processing in mills, packing plants,
and so on.

21.2.1.3 Meat
In their nutrition, humans consume large quantities of meat of
various origin (beef, pork, poultry, fish, and others); therefore,
meat is one of the main sources of contamination. Following an
accidental release, the most feared is radiocesium. Contamination
of meat with radionuclides is mainly the result of animal grazing,
but also by drinking contaminated water. Meat sampling should
normally be done in such a way that the composite sample is
representative of a large number of animals. Since water is not
only on what life is based but also the most important transport
means (see Figure 21.1), contamination of aquatic animals and
hence of their meat is of special significance. This is especially
true for radiocesium, which was even found to concentrate in
some aquatic organisms (fish). Ocean fish, however, will not take
up as much radiocesium as freshwater fish due to the vastness of
the oceans and also due to the high potassium content. Special
attention must be devoted to game, which could be contaminated
heavily because they roam freely over the countryside.

21.2.1.4 Vegetables, Potatoes, and Fruits
The importance of vegetables in human nutrition is growing.
Potatoes could be a very significant pathway for radionuclides
from the environment to man. Direct radionuclide contamination
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(foliar intake) is possible during the growing season of green
leafy vegetables. To a large extent, we can prevent this kind of
contamination if we grow the vegetables in a greenhouse or hothouse. Other vegetables, including root vegetables, may also be
contaminated. Soil-to-plant contamination is not so heavy due to
the low transport coefficients and also because we would probably not grow cultural plants in contaminated soil. More frequent
sampling is recommended during the growing season, because in
the early stages of fallout, green vegetables can be contaminated
with short-lived radionuclides. When we take samples of root
vegetables and potatoes, we should take care to avoid contamination with soil sticking to the surface of the vegetables.
Although fruit is an important component of the diet, the extent
to which it contributes to radiological exposure remains unclear,
partially as a consequence of uncertainties in models and data
used to assess the transfer of radionuclides in the food chain. A
Fruits Working Group operated as part of the IAEA BIOMASS
(BIOsphere Modeling and ASSessment) program from 1997 to
2000, with the aim of improving the robustness of the models that
are used for radiological assessment [29]. The group completed
a number of modeling and experimental activities including: (i)
a review of the experimental, field, and modeling information on
the transfer of radionuclides to fruits; (ii) discussion of recently
completed or ongoing experimental studies; (iii) development of
a database on the transfer of radionuclides to fruits; (iv) development of a conceptual model for fruits; and (v) two model intercomparison studies and a model validation study. The group
achieved significant advances in understanding the processes
involved in the transfer of radionuclides to fruits.

21.2.1.5 Other Foodstuffs
The same applies to other foodstuffs of plant origin (fruits,
potatoes, and pods). They can be very prone to direct external
contamination with radionuclides during the growing season.
Samples should be taken during harvest to avoid secondary
contamination from foodstuffs harvested at another place. It is
important to focus on some mushrooms, which are part of the
human diet, because some radionuclides accumulate in them.

21.2.1.6 Water
Water is necessary for life and for the varied human activities,
including food preparation and processing. It is also a significant
pathway of radionuclides to man especially of short-lived radionuclides such as radioiodine.
Water consumed by livestock can also be a source of radionuclides in foods. Seawater can be a contamination source for
seafood. Sampling is very simple as are detection methods for
radionuclides, and can be done directly or by using the normal
method of concentration, that is, evaporation or variable sorption
techniques.

21.2.2 Methods of Sample Preparation
The preparation of food samples before the application of radioanalytical methods involves a number of procedures, which
enable qualitative and quantitative analysis to be carried out, frequently without the use of special analytical procedures.
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21.2.2.1 Collection
Collection of samples is relatively easy before or during processing and was indicated in Section 21.2.1. Other authors have considered the design and organization of sampling programs (e.g.,
Ref. [30]).

21.2.2.2 Cleanup
Since we are dealing with foodstuffs, no special cleaning processes are required. We must take great care to rinse the root
vegetables and potatoes very thoroughly in clean water. All the
samples and the equipment used in the preparation areas must be
handled in a way to avoid contamination. Disposable bags, trays,
and so on, should be used whenever possible.

21.2.2.3 Storage
Storage must avoid degradation and spoiling and the loss of volatile radionuclides. According to the length of the storage period
before analysis, refrigeration, and freezing, an addition of preservatives, or drying and ashing may be required. Any sorption
losses must be prevented. The adsorption on sample containers
can be eliminated by an addition of acid, a carrier solution with
stable elements, or a complexing agent.

21.2.2.4 Ashing
Ashing is a very frequent operation in radionuclide analysis and
can be employed to remove the potentially interfering organic
component of the food samples and to convert the radionuclides
of interest into a soluble form. We distinguish between wet- and
dry-ashing techniques. Ashing is a very frequent cause of contamination. During sample preparation, such equipment and
chemicals must be chosen that will eliminate contamination as
much as possible.
Wet-ashing procedures are valuable for small samples or where
the losses of the volatile radionuclide need to be minimized. The
requirement to analyze large samples precludes the use of wet
ashing because of the large volumes of reagent required and the
need for fairly constant operator attention. Wet ashing is based
on acid digestion. Sulfuric and nitric acids are usually the digestion acids of choice, sometimes in conjunction with a catalyst. In
specific cases, perchloric acid is also used, but is very dangerous
to work with and safety precautions must be followed closely. To
accelerate the digestion processes, wet ashing is conducted under
higher temperatures (100°C–300°C); special thermal equipment
is therefore required (sand bath, microwave heating, etc.).
Dry ashing takes many days to process large samples of foodstuffs. Even though the samples need to be occasionally mixed
to expose unoxidized material, the operator attention time is
relatively short and large numbers of samples can be processed
simultaneously. Therefore, dry ashing is the method of choice
for the majority of analytical laboratories. However, the dryashing process must be considered carefully because of the high
potential loss of volatile radionuclides (particularly, e.g., radiocesium). The temperature for dry ashing varies but an upper limit
of 450°C is recommended. It is often recommended to carry out
dry ashing in steps with increasing temperatures and the initial
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step at 105°C. For the analysis of radio strontium, higher ashing temperatures can be used (up to 600°C). The ashing time
depends on the type and quantity of the material. Carrier elements and radioisotope tracers should be added to all samples
before ashing. Measurements of the ashed weight are necessary
for calculations of radionuclide concentrations and yields.

21.2.2.5 Homogenization
It is extremely important that samples are thoroughly homogenized when subsamples are to be used for analyses. If gammaray spectrometry is directly applied in the food samples, it is
necessary to homogenize the samples before the actual measurement due to sample geometries and densities. Homogenization
precedes or is associated with mechanical processing. Sample
materials are also homogenized after drying and/or ashing. The
process can be carried out by a variety of means, such as blenders, mixers, mills, and other special homogenizers. The home
food processors now available are very useful for many products. In the case of liquid scintillation, special attention must be
devoted to the homogeneity of the mixture of the scintillation
cocktail with the sample.

21.2.2.6 Extraction
In the case of analysis of some radionuclides, common extraction
methods may be applied (both liquid–liquid and/or liquid–solid).
As only very low concentrations are used, we must be careful
to avoid losses caused by binding to the walls of the containers.
Therefore, carrier elements and radioisotope tracers should be
added to all sample types before extraction.

21.2.2.7 Evaporation, Lyophilization, and Distillation
Evaporation is commonly used for concentrating liquid samples.
During evaporation, we must prevent spattering, adsorption of
radionuclides on the evaporation dish, and losses of some radionuclides (radioiodine, tritium, and radioruthenium) during the evaporation process. Fast evaporation can be satisfactorily performed
with rotating evaporation under reduced pressure. A special and
very suitable process of sample preparation is lyophilization.
Lyophilization, commonly referred to as freeze drying, is the process of removing water from a product by sublimation and desorption. Lyophilization offers a means of improving food sample
stability and shelf life, and is very suitable for the preparation of
samples susceptible to higher temperatures (e.g., milk). Distillation
as a technique for purifying water (or nonaqueous foodstuffs after
conversion into water by oxidation) [31] is applied to remove nonvolatile materials for radiochemical analysis of tritium.

21.2.2.8 Separation Processes
Owing to low concentrations or potential interferences in the
detection of radionuclides in the mixed sample, radionuclide
analysis requires chemical separations, or specific adsorption processes. The commonly used method for separating strontium is
by nitrate precipitation. The sequential radiochemical separation is
applied in methods for the determination of transuranic elements.

21.3 Analysis Methods
The advantage of radionuclide determination (under the condition that detection of certain radionuclide concentrations is possible, i.e., detection levels) is their direct detection in samples
without any special analytical methods. In the first place, it concerns gamma emitters and so gamma spectrometry is used [1–4,
32–34]. Thorough mechanical treatment of the samples must be
carried out prior to this (milling, homogenization) and/or normal analysis laboratory procedures such as evaporation, drying,
lyophilization, ashing, and so on (see Section 21.2.2). In the first
place, the objective is to ensure the geometry of measurements
and then to increase the activity of concentrations.
In terms of beta-emitting radionuclides with a higher Emax
(e.g., radiostrontium), direct beta spectrometry with portable
beta survey instruments can also be used. This is based on the
international standard [5]. It is also possible to use direct liquid
scintillation counting (LSC) but high-quality methods must be
applied that are capable of analyzing several beta-emitting radionuclides in the same sample with the aid of computer processing.
The laboratory will have to ensure the required radiochemical
analysis (separation) of radionuclides if
• Potential radiotoxical effects on man can be presupposed even in low concentrations of a certain nuclide.
• It is not possible to achieve detection limits directly.
• The sample contains a mixture of radionuclides with
possible interferences in spectrometry.
The above holds true particularly for 90Sr, 89Sr, and transuranic elements. As a result of the difficult detection of low-energy
levels generated by beta emission of some radionuclides (3H),
the LSC technique was developed with preliminary separation
techniques [1,2,35–39]. Quantitative determinations of separated
radionuclides are derived, according to the suitable type of radioactive decay, by gamma, beta, or alpha spectral analyses.

21.4 Detection Methods
21.4.1 Radiation Measurement Instrumentation
The demands for the equipment of a laboratory for the measurement of radionuclides in food are very high and are associated
with the relatively wide range of radionuclides, which must be
determined in the food not only following an accidental release
of radionuclides, but also during a routine-monitoring program.
Generally, the laboratory should be capable of performing the
nuclear measurement for the determination of
• Gamma emitters by nondestructive gamma-ray
spectrometry
• Beta emitters by LSC
• Transuranic elements by alpha spectrometry
The size of the facilities needed for these functions depends
on the number of local nuclear installations, on food import
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controls, and on the overall need of the country’s radiation protection program. For instance, the IAEA [1] gives the number of
rooms and area, personal requirements, and so on, recommended
for such laboratories.

21.4.2 Laboratory Equipment
21.4.2.1 Instrumentation for Gamma Measurement
• Portable beta/gamma survey instrument for monitoring
and sorting incoming samples.
• A fully integrated gamma spectrometry system (a
germanium detector with liquid nitrogen cooling, Pb/
Cu shield, multichannel analyzer [MCA]) with a highquality and corresponding personal computer (PC),
and hardware and software for analyses and data
interpretation.
• A gamma-ray counter/spectrometer equipped with an
NaI(Tl) detector and a lead shield.
• Radionuclide standards with the same geometry as
the food samples (usually polyethylene bottles and/or
Marinelli beakers and polyethylene bottles containing
a spiked resin of the mixed radionuclide solution covering the energy range 100–2000 keV).

21.4.2.2 Instrumentation for Beta Measurement
• Portable, thin-window, Geiger–Müller, beta/gamma
survey instrument for monitoring and sorting incoming
samples.
• Low-background, gas-flow, anticoincidence beta counter with suitable PC and hardware and software for
interpretations.
• A cooled, low-background scintillation counter for
measuring low-energy beta emitters.
• Radionuclide standards.

21.4.2.3 Instrumentation for Alpha Measurement
Portable survey instrument(s) for monitoring and sorting incoming samples
• Alpha spectrometry system (silicon surface-barrier
detector in a vacuum chamber with all accessories,
MCA, and PC with suitable hardware and software).
• Radionuclide standards.

21.4.2.4 Other Laboratory Equipment and Measures
Beta/gamma monitor for checking possible laboratory
contamination.
• Equipment minimizing any possible distribution of
internal contamination and preventing any possible
leakage of radioactivity outside the laboratory (fume
chambers, filtration and ventilation equipment, space
for deposition of standards, etc.).
• All arrangements and precautions, often subjected to
strict national standards, which ensure safe and radiohygienic operation of the laboratory-handling radionuclides.
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21.4.3 Methods
21.4.3.1 Gamma Spectrometry
The considerable advantage of gamma-ray spectrometry is its
ability to measure gamma emitters directly in the original sample without the need for chemical separation. Gamma-ray spectrometry allows both qualitative identification and quantitative
determination of the radionuclides in the sample. Extensive and
excellent information has been given by Crouthame et al. [32],
Knoll [33], and L’Annunziata [3]. This chapter provides only some
practical design information. In addition, the user is expected to
have some previous training and experience in gamma-ray spectroscopy, since it is beyond the scope of this chapter to provide
the necessary details for an inexperienced user.

21.4.3.1.1 Principle and Application
Gamma spectrometry measurement permits the determination of
gamma photons emitted from radionuclides with energies ranging from 69 to 2000 keV. Higher specific activities of gammaemitting radionuclides (about 100 Bq kg−1) can be detected and
indicated with the use of portable gamma survey instruments,
which requires careful conduction of a number of tests and standardization procedures. The measuring geometry and sample
volume in this type of detector are fixed. However, some gammacounting systems of this type are equipped with hardware–software with built-in libraries of radionuclides, calibration factors,
energy ranges, and so on, which are also programmable and well
equipped for displaying full reports.
Low levels of gamma emitters in foods can be monitored
using solid scintillation detectors, for example, sodium iodine–
thallium-activated crystals (NaI/Tl) or semiconductor gamma
detectors (e.g., germanium semiconductor detector of high resolution [HPGe]). The principles of the two measurement systems
have been completely described by Crouthame et al. [32] and by
Knoll [33]. Although the two principles are different, similar
procedures for the resolution of the scintillation spectra and of
the germanium gamma-ray spectra can be adapted. Since very
low levels and a relatively large spectrum of radionuclides are
assumed, simultaneous detection is carried out with a shielded
HPGe connected to an MCA.
The method can be applied to a large variety of food samples
of vegetable and animal origin.
Compared to solid scintillation detectors, the method using
HPGe is more suitable for the surveillance and monitoring of
radioactivity of many radionuclides in foods originating from the
operation of nuclear enterprises and also releases from nuclear
accidents. That is why the main focus in gamma spectrometry is
on counting with an HPGe detector.

21.4.3.1.2 Sample Collection and Preparation
The type of food samples and the collection and preparation procedures are described in Sections 21.2.1 and 21.2.2. The quantity
of samples must correspond with the volume of the measuring vessels of the scintillation detectors or with the volume of
Marinelli beakers in the case of HPGe detectors. It is recommended that the samples either be crushed in a ball mill or pulverized (or suspended chemically or mechanically) to obtain as
homogeneous a sample as possible.
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MDC = (4.66 Sb)/(εPγW)

21.4.3.1.3 Gamma Spectrometry System
It is recommended that the spectrometry be a fully integrated
data acquisition and computation system. The recommended
instrumentation for gamma measurement is given in Section
21.4.2.1.

21.4.3.1.4 Calibration of the Detectors
Complete calibration of a spectrometer can be a difficult and
tedious task. Gamma-ray spectrometers require both energy calibration and efficiency calibration. Computer programs used for
automated spectral analyses and calibration are recommended
for users from published instructions, or from commercial suppliers of software and/or of nuclear instruments (especially
detectors). Energy calibration is a procedure for identifying the
radionuclides within a spectrum of photopeaks produced by
the detector system. For the accurate quantification of radionuclides present in a sample, efficiency calibration is necessary.
Appropriate radionuclides must be selected for use as standards.
Solutions of certified mixed radionuclides are available from several well-known suppliers (see Section 21.4.4).

21.4.3.1.5 Counting Considerations
Samples should be counted only in the types of container used
to acquire the counting efficiencies. The density, volume, and
height of the sample in the container must be the same as that of
the standards used for calibration. Any change of these factors
(counting geometry) will require additional calibrations to match
the characteristics of the sample. The counting system must have
a background as low as is attainable with a minimum of spectral
lines originating from natural radionuclides that may be present
in the system components and the surrounding environment of
the counting facility. Background measurements should be taken
as frequently as practicable and for counting times as long as
possible to obtain good counting statistics. In addition, great care
should be taken to prevent any contamination of the detector,
because the decontamination process is difficult, tedious, and
time consuming.
Detection limits is a term to express the detection capability
of a measurement system under certain conditions. A generally
accepted expression for the estimated detection limits, which is
frequently referred to as the lower limit of detection (LLD) and
which contains a preselected 5% risk of false conclusion, that
activity is present and a 95% degree of confidence for detecting
the presence of activity, is as follows [40]:
LLD = (4.66 Sb)/(εPγ)

(21.2)

where Sb is the estimated standard error of the net count rate; ε is
the counting efficiency of the specific nuclide’s energy, number
≤1; and Py is the absolute transition probability by gamma decay
through the selected energy as for ε, number ≤1.
The LLD of Equation 21.2 provides a means of determining
the operating capability of a gamma-measuring system without the influence of a sample and is applicable on the assumption that the count rate in the energy area taken for the specific
nuclide and the count rate in the region(s) taken for background
are essentially equal.
The term associated with detection limits is the minimum
detectable concentration (MDC) that can be expressed by

(21.3)

where W is the mass of the sample (kg).
As can be seen in Equation 21.3, to obtain low detection limits,
the efficiency should be high, the sample should be as large as
practicable, the counting time should be as long as practicable,
and the background should be as low as attainable.

21.4.3.1.6 Calculations
If in the gamma spectrum the peak of a radionuclide with a certain count rate was detected, the mean activity per kilogram of wet
mass at the beginning of the measurement should be calculated.
For final calculations, a correction should be made of the
activity of the short-lived radionuclides and the sampling time.
As long as the counting time is short compared to the half-life
(T1/2) of a radionuclide (t < 0.01 T1/2), the disintegration rate may
be considered constant. However, if the counting time t is higher
than 1% of the half-life (t > 0.01 T1/2), the decrease in the disintegration rate during the measurement must be taken into consideration and a correction must be made in the determination.
Equations given by the IAEA [41] may be recommended for the
corrections. Coincidence losses during counting due to cascade
nuclear transition have to be taken into account [42]. For radionuclides with cascade transition, counting losses due to summing
effects are to be expected and also respected [43].

21.4.3.1.7 Accuracy
An average error of 10% for the determination of gamma emitters in food samples should be assumed, but if the activity levels
are very low, then a larger error can be expected. The total error
in this case depends on the error in the determination of nuclidespecific counting efficiency (3%–5%) and statistical counting
errors (1%–5%). The relative counting error will vary inversely
as the square root of the counting time. The statistical counting
error decreases in direct proportion to increasing sample activity.
However, the background also affects the statistical error.

21.4.3.2 Beta Spectrometry
21.4.3.2.1 Principle and Application
The theory of beta decay is based on the concepts of neutron or
proton conversion of beta emitters, during which beta particles
with variable energy (≤Emax) arise. The spectrum of the beta
decay is then continuous. Owing to interferences with the spectra, the detection of beta-emitting radionuclides in the mixture
usually requires preliminary separation analysis.
For the detection of radionuclides with higher Emax (e.g., radiostrontium), either portable beta survey instruments are used or,
after suitable arrangement of the solid form of the separated
radionuclide, proportional gas ionization detectors are used.
As a result of the difficulty in detecting the low-energy levels
generated by beta emission of some radionuclides such as 3H,
14C, the technique of LSC was developed.

21.4.3.2.2 Counting with Portable Beta Survey
Instruments
In foodstuffs, the beta-emitting radionuclides with higher Emax
(89Sr, 90Sr, 90Y, 131I, 134Cs, and 137Cs) can be measured directly
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with the portable beta survey instruments, permitted by the
international standard [5]. The maximum lower bound of the
measurement range is 100 Bq kg−1, or only slightly lower. These
instruments can be used to determine specific beta activity
for a wide variety of samples. Food samples in solid or liquid
form should not require special sample preparation other than
machining (cutting, grinding, etc.). Measuring the geometry and
sample volume in this type of detector is fixed. Liquid sources
are poured into a detector cell and they may be in close contact
with the detector. Loose solid samples may have protective cover
packages, cuvettes, and so on. Such counting is more suitable
for field monitoring or for monitoring samples coming into the
laboratory.

21.4.3.2.3 Detection with Proportional Gas
Ionization Counters
On passing through gas, alpha, beta, and gamma rays, create
positive ions and electrons, that is, ionization. This basic type
of interaction of ionizing matter is also used for the detection of
beta emitters after suitable arrangement of the solid form of the
separated radionuclide in proportional gas ionization detectors.
Charpak [44], Charpak and Sauli [45], and Buchtela [46] give
detailed explanations and descriptions of measurements with gas
ionization proportional counters.
Proportional counting tubes can be sealed, with the radioactive
source kept outside the tube. The thin window permits entrance
into the detector volume. For measurements of the beta emitters, it is better to use another configuration, which is designed
for flow through of gas and the sample can be inserted into the
detector. Some beta-counting systems of these types are capable
of making multiple simultaneous measurements. Also, these systems have a variety of input and output capabilities; for example,
some are programmable and equipped for printing full reports in
selected units.

21.4.3.2.4 Liquid Scintillation Counting
21.4.3.2.4.1 Principles of LSC LSC (analysis) of radioactivity
has its origin in the discovery [47,48] that certain organic chemicals emit fluorescent light when bombarded by nuclear radiation.
The fluorescence or photons emitted by the organic compounds
(fluors) as a result of excitation can be readily converted into a
burst of electrons with the use of a photomultiplier tube (PMT)
and subsequently measured as an electric pulse. The technique of
LSC involves placing the sample containing the radioactivity in
a glass or plastic container, called a scintillation vial, and adding
a special scintillation cocktail.
Alpha-, beta-, and gamma-decay processes produce the scintillation process and light. The advantage in the use of LSC in
the measurement of beta-emitting radionuclides is the possibility
of counting most beta particles with decay energy above 100 keV
with a counting efficiency of 90%–100%. However, the efficiency
of LSC is also relatively high (10%–60%) for lower-energy beta
decays, depending on the degree of quench in the sample. The
phenomenon of quench and its effect on LSC is very important
and should be respected. Detailed explanation and description
of the quench phenomenon are presented in the literature (e.g.,
Reference [49]). When measuring radionuclides in food, LSC is
recommended for the determination of separated radionuclides
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with low-energy beta decay, especially tritium. It was traditionally considered feasible to analyze by LSC at most three betaemitting radionuclides in the same sample provided that their
beta-particle energy maxima differed by a factor of 3 or 4.
21.4.3.2.4.2 Sample Collection and Preparation in LSC The
types of food samples as well as the collection and preparation
procedures are described in Sections 21.2.1 and 21.2.2. Before
adding to a special scintillation cocktail, the samples require a
number of procedures to reduce or prevent interferences in the
LSC such as background, quench, effect of radionuclide mixtures,
luminescence, static, and wall effect. The primary objective of
all sample preparation procedures for LSC is to obtain a homogeneous solution for efficient energy transfer from the sample to the
LSC cocktail. The main methods for producing aqueous samples are dissolution, extraction, and distillation. Solubilization
is another method for a structural breakdown of the animal or
plant tissue into smaller and simpler subunits, which can then
be directly dissolved in the LSC cocktail. Combustion (sample
oxidation) is a special technique principally used for the counting of 3H and 14C, for complete combustion of the sample using
the “open/closed-flame combustion technique.” The advantage of
combustion is the elimination of some problems of the LSC such
as color quenching, self-absorption, and chemiluminescence.
For filter LSC, or solid-support counting, the sample is isolated or collected on a filter and usually dried. This filter is then
placed in a scintillation vial, a small volume of an appropriate
LSC cocktail is added, and, after ensuring that the filter is completely wet, the vial is counted. However, counting can also be
conducted after partial or complete elution of the sample from
the filter into the liquid scintillation cocktail. The choice of the
filter type depends on both the nature and particle size of the
sample; however, glass fiber filters are recommended if at all
practical.
The LSC cocktail is both fundamental to and necessary for
the analysis; therefore, correct cocktail selection is a critical step
in sample preparation. Cocktails can be divided into two main
groups: emulsifying cocktails and organic cocktails. Organic
cocktails have only two major components: an organic aromatic solvent and scintillator. Emulsifying cocktails have three
major components: an organic aromatic solvent, emulsifier, and
scintillator. As the majority of radioisotopes are present in an
aqueous environment that is not miscible with the aromatic solvents, many different detergents are used to bring the aqueous
phase into close contact with the organic phase by forming a
microemulsion.
Liquid scintillation counter, calibration, and assessing LSC
performance. Instrumentation required for the LSC measurement is characterized in Section 21.4.2.2. The instrument must
be capable of ensuring that the activity data (disintegrations
per minute, dpm) are accurate and reproducible. This can be
ensured with a flame-sealed standard in the scintillation cocktail (usually a 14C or 3H source as the calibration normalization source for the LSC). This standard should be an absolute
calibrated standard on an international level so that its dpm is
accurately known and it produces light pulses similar to those
found in real samples. To have assurance that the instrument is
operating within acceptable parameters and to have a standing
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record over the time of the instrument performance, assessing
the performance of the LSC counter on a routine basis is important. The best ways to optimize the performance of LSC are
to optimize the counting geometry (optimum sample size, vial
size, and vial material), increase counting time, reduce background (by means of temperature control, of shielding, and/or of
pulse discrimination electronics), optimize the counting region,
optimize cocktail selection, and use the active guard detection
method. Automatic processing of collected spectral data, and
standardization and optimization of LSC by a computer system
with selected software are necessary.

21.4.3.3.3 Alpha Spectrometry System

21.4.3.3 Alpha Spectrometry

21.4.3.3.4 Energy and Efficiency Calibration of Detectors

21.4.3.3.1 Principle and Application

To ensure correct identification and quantification of alphaemitting nuclides, it is necessary to calibrate the system for both
energy and efficiency.
It is recommended to ensure standards of the best quality (e.g.,
prepared by electrodepositing a mixture of long-lived nuclides
[283U, 234U, 239Pu, and 241Am] onto a highly polished stainlesssteel disk), so that one standard is available for each detector system to provide maximum efficiency of instrument and operator
time. Measurement of the calibrated mixed alpha sources then
allows simultaneous calibration of the channel–energy relationship and determination of the effective detector efficiencies for
all chambers. It is considered a good practice to monitor these
parameters on a regular schedule and many laboratories use standard sources as a weekly quality assurance (QA) check.

Alpha-emitting radioisotopes spontaneously produce alpha particles or 4He nuclei at characteristic energies usually between
about 4 and 6 MeV [4]. Alpha spectrometry requires the adjustment of samples into a thin-layered, uniform, and chemically isolated form, a spectrometer placed in vacuum, and counting with
a minimum of interferences and self-absorption.
During alpha spectrometry measurement, some of the alphaparticle energy on any physical medium between the radionuclide and detector is absorbed. To reduce the effect, which
causes characteristic asymmetry in the alpha peak, the samples
are counted in a vacuum and they must be as thin as possible to
avoid self-absorption. To minimize interferences between multiple alpha-emitting nuclides, the alpha-emitting elements must
be chemically separated before analysis. To account for the inevitable loss of the sample during separation, a known quantity of
a specific isotope or tracer—a radiochemical yield determinant
(e.g., 242Pu for plutonium) is added to the sample.

21.4.3.3.2 Sample Collection and Preparation
The types of food samples as well as the common collection procedures are described in Sections 21.2.1 and 21.2.2.
There are three principal steps to the preparation of an alpha
spectrometry sample—preliminary treatment, chemical separation, and source mounting. Preliminary treatment is performed
to homogenize the sample and generally to prepare it for subsequent chemical processing. Different procedures are used for
solid samples, liquid samples, and filter/wipe-type fibrous samples. If tracer nuclides are to be added to the samples, this is typically done early in the preliminary treatment phase. Chemical
separation is used to isolate the elements of interest. Techniques
used for separation include coprecipitation, liquid–liquid extraction, ion exchange, and extraction chromatography. In some
cases, two or more of these techniques are combined. The most
difficult and important step of sample preparation is to produce a
thin, flat, uniform, and chemically stable source. There are three
principal methods of source mounting: evaporation from an
organic solvent, electrodeposition, and fluoride precipitation/filtration as a thin source. Many different methodologies have been
published in the literature for specific applications [l,2,4]. The
suppliers of the standards and equipment for alpha spectrometry
also offer special training courses on sample preparation or particular sample preparation processes.

It is recommended that the spectrometer be a fully integrated
data acquisition and computation system. The recommended
instrumentation for alpha measurement is given in Section
21.4.2.3. The detector should have an extremely thin entrance
window to avoid the energy loss as much as possible. Detectors
should be selected that will prevent or reduce recoil contamination. The computing system should also provide visual feedback
of essential parameters such as chamber pressure, detector bias,
and leakage current. The quality of the signal processing and
MCA platform must also be high and its suitability must be based
on the size of the system.

21.4.3.3.5 Counting Considerations
Samples are usually processed in batches to obtain the highest
throughput and quality. Batches are organized by sample type
(foodstuffs) and by the element of interest (e.g., U, Pu, and Th).
The number of samples in a particular batch may be variable on
any given day, depending on the workload. It is therefore common that samples from multiple batches, each containing a different element, are counted in the spectrometers, usually in an
overnight run. Therefore, in any given set of counts, each alpha
chamber may be loaded with a different sample type. Knowledge
of the expected isotopes allows the use of a very sensitive region
of interest (ROI) analysis methodology.
Alpha spectrometry samples are typically counted in a vacuum. For the absolute best resolution and where recoil contamination is of no concern, it is advisable to maintain a low pressure.
Typically, systems can pump down to under 50 µm and, by continuously running the pump, maintain that level indefinitely. For
routine analysis of a large number of samples, on the one hand, to
ensure constant pressure at all times and on the other, to prevent
recoil contamination of the detector, it is convenient to build a
vacuum chamber suitable for the simultaneous accommodation
of several radiation sources (batches) to be measured and at least
one standard source for reference.
The major factors affecting the minimum detectable activity (MDA) of an analysis are background of the detection
system, percentage abundance of alpha emission of the isotope, the chemical yield in the separation process, size of the
sample being counted, efficiency of the detection system, and
the counting time. Of these factors, the spectroscopist has the
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greatest control over background and efficiency. Maintaining
clean detectors is, therefore, very important as (i) the selection of efficient detectors. Percentage abundance is a function
of the isotope being measured and is therefore uncontrollable.
The other factors can be optimized by good techniques and/
or by careful selection of the instrument and sample-mounting
method. To obtain the best MDAs in the shortest counting time,
the analysis instrumentation should have the lowest possible
background and highest efficiency, while the chemistry process
must optimize yields and maximize sample quantity without
degrading resolution.

21.4.3.3.6 Quality Control
To ensure the quality control (QC) completely and at all times,
the overall quality assurance program (QAP) should be implemented. In the case of alpha spectrometry, the control samples
and reagent blanks are of special importance. They are usually
counted with the samples and have known activities that can be
used to verify proper operation of the system. The control sample
is used to validate the process of separation chemistry, sample
mounting, and sample counting. Typically, 10% of the samples
are counted as control samples. The reagent blank is a QC sample that is used to check for any contamination that might have
been introduced during separation or mounting. Typically, 5% of
the samples are reagent blanks. For the routine counting process,
the analysis software must be able to recognize the samples as
such, and handle them in a manner that gives the operator information regarding the integrity of the system.

21.4.3.4 Other Suitable Analytical Methods
21.4.3.4.1 Flow Scintillation Analysis
Flow scintillation analysis (FSA) is the application of liquid or
solid scintillation detection methods to the quantitative analysis of radioactivity in a flowing system [50]. The technology is
applied most commonly to the measurement of radionuclide
activities in high-performance liquid chromatography (HPLC)
effluent streams, referred to as radio-HPLC. The methods can
provide real-time measurement of radionuclide activity in the
HPLC fraction collection system by liquid scintillation analysis
during the HPLC run and with minimal fluor cocktail consumption. FSA is applied to the activity analysis of alpha-, beta-, and
gamma-emitting radionuclides, mostly in research and applied
sciences. The greatest interest in FSA has been in the chemical
and biological sciences; however, applications have been directed
to the use of FSA linked to high-performance ionic chromatography (HPIC) in the separation and measurement of radionuclides
in the environment. FSA applied to the online measurement
of radioactivity in the environment of facilities related to the
nuclear power industry is but one example. In the case of widespread contamination of the environment with radionuclides, a
similar system can also be used for the detection of radionuclides
in foods.

21.4.3.4.2 Cherenkov Analysis
A special application of LSC is the measurement of Cherenkov
radiation produced by beta emitters with energies >260 keV
[51]. Photons of light are produced when a charged particle travels through a transparent medium at a speed greater than the
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speed of light in that medium. The medium may be any liquid
or solid provided it is transparent. The theory and also application of the method are excellently reviewed by L’Annunziata
[52]. Cherenkov counting cannot compete with LSC as far as the
highest possible counting efficiency is concerned and because
Cherenkov counting cannot be used for very-low-energy betaparticle emitters. However, the methods have a number of advantages over LSC, mostly associated with the fact that special
cocktails are not used.

21.4.4 Quality Control
QC measures are necessary to provide documentation to show
that the analytical results are reliable. This is obviously important
in the case of analytical processes in the determination of radionuclides. To overcome some of the difficulties in checking the
accuracy of analytical results, the IAEA provides the Analytical
Quality Control Services (AQCS) Program to assist laboratories
to assess the quality of their work. AQCS coordinates intercomparison studies and supplies reference material [53,54]. To
overcome many of the difficulties in the QC of analytical results,
the management of the Environmental Measurement Laboratory
(EML) [2] also excellently and completely describes an effective
QAP including QC procedures to ensure the high quality of all
laboratory work.
It is desirable and often necessary that calibration of measurement systems be carried out with standards of the radionuclides to be determined. Standards and/or reference material
are available from several organizations and institutions (Table
21.3). It is important that calibration be prepared with standard samples that are of similar chemical composition, are of
similar concentration for relevant radionuclides, and are in the
same sample geometry and counting configuration as the real
samples.
In radioanalytical measurements, the International System
(SI) units and symbols should be used. Some standard units of
presentation are water and milk in Bq L −1; foods in Bq kg−1 fresh
mass and/or in Bq kg−1 dry mass. Relationships between old and
new radiation units are given in Table 21.4.

21.4.5 Future of Detection Methods
Every analytical method contains three basic operations: sample
preparation, measurement, and data interpretation. In all these
operations, progress can be expected in the future, particularly via the automation and computation systems. In addition
to focusing on the automation of sample preparation and data
interpretation, the analytical laboratory must address the greater
challenge of combining the components with measurement
instruments to form totally integrated systems. These systems
are elaborated, above all, into robotic systems for radiochemical
analyses of the actinide and transuranic elements [55]. Owing to
the transfer of radionuclides in the environment and increasing
interest in radiological protection, procedures for the detection
of radionuclides in food are also being developed; in the first
place measuring technology, both hardware, and, particularly,
software. The development of software allowing analysis and
data interpretation in measurements with portable gamma/beta
survey instruments (MCA) will continue.
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Table 21.3
Potential Suppliers of Calibration Sources and Reference Material
Standards Association of Australia, Strathfield, Australia
IAEA, Vienna, Austria
Institute for Reference Materials and Measurements, Geel, Belgium
University Hospital of Ghent, Ghent, Belgium
Instituto de Pesquisas Tecnologicas, Sao Paolo, Brazil
Canada Centre for Mineral and Energy Technology, Ottawa, Canada
Institute for Marine Biosciences, Halifax, Canada
Institute for Environmental Research and Technology, Ottawa, Canada
National Water Research Institute, Burlington, Canada
National Research Centre for Certified Reference Materials, Beijing, China
Analytika Co., Ltd., Prague, Czech Republic
Agricultural Research Centre of Finland, Jokioinen, Finland
AG Dillinger Hüttenwerke, Dillingen-Saar, Germany
Bundesanstalt für Materialforschung und Prüfung, Berlin, Germany
National Institute for Environmental Studies, Ibaraki, Japan
Institute of Nuclear Chemistry and Technology, Warsaw, Poland
University of Mining and Metallurgy, Krakow, Poland
pb-anal, Kosice, Slovakia
Slovak Institute of Metrology, Bratislava, Slovakia
South African Bureau of Standards, Pretoria, South Africa
Referensmaterial AB, Ulricehamn, Sweden
Swedish National Food Administration, Uppsala, Sweden
Bureau of Analysed Samples Ltd., Middlesbrough, UK
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Applications based on mass spectrometry will be available in
the near future.

21.5 Application in Food Analysis
The characteristics of radionuclides of interest are presented in
Section 21.1.2. Although terrestrially produced foodstuffs may
contain a wide spectrum of radionuclides, the most important are
the following: 3H, 89Sr, 90Sr, 131I, 134Cs, and 137Cs. The most frequently used method for monitoring 131I, 134Cs, and 137Cs (including a number of other gamma-emitting radionuclides) is the
gamma-ray spectrometric method (see Section 21.4.3.1) with a

focus on sample preparation techniques (see Section 21.2). After
radiochemical separation, counting using proportional gas ionization counters (see Section 21.4.3.2.3) is used for radiostrontium
(and yttrium). Tritium (3H) is determined by LSC (see Section
21.4.3.2.4). The beta-emitting radionuclides found in food (89Sr,
90Sr/90Y, 131I, 134Cs, and 137Cs) in activity concentrations higher
than 100 Bq kg−1 can also be measured directly using portable
beta survey instruments (see Section 21.4.3.2.2). Cherenkov
analysis (see Section 21.4.3.4.2) can be used for selected radionuclides with beta decay. For low-level measurements of radionuclides, it is also possible to use FSA (see Section 21.4.3.4.1) that
has recently undergone extensive development [50]. To determine transuranic elements, which can also appear in food, alpha
spectrometry (see Section 21.4.3.3) is applied where preliminary
separation techniques are necessary [1,2].
Annually, about 3000 samples including foodstuff, feeding
material, and environmental samples, among them, bioindicators
are examined by the Radiological Monitoring Network of the
Ministry of Agriculture and Regional Development, Hungary
[56]. The median value of specific activity of 137Cs in all kinds
of foodstuff produced in Hungary is below 0.1 Bq kg−1 fresh
weight, based on a regular countrywide survey. The committed
effective dose due to ingestion for adults was estimated to be
0.6 mSv for 90Sr and 0.3 mSv for 137Cs in 2004 according to a
conservative estimation.
The specific activity of 90Sr is determined after 90Y in-growth
by low-background alpha–beta counter. The typical LD is 10−1 or
10−2 Bq kg−1 fresh weight in cereals, fruit, vegetable, and milk.
Nine of the country laboratories have gamma-spectrometers
with HPGe detectors. The typical LD is in the orders of magnitude 10−1 or 10−2 Bq kg−1 fresh weight in meat, fruit, vegetable,
cereals, and milk depending on the sample type, the isotope, and
measuring systems. Certified reference materials (CRM further
on) are available with the same density and same geometry as
ashed samples from National Office of Measures. For an emergency situation, there are other reference materials with the
matrix of 1 g cm−3 density in different geometries prepared from
QCY48 and QCB40 CRMs.
Alpha spectrometry by passivated implanted planar silicon
(PIPS) detectors is used for the determination of Pu-isotopes,
90Sr, and 144Ce isotopes in environmental samples.
The tritium content of leafy plants and water of Danube is
determined by liquid scintillation technique.
After the closure of the former Zirovski Vrh uranium mine
in Slovenia, mining and milling wastes were deposited on two
waste piles, which are located close to the mine [57]. These
wastes contain elevated levels of natural radionuclides from the
uranium decay chain. Owing to different migration processes

Table 21.4
Relationship between Old and New Radiation Units
Quantity
Activity
Absorbed dose
Dose equivalent

Old Unit

Symbol

New Unit

Symbol

Curie
Rad
Rem

Ci
rad
rem

Becquerel
Gray
Sievert

Bq
Gy
Sv

Dimensions
−1

s
J kg−1
J kg−1

Relationship
1 Ci = 3.7 × 1010 Bq
1 rad = 0.01 Gy
1 rem = 0.01 Sv

Source: Measurement of Radionuclides in Food and the Environment. A Guidebook. Technical Reports Series
No. 295. Vienna: International Atomic Energy Agency, 1989.
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(erosion, aerial deposition, and through groundwater), these
radionuclides can be transported via fodder into cow’s milk,
which is an important foodstuff for Slovenian people. Therefore,
natural radionuclides were analyzed in the transfer food chain
from soil to cow’s fodder and cow’s milk. After sampling, 238U,
234U, 230Th, 226Ra, 210Pb, and 210Po were determined using radiochemical separation methods and alpha spectrometry or proportional counting. Hay and silage to milk concentration ratios (kg
dry weight L −1) were calculated and were 0.260 for 238U, 0.255
for 230Th, 0.070 for 226Ra, 0.021 for 210Pb, and 0.019 for 210Po. The
calculated annual ingestion dose due to milk consumption for the
natural radionuclides analyzed was 9 mSv year−1 for adults and
389 mSv year−1 for infants with the highest contribution of 210Po
(51% for adults and 63% for infants) and 210Pb (36% for adults and
24% for infants).
An IAEA handbook presenting transfer parameter values for
wildlife has been produced by Howard et al. [58].
Samples of Austrian mineral water were investigated with
regard to the natural radionuclides 228Ra, 226Ra, 210Pb, 210Po, 238U,
and 234U [59]. The radium isotopes as well as 210Pb were measured by LSC after separation on a membrane loaded with element-selective particles (EmporeTM Radium Disks) and 210Po was
determined by alpha-spectroscopy after spontaneous deposition
onto a copper planchette.
Uranium was determined by inductively coupled plasma–
mass spectrometry (ICP–MS) as well as by alpha-spectroscopy
after ion separation and microprecipitation with NdF3. From the
measured activity concentrations, the committed effective doses
for adults and babies were calculated and compared to the total
indicative dose of 0.1 mSv a−1 given in the EC Drinking Water
Directive as a maximum dose. The dominant portion of the committed effective dose was due to the radium isotopes; the dose
from 228Ra in most samples clearly exceeded the dose from 226Ra.
Determinations of 137Cs and 40K in marine mammal corpses
off the Portuguese coast were performed using the gamma peak
energies of 661.66 and 1460.82 keV, respectively [60]. Gamma
spectrometry was performed in HPGe detectors for a period of
24 h. Gamma spectra were analyzed with Genie2000® software
from Canberra.
These samples were also analyzed for 210Po and 210Pb by alpha
spectrometry.
The QA of analytical determinations was performed using
IAEA CRMs (e.g., IAEA-134 cockle flesh) and participating
in international intercomparison exercises, such as those with
IAEA-414 (fish muscle) and IAEA-384 (marine sediment) with
good results [61,62].
EPA [63] “Approved Radiochemical Drinking Water Methods”
reviews the methods and requirements of the six most commonly
used EPA radiochemical drinking water methods:
• EPA Method 906.0 for the analysis of tritium in drinking water
• EPA Method 900.0 for the measurement of gross alpha
and gross beta
• EPA Method 903.1 for analysis of radium-226
• EPA Method 904.0 for the analysis of radium-228
• EPA Method 908.0 for total isotopic uranium
• EPA Method 901.1 for gamma-emitting radionuclides
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21.5.1 Methods for Determining Gamma-Emitting
Radionuclides
Most of the gamma-emitting radionuclides in food are determined
by direct gamma spectrometry (with NaI/Tl scintillation detectors, semiconductor HPGe gamma detectors). To guarantee the
geometry of the measurements, thorough mechanical preparation
of the samples is inevitable. For 137Cs and 13lI in milk and food
at the time of the Chernobyl accident, for the NaI(Tl) detectors
and the intrinsic Ge detectors, limits of detection were found of
approximately 0.5 Bq L−1 or kg−1, and 1.67 Bq L−1 or kg−1, respectively [64]. Only if activity concentrations have to be decreased,
are selected radiochemical or separation processes applied.
Activity concentrations of 210Po, 210Pb, 40K, and 137Cs in edible wild berries and mushrooms collected from Øvre Dividalen
national park, Northern Norway were determined and committed effective ingestion doses to man based on high consumption
rates of these wild foods were derived [65].
137Cs and 40K were determined by gamma spectrometers. 210Po
and 210Pb were analyzed by alpha detectors.
Soils and food crops from a former tin-mining location in a
high-background radiation area on the Jos-Plateau, Nigeria were
collected and analyzed by gamma spectrometry to measure their
contents of 40K, 238U, and 232Th [66]. The samples (food items,
soil, and local diets) were counted for 36,000 s (10 h) using a lowlevel gamma spectrometry system MCA through a preamplifier
base. The photopeak at 1.46 MeV was used for the measurement
of 40K while those at 1.76 MeV peak from 214Bi and 2.614 MeV
from 208Tl were used for the measurement of 238U and 232Th,
respectively.
Karunakara et al. [67] studied the soil-to-rice-transfer factors for natural (226Ra, 228Ra, 40K, and 210Pb) and artificial (137Cs)
radionuclides for rice grown in natural field conditions on the
West Coast of India. A rice field was developed very close to the
Kaiga NPP and the water required for this field was drawn from
the cooling water discharge canal of the power plant. For a comparative study of the radionuclide transfer factors, rice samples
were also collected from the rice fields of nearby villages. The
study showed that the 226Ra and 228Ra activity concentrations were
below detection levels in different organs of the rice plant. The
soil-to-unhulled rice grain 40K transfer factor varied in the range
of 6.5 × 10−1 to 2.9 with a mean of 0.15 × 101, and of 210Pb varied
in the range of <1.2 × 10−2 to 8.1 × 10−1 with a mean of 1.4 × 10−1,
and of 137Cs varied in the range of 6.6 × 10−2 to 3.4 × 10−1 with a
mean of 2.1 × 10−1. The mean values of unhulled grain to white
rice-processing retention factors (Fr) were 0.12 for 40K, 0.03 for
210Pb, and 0.14 for 137Cs. Using these processing Frs, the soil-towhite-rice transfer factors were estimated and these were found to
have mean values of 1.8 × 10−1, 4.2 × 10−3, and 3.0 × 10−2 for 40K,
210Pb, and 137Cs, respectively. The study has shown that the transfer
of 40K was higher for above-the-ground organs than for the root,
but 210Pb and 137Cs were retained in the root and their transfer to
above-the-ground organs of the rice plant is significantly lower.
All samples were processed following standard procedures [2,68]. The activity concentrations of 228Ra, 226Ra, 210Pb,
40K, and 137Cs in the samples were determined by the gamma
spectrometry.
The potential of mushrooms to accumulate radionuclides in
their fruit bodies has been well documented. However, there
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are no studies that determine natural and artificial radionuclide
composition in edible mushrooms, in Brazil. Artificial (137Cs)
and natural radioactivity (40K, 226Ra, and 228Ra) were determined
in 17 mushroom samples from three commercialized edible
mushroom species [69]. The edible mushrooms collected were
Agaricus sp., Pleurotus sp., and Lentinula species. The activity
measurements were carried out by gamma spectrometry. The
levels of 137Cs varied from 1.45 ± 0.04 to 10.6 ± 0.3 Bq kg−1,
40K levels varied from 461 ± 2 to 1535 ± 10 Bq kg−1, 226Ra levels varied from 14 ± 3 to 66 ± 12 Bq kg−1, and 228Ra levels varied from 6.2 ± 0.2 to 54.2 ± 1.7 Bq kg−1. 137Cs levels in Brazilian
mushrooms are in accordance with the radioactive fallout in the
Southern Hemisphere. The artificial and natural activities determined in this study were found to be below the maximum permissible levels as established by national legislation. Thus, these
mushroom species can be normally consumed by the population
without any apparent risks to human health.
The dried and ground flesh of freshwater mussels of the upper
South Alligator River, Australia was determined for radioisotopes of lead (210Pb), thorium (228Th), and radium (226Ra and
228Ra) by gamma spectrometry [70].
Concentrations of certain radionuclides were quantified by a
well-type HPGe coaxial detector in some plant foods cultivated
around Kudankulam, India, where a mega-NPP is being established [71]. The activity concentrations were found more in the
“pulses” group and were the lowest in “other vegetable” category.
The annual effective dose was computed based on the activity
concentration of radionuclides and it was found to be higher due
to the consumption of cereals and pulses. Other vegetables, cereals, pulses, and nuts recorded high transfer factors for the radionuclide 228Ra. Fruits, leafy vegetables, tubers and roots, and palm
embryo registered high transfer factors for 226Ra.
Levels of natural radionuclides were checked in samples of some
Nigerian cereals and tubers by gamma-ray spectrometry [72].

21.5.2 Methods for Determination and
Radiochemical Analysis of Beta Emitters
In foods, the radionuclides of which both beta decay and gamma
decay are typical are generally analyzed directly by means of
gamma spectrometry.
However, the majority of beta-emitting radionuclides of interest will be found in food, on the one hand in low concentrations
and on the other in mixtures with other beta-emitting radionuclides. For these reasons, particularly for radiostrontium and tritium, it is necessary to apply radiochemical separations along
with common separation techniques. Tritium (3H) is then determined by LSC. In spite of that, measurements of a larger number of beta-emitting radionuclides together with the application
of LSC have recently been developed thanks to the advance in
computer technologies. After radiochemical separation, counting with proportional gas ionization counters is used for radiostrontium (and yttrium).

21.5.2.1 Methods for Radiochemical Analysis
of Strontium
Strontium-90 is normally determined by separation from the
matrix material and then separating and counting its daughter

product yttrium-90 from strontium-90 after it has grown in, at
or near the radioactive equilibrium. These methods are deemed
to give results with the best attainable accuracy for a wide range
of materials.
An example of radiostrontium radiochemical analysis in various materials by nitrate precipitation is given by the WHO [73].
The ashed material is dissolved in nitric acid in the presence of
strontium and barium carriers. The nitric acid concentration is
then increased to precipitate all the strontium and barium (and
part of the calcium) as nitrates. After further nitric acid separations, barium chromate and iron hydroxide scavenges are carried
out. The subsequent treatment somewhat depends on the circumstances (and/or on the nature of the material being analyzed) but
the following is the normal practice. The yttrium carrier is added
to the purified strontium solution and, after a delay of about 14
days for the growth of 90Y, the yttrium is separated, mounted,
and counted. The storage period for the growth of 90Y can be
reduced if sufficient 90Sr is known to be present, and the appropriate growth factor is applied. For samples of very low activity,
as well as for measurement of 89Sr, strontium is precipitated from
the solution remaining after the removal of yttrium and mounted
for counting. In many cases, the determination of the natural
inactive strontium content of the material is required so that
the strontium chemical yield can be corrected. A proportional
gas ionization counter is used for counting the strontium and/or
yttrium source.
Detailed procedures for radiochemical separations and counting calculations of radiostrontium can also be found in HASL300 [2].

21.5.2.2 Methods for Radiochemical Analysis
of Tritium
Tritium present in the environment is of both natural and manmade origin. As a result of nuclear weapons testing in the atmosphere, emissions from nuclear-engineering installations, and the
application and processing of radioisotopes, significant amounts
of tritium are released to the environment and can be transferred
via water into foods.
A method with detailed procedures for the determination of
tritiated water ([3H]H2O) activity concentrations in water by LSC
was taken after revision from the International Organization for
Standardization [74]. The method is applicable to all types of
water including seawater with tritium activity concentrations of
up to 106 Bq m−3 when using 20-mL counting vials. The method
is applicable to the analysis of organically bound tritium only
after its determination on oxidative digestion [36]. Organically
bound tritium is assumed to be in equilibrium with tritiated
water. If tritium activity concentrations are about 2 × 104 Bq m−3
lower, a prior enrichment step and/or measurement of larger sample volumes is recommended.
The water sample is distilled to remove nonvolatile quenching materials and nonvolatile radioactive materials. Prior to
distillation, sodium carbonate (Na2CO3) and sodium thiosulfate
(Na2S2O3) are added to the sample. The majority of the constituents of the sample that might interfere remain in the residue together with any radioactive iodide and bicarbonate that
might be present. If the tritium content of nonaqueous biological samples is required, the sample can be converted into water
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by oxidation. The distillation is carried out to dryness to ensure
complete transfer of the tritium to the distillate. An aliquot of the
distillate is mixed with a scintillation solution in a counting vial.
The mixture is cooled and counted in a liquid scintillation spectrometer (coincidence type). The counting rate is a measure of
the tritium activity concentration. The sensitivity (counting time
100 min) is generally of the order of 20–200 Bq L −1.
Detailed procedures for the radiochemical analysis of tritium
can also be found in HASL-300 [2].

Cs. The residue was dissolved in 6 M HCl and oxalates
were precipitated again. The residue was filtered off, heated
at 700°C–800°C for 1 h, and dissolved in 10–20 mL of concentrated HCl, diluted with the same volume of 2 M HCl and
filtered. The residue was washed within the same solution and
discarded. The filtrate was refluxed for 30 min, concentrated to
2–3 mL, and then transferred to a substratum for radiometry.
This was dried using an infrared lamp. Radiometry was carried out using an Alpha–Beta Multidetector.

21.5.3 Methods for Radiochemical Analysis
of Selected Transuranic Elements
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22.1 Introduction
Pesticide residues most commonly found in food samples of
vegetal origin are pesticides that are intentionally applied to the
plants to attack invertebrate pests (insecticides, acaricides, etc.)
and plant diseases (fungicides). Pesticides may occur in foods in
concentrations called trace levels. Trace levels are generally at
concentrations of parts per million, that is, 1 µg of pesticide per
gram of food or less. Measuring such small amounts of pesticides
in the presence of enormous amounts of other chemicals that
naturally occur in food is a challenge because these chemicals
may interfere with measurement. The three important molecular properties that determine if the pesticide will or will not be
recovered and detected through any of the various extraction,
cleanup, and detection steps used in the analysis of pesticides are
polarity, volatility, and thermal lability. Generally, polarity for
nonionic pesticides ranges from the lipophilic organochlorines
(OCs) and synthetic pyrethroids (SPs) to the very polar, watersoluble organophosphorus (OPP). Thus, a measure of the usage
of a comprehensive multiclass multiresidue method (MRM) is
whether it can recover both the nonpolar and polar pesticides.
Volatility and thermal lability are important because they determine whether the pesticide can be determined by gas chromatography (GC) or not. Many pesticides are thermally labile, and
will degrade in a GC due to the heated conditions of the injector and the increasing temperature gradients applied to the column. Other separation methods, mainly high-performance liquid
chromatography (HPLC), must then be used.
A variety of analytical methods are currently used to
detect pesticide residues, and all contain certain basic steps in

application. The basic steps of an analytical method include the
following: (i) sample preparation: preparation of the sample to
be analyzed by chopping, grinding, or separating plant parts; (ii)
extraction: removal of a pesticide residue from the sample’s other
components; (iii) cleanup (isolation): removal of constituents that
interfere with the analysis of the pesticide residue of interest, and
this step includes partitioning and purification; and (iv) determination: production of a response that measures the amount of the
components moving through the column, allowing detection and
quantification of each pesticide. This chapter describes the existing and new technologies currently used to analyze pesticide
residues in food and notes how these technologies can improve
the analytical steps described above.
This chapter is discussing sample preparation and extraction
techniques of pesticide residues. Of course, these techniques are
also used for other food components and residues. In other chapters, the reader finds more specific information about the sample
preparation and extraction techniques detailed in this chapter.
Beyond the techniques discussed in this chapter, a great number of other sample preparation methods are existing.

22.1.1 Sample Preparation
Analysis of pesticide residues is carried out by using many different methods for extraction and cleanup, followed by a final analysis typically with chromatographic measurements. Pesticides are
generally found in complex matrices at trace levels. Their exact
determination has been a challenging task to analytical chemists for many years. Sample preparation is a multistep process
most often carried out off-line. This process usually accounts for
417
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more than 60% of the total analysis time, and the quality of these
steps largely determines the success of an analysis from complex matrices (Chen et al. 2010). Sample preparation is manually
laborious, tedious, and prone to the loss of analytes and contamination. As such, choosing an appropriate sample preparation
method and getting the preparation stages correct influence the
reliability and accuracy of a given analysis (Smith 2003). The
samples must be handled in such a way as to avoid the loss of
volatile pesticide residues and to prevent contamination of the
sample with other pesticides or interfering chemicals. If only the
edible portion of the sample is to be analyzed, it must be removed
from nonedible portions. If several different edible portions of
a food are analyzed separately, the portions must be separated
from each other in each sample. If, however, several samples are
combined to provide a representative composite sample from
which one or more subsamples are to be taken for analysis, all
samples must be handled in an identical manner to avoid inaccurate results in analyzing the subsamples.
For food samples, an appropriate chopper (e.g., vertical cutter) must be used to comminute large, representative sample
portions up to 9 kg. Blend the sample until it gives a consistent
texture. Transfer ≈200 g to a sealable container for freezer storage after further comminution with a probe blender. Blend the
subsample with the mixer until it is homogeneous (Lehotay
2004). The first step to analyzing a food sample is chopping
or grinding. Blending and mixing are manipulations designed
to produce a homogeneous composite sample from which subsamples can be taken and to disrupt the gross structural components of the food to facilitate extracting pesticides from the
sample. Performing this step can be time consuming and labor
intensive. Traditionally, sample preparation is stated to be necessary for several reasons: (a) improvement of the chromatographic
behavior of the analyte(s), (b) improvement of detectability of the
analyte(s), or (c) isolation of the analyte(s) from the matrix (Sjaak
de Koning et al. 2009).

22.1.2 Sample Extraction Techniques
Extraction of pesticide residues from samples produces complex
mixtures that often require sample purification and preparation
steps to isolate the targeted pesticides for analysis. After the field
sample has been composited, subsampled, and a suitable aliquot
is weighed out, the next step is to extract the pesticide residue
from the sample into a suitable solvent. The choice of the extracting solvent, polar, nonpolar, or a mixture of both depends on the
nature of the substrate and the polarities of the pesticides to be
extracted. The solvent selected should be such that it is able to
extract the pesticide from the substrate but not excessive coextractives and should not react with the pesticide.
Nowadays, in the determination of pesticide residues, preconcentration and isolation of the analytes from the food samples
by some types of sample preparation processes would be critical
for obtaining correct results. Various sample preparation techniques have been employed for this purpose. However, some of
these methods are time consuming, have complicated procedures, and use a large amount of organic solvents that are often
toxic and flammable. Recently, chlorine-free solvent and excellent performance techniques have been extensively studied as a
substitution to this type of sample preparation processes. This
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chapter gives an overview of these modern sample extraction
techniques.

22.1.3 Recent Extraction Methods
Sample preparation in food analysis has been of great concern for
the last 10 years, and several new techniques are available today
to help analytical chemists in their attempts to produce extracts
ready for analysis with a minimum time spent on sample extraction and cleanup. Additionally, the developed method should
be able to exhaustively extract the desired target analytes with
the least-possible volume of organic solvents. Here, a number of
sample preparation techniques will be discussed. For liquid samples, solid-phase extraction (SPE) and solid-phase microextraction (SPME) are the most commonly used extraction techniques,
while microwave-assisted extraction (MAE), supercritical fluid
extraction (SFE), and accelerated solvent extraction (ASE) are
the most commonly used extraction techniques for solid samples.

22.1.3.1 Solid-Phase Extraction
SPE is one of the most commonly used sorbent techniques in
analyzing pesticide residues. This method is based on the omission of extracts containing target analytes through a column
filled with the appropriate sorbent (which was previously conditioned by an appropriate solvent or solvent mixture), or passing
of an appropriate solvent through the SPE column to which a
suitable amount of sample was previously added. The sample
is adsorbed on the sorbent, which is then washed with a small
amount of a solvent. Both the analytes to be determined and the
interferences of the samples are retained on the sorbent by different mechanisms (Simpson 2000). The SPE cartridge should
be chosen depending on the mechanism of interactions between
the sorbent and the analytes. Understanding that mechanism,
in turn, depends on the knowledge of the hydrophobic, polar,
and inorganic properties of both the solute and the sorbent
(Zwir-Ferenc and Biziuk 2004). Sorbents fall into three general classes: nonpolar, polar, and ion exchange. Their activity is
dependent on the properties of the bonded phase and the choice
of the sorbent is dependent on the food matrix, analytes of interest, and their interferents. SPE is significantly influenced by
pH, ionic strength, polarity, and flow rate of the elution solvent
and physicochemical characteristics of the sorbent (BeceiroGonzalez et al. 2012). The most commonly used SPE sorbents
in pesticide residues determination are reverse-phase octadecyl
(C18), n ormal-phase aminopropyl (–NH2) and primary–secondary amine (PSA), strong anion exchanger (SAX), and adsorbents such as graphitized carbon black (GCB). Normal-phase
sorbents such as florisil (MgSiO3), aluminum oxide, (Al2O3), and
silica (SiO2) are usually used in combination with the previously
mentioned sorbents.
The GCB sorbent is suitable for the extraction of compounds
of different polarity. It causes retention of pigments (carotenoids
and chlorophylls) and sterols, and this sorbent is now widely
used for purification of plant extracts (Schenck et al. 2002;
Anastassiades et al. 2003; Li et al. 2009). On the other side, PSA
sorbent proved to be effective in removing polar compounds,
fatty acids, organic acids, and sugars (Anastassiades et al. 2003;
Paramasivam and Banerjee 2011). Activated charcoal is an
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efficient sorbent of pigments from the tomato matrix (Kaipper
et al. 2001), tomato and radish (Kumar et al. 2012), and carrots
(Wang et al. 2008). The MgSiO3 gave good results in 32 pesticide
determinations in fatty foods (milk, eggs, and avocado) (Lehotay
et al. 2005c) and EL-Saeid and Selim (2013) used MgSiO3 in
the analysis of cold pepper, egg plant, carrot, cucumber, potato,
hot pepper, cultivation tomato, squash, beans, okra, onions,
cauliflower, and greenhouse tomato and obtained satisfactory
results for 86 pesticides (OPP, organochlorine pesticide [OCP],
pyrethroids, and carbamates). C18 cartridges were used for the
determination of various pesticides in strawberry, grape, lettuce,
and tomato (Juan-García et al. 2005) and 67 pesticides in water
samples (Kouzayha et al. 2012).
Most of the SPE methods are based on a combination of two
or three cartridges. As GCB is suitable for the removal of lipids,
waxes, and other nonvolatile, nonpolar coextractants with high
molecular weight, it is usually used in combination with another
sorbent. Thus, Pang et al. (2006a) used SPE for the determination
of 446 pesticides in cabbage, tomato, cucumber, spinach, cauliflower, celery, peas, carrots, potatoes, lettuce, onion, and leek,
and found out that the C18/GCB/–NH2 combination was the best.
Except for slightly lower recoveries obtained for onion and leeks,
the method showed to be a good choice for all other samples.
Okihashi et al. (2005) tested SPE methods by determining 180
pesticides in tomato, lettuce, pepper, broccoli, spinach, orange,
apple, and banana, and found out that the PSA/GCB combination was the most effective. The same combination proved to be
a good solution for the determination of 17 OPP pesticides in
spinach (Li et al. 2008). Lehotay et al. (2005a,c) used a C18/PSA
combination in the analysis of fatty foods (milk, eggs, and avocado) and obtained satisfactory results for 32 pesticides, while
Walorczyk (2008) used the same combination as a good solution
for the determination of 140 pesticides and four pesticide degradation products in cereals and feeding stuffs. Ueno et al. (2004)
used a GCB/SiO2-gel/PSA cartridge combination in the analysis of spinach, tomato, apple, and strawberry for 89 pesticides.
Tao et al. (2009) used a GCB/Al2O3 combination in the analysis
of cucumber and cabbage, and obtained satisfactory results for
39 pesticides (carbamates, pyrethroids, OCPs, and OPPs). The
SAX/PSA combination was a good solution for pyrethroids and
OCPs determination in grape, orange, tomato, carrot, and green
mustard (Sharif et al. 2006).
SPE technique has advantages over conventional methods: it is
simple, effective, and economical, decreasing sample preparation
time and reducing solvent usage with improved sensitivity and
repeatability. Another advantage is the wide variety of extraction
conditions that may be used to achieve the desired separation
and preconcentration. One technical problem, often occurring
for unaltered water samples, should be mentioned: clogging of
the SPE cartridges, which may lead to long extraction times or a
complete stop of the extraction process (Bjoërklund et al. 2002;
Zwir-Ferenc and Biziuk 2004).

22.1.3.2 Solid-Phase Microextraction
SPME is an organic-solvent-free sample preparation technique
and was developed by Pawliszyn and his coworkers in 1990.
SPME, one of the newest extraction techniques, is widely used
in the pesticide residues analysis in samples of different origin,

due to the fact that purification and concentration of the sample extract (analytes of interest) are running simultaneously. It
is a simple and effective sorption (adsorption/absorption) and
desorption technique that eliminates the need for solvents and
combines sampling, isolation, concentration, and enrichment
in one step. It was developed to overcome the problems associated with solvent-based, time-consuming techniques, usually multistep techniques that require the use of large volumes
of samples and solvents, which cause environmental pollution
and health hazards (Abdulra’uf et al. 2012). The disadvantages
may be batch-to-batch variation and robustness of fiber coatings
(Ridgway et al. 2007).
Since SPME introduction, an extensive amount of research
work has been done on the use of SPME for the extraction and
subsequent chromatographic analysis of all classes of pesticides
in different food samples. Wang et al. (2000) studied the analysis of the carbamate pesticides (CPs) methiocarb, napropamide,
fenoxycarb, and bupirimate in strawberry using SPME, seven
pyrethroid insecticides (bifenthrin, λ-cyhalothrin, permethrin,
cyfluthrin, cypermethrin, fenvalerate, and τ-fluvalinate) in vegetable (tomato) and fruit (strawberry) samples (Beltran et al.
2003), and carbendazim (MBC) and thiabendazole (TBZ) in
apples (Hu et al. 2008). SPME has been applied for the analysis
of OPP insecticides such as malathion and fenitrothion in fruits
(Fytianos et al. 2006), and malathion and fenitrothion residues in
wheat (Khani et al. 2011). SPME was applied in the evaluation
of 16 pesticides of different chemical families (OCs, OPP compounds, and pyrethrins) in honey (Campillo et al. 2006), chlorpropham in potatoes and amitraz in honey (Volante et al. 1998),
and nine pesticides (carbaryl, diazinon, chlorothalonil, malathion, chlorpyrifos, quinalphos, profenofos, α-endosulfan, and
β-endosulfan) in cucumber and tomato (Kin et al. 2008). Chai
et al. (2008) developed a head space-solid-phase micro extraction (HS-SPME) method for the multiresidue analysis of OPP
(diazinon, malathion, chlorpyrifos, profenofos, and quinalphos)
and OCP (α- and β-endosulfan and chlorothalonil) residues in
tomatoes and guava. The OCP (o,p′-DDT, p,p′-DDT, p,p′-DDE,
and p,p′-DDD) and pyrethroid pesticide (PP) (fenpropathrin,
β-cyfluthrin, cyhalothrin, and bifenthrin) residues were determined in celery cabbage, garlic, and cabbage using HS-SPME
by Zeng et al. (2008). Chai and Tan (2009) performed the validation of the optimized HS-SPME parameters for the analysis
of diazinon, malathion, chlorpyrifos, profenofos, quinalphos,
α- and β-endosulfan, and chlorothalonil in strawberry, guava,
cucumber, tomato, and pakchoi. Chai and Tan (2010) studied
the effects of washing fruit and vegetable samples with different
solutions on the persistence of OPP and OCP residues. Grape,
strawberry, tomato, and ketchup samples for residues of the strobilurin fungicides pyrimethanil and kresoxim-methyl were analyzed using HS-SPME (Navalon et al. 2002). SPME has been
used in a number of studies for the analysis of pesticide residues
in juices (Sagratini et al. 2007; Cortes-Aguado et al. 2008).
Research results indicate that the most often used SPME
fibers, polydimethylsiloxane (PDMS) and polyacrylate (PA), in
the pesticide residues analysis are a good choice for the determination of phenyl urea herbicides in carrot, onion, and potato
(Berrada et al. 2004). The DI-SPME (direct immersion-SPME)
method for the determination of eight OPPs (phorate, diazinon, methyl parathion, fenitrothion, malathion, fenthion, ethyl
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parathion, and methidathion) in different fruit juices and wine
was developed by Zambonin et al. (2004). A sensitive and efficient SPME method for the determination of seven PPs, including
fenpropathrin, a-cyhalothrin, deltamethrin, fenvalerate, permethrin, τ-fluvalinate, and bifenthrin, in cucumber and watermelon
samples using liquid chromatography (LC) combined with postcolumn photochemically induced fluorimetry derivatization and
fluorescence detection was developed and validated by Vazquez
et al. (2008).
CP, OPP, and organonitrogen pesticide residues were determined in grapefruit (Farajzadeh and Hatami 2004). SPME
method was also applied to determine 34 multiclass pesticides
in drinking and natural (ground, surface, and sea) waters (Vidal
2004) and for 30 pesticides (pyrethroids and organochlorines
among others) in milk (Fernandez-Alvarez et al. 2008).

22.1.3.3 Microwave-Assisted Extraction
MAE has been used by analysts in the past few years as a refined
technique to facilitate the extraction of pesticide residues from
various food products. MAE is a process of using microwave
energy to heat solvents in contact with a sample to partition
analytes from the sample matrix into the solvent (Eskilsson and
Bjorklund 2000). Owing to the particular effects of microwaves
on matter (namely dipole rotation and ionic conductance), heating
with microwaves is instantaneous and occurs in the heart of the
sample, leading to very fast extractions. As nonpolar solvents do
not absorb microwave energy, at least some polar solvent, such as
water, must be used (Ridgway et al. 2007). Most of the time, the
extraction solvent is chosen to absorb microwaves. The advantages of MAE procedures are reduced solvent usage and shorter
analysis time with less organic solvents, not requiring refluxing
with large volumes of solvent (EI-Saeid et al. 2010). A disadvantage of MAE seems to be the lack of selectivity compared
with SFE for comparable extraction efficiency, resulting in the
coextraction of significant amounts of interfering compounds.
Additional cleanup is therefore needed before chromatographic
analysis (Abad et al. 2010). MAE is also a promising technique
for soil samples, particularly owing its possibility to control temperature, pressure, and microwave energy, as well as to perform
a few extractions simultaneously (Ranz et al. 2008).
Pylypiw et al. (1997) reported on the MAE extraction of several
pesticides from crops such as beets, cucumbers, lettuce, peppers,
and tomatoes. The recoveries and reproducibility of the microwave method compared favorably with the conventional blender
extraction. Falqui-Cao et al. (2001) used a focused MAE technique
for analyzing residues of MBC, diethofencarb, azoxystrobine,
napropamide, and bupirimate in strawberries. The results show
that MAE is a viable alternative for the determination of atrazine,
parathion-methyl, chlorpyriphos, fenamiphos, and methidathion
in orange peel (Bouaid et al. 2000), and pyrethroids in strawberries (Sanusi et al. 2004). Application of MAE for the extraction
of thiamethoxam from tomato, radish, brinjal, okra, French bean,
and sugarbeet (Karmakar et al. 2012) and thiophanate methyl and
MBC from cabbage and tomatoes (Singh et al. 2007) are also
reported. MAE was also carried out for the determination of thiamethoxam, imidacloprid, and MBC in cabbage, tomatoes, chilies, potatoes, and peppers (Singh et al. 2004). Paíga et al. (2009a)
described it as a satisfactory method for the determination of
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six carbamate and three urea pesticides in fresh and processed
tomato samples. Likewise, Paíga et al. (2009b) used the MAE
method for the determination of carbamates (carbofuran, carbaryl, chlorpropham, and S-ethyl dipropyl (thiocarbamate) [EPTC])
and urea pesticides (monolinuron, metobromuron, and linuron) in
fresh vegetable samples of courgette, cucumber, lettuce, and pepper, while Guillet et al. (2009) used MAE method to determine
25 pesticides in tomato. El-Saeid and Al-Dosari (2010) applied
MAE technique in the monitoring of insecticides (OCPs, OPPs,
and pyrethroids), fungicides, acaricides, and herbicides in Riyadh
dates. Lagunas-Allué et al. (2011) developed an MAE method
for the simultaneous extraction of eight pesticides (vinclozolin,
dichlofluanid, penconazole, captan, quinoxyfen, fluquinconazole,
boscalid, and pyraclostrobin) in grapes. Barriada-Pereira et al.
(2003) analyzed 21 OCPs in vegetation samples using MAE and
Mourkidou et al. (2005) applied MAE method for dithiocarbamate fungicides analysis in fruits and vegetables. Otake et al.
(2008) evaluated MAE method efficiency for the analysis of polychlorinated biphenyls (PCBs) and OCPs in fish, while Xiao-Xing
et al. (2008) used MAE technique to analyze 18 OCs and nine
pyrethroids in tea samples. MAE efficiency was also confirmed
for pendimethalin determination in water (Shehzad et al. 2011).

22.1.3.4 Accelerated Solvent Extraction
ASE is a relatively new sample preparation technique. The
principles of ASE technology are based on conventional liquid
extraction theory; so, the transfer of the existing solvent-based
extraction processes to ASE is simple. ASE is the most suitable
for solid and semisolid samples because it provides advantages
such as lower solvent volumes, an automatic procedure for the
simultaneous extraction of multiple samples, short sample preparation time, and higher extraction recoveries (Ruzhen et al. 2011).
It has been accepted as the standard method for solid sample
extraction by the U.S. Environmental Protection Agency (EPA)
(Method 3545A). In the ASE system, conventional solvents
are at elevated temperatures (up to 200°C) and pressure (up to
3000 psi) for short time periods, resulting in improved extraction
kinetics to achieve quantitative extraction from solid and semisolid samples (Shen et al. 2011).
ASE has been successfully used for pesticides determination in samples of different origin. Thus, Pang et al. (2006a,b)
developed ASE method for the simultaneous determination of
405 pesticide residues in grain, while Cho et al. (2007) tested
ASE for the determination of two insecticides (diazinon and
ethyl (4-nitrophenyl) phenylphosphorothioate [EPN]) and one
fungicide (isoprothiolane) in polished rice. Juan et al. (2005)
developed ASE for the analysis of ochratoxin A (OTA) in rice
samples, while Sanyal et al. (2009) developed and validated ASE
for the determination of eight OPP insecticides from polished
rice samples. Hu et al. (2008) developed an ASE-based method
for the determination of 33 pesticide residues in tea, including
OPP, OC, and PPs. Cho et al. (2008) used ASE for the determination of iprodione, chlorpyrifos-methyl, EPN, and endosulfan
(with its metabolites) in kiwi fruits. In 2007, Barriada-Pereira
et al. described it as a satisfactory method for determining 21
OCPs in lettuce, tomato, spinach, potato, tomato, and bean, and
in the same year, Carabias-Martínez et al. (2007) used ASE to
determine triazines in potato, carrot, lettuce, bean, zucchini, and
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orange. ASE was also used for the determination of 28 pesticides
from eight pesticide classes in pear, cantaloupe, white potato,
and cabbage (Adou et al. 2001). In subsequent studies, this list
was expanded to 74 pesticides extracted from cucumber, lettuce,
and tomato (Garrido Frenich et al. 2005), and up to 130 pesticides extracted from oranges, nectarines, and spinach (Cervera
et al. 2010). ASE was carried out for the determination of 109
pesticides (including isomers) in foods of animal origin (Wu
et al. 2011) and of chlorpyrifos-methyl, endosulfan, EPN, and
iprodione in water samples (Jeon et al. 2007).
The obvious advantages of ASE are that it requires much less
solvent and shorter extraction times than conventional techniques. Using elevated temperatures and pressures with organic
solvents, an enhanced analytes extraction can be achieved.
Additionally, ASE is reducing both waste levels and analytes
exposure to harmful solvents. However, samples with high
moisture contents require desiccation before the extraction step
(Cervera et al. 2010). ASE is now widely used in environmental
and food applications to replace time- and solvent-intensive techniques such as Soxhlet and sonication.

22.1.3.5 Supercritical Fluid Extraction
The use of supercritical fluids (SFs) in food analysis has grown tremendously in the past decade. SFE remains an attractive technique
with great potentials for the selective determination of pesticides
in complex matrices (Rahman et al. 2010). This technique uses
SF as an extraction tool for drawing out the organic compounds
from solid matrices. A majority of SFE applications employ carbon dioxide (CO2) as the solvent of choice because it has a relatively low critical temperature (31.1°C) and low critical pressure
(72.8 bar) (Atkins and De Paula 2002). CO2 is nontoxic, nonflammable, noncorrosive, chemically very inert, and affordable. It is
nonpolar, but its polarity can be adjusted with modifiers such as
acetone, methanol, or hexane (Lopez-Avila 1999). The pressure
and temperature of the SF can be varied so as to affect the selectivity during extraction (Fidalgo-Used et al. 2007). Even supercritical
CO2 is a good solvent only for the extraction of nonpolar to moderately polar compounds (Rial-Otero et al. 2007). For pesticides of
high polarity and metabolites of pesticides, the addition of polar
modifiers such as methanol or water to CO2, enhances its dissolving power (Rissato et al. 2005a). The common solvents such
as acetone (Kaihara et al. 2000; Ono et al. 2006) and methanol
(Rissato et al. 2005a) are now mostly used as modifiers.
SFE efficiency is affected by a wide range of parameters such
as the nature of the SF, temperature and pressure, extraction
time, shape of the extraction cell, sample particle size, moisture
content of the matrix, and the analyte collection system. Owing
to these numerous parameters affecting the extraction efficiency,
SFE affords a high degree of selectivity and the extracts are
relatively quite clean. In fact, if coupled to solid sorbent traps,
SFE may provide a single-step extraction and cleanup. However,
the need to control many operating parameters makes SFE optimization tedious and difficult to practice. The two main advantages of SFE over liquid-based methods are a greater degree of
selectivity and the elimination of a solvent evaporation step after
extraction. Other advantages involve the potential savings in
cost, labor, and time and the decrease in organic solvent usage
and hazardous waste generation, and the amount of glassware

needed. However, the disadvantages are a small sample size
(2–5 g extracted amount) and a narrower range of compounds
that SFE can extract (due to increased selectivity) (Lehotay et al.
2002).
The use of SFE for analytical purposes in the laboratory is
now attracting increased attention all over the world. King et al.
(1993) applied SFE with CO2 for the selective isolation of OC,
OPP, and organonitrogen pesticides from contaminated cereals and Aharonson et al. (1994) applied SFE for the isolation of
benzimidazole fungicides TBZ, benomyl/MBC, and thiophanate methyl in potato, banana, and apple matrices. Faugeron
et al. (1997) studied 25 pesticides (OC, OPP, organonitrogen,
and pyrethroids) by SFE method in cereals and cereal products.
The efficacy of SFE for the recovery of 16 common OCPs from
liquid whole eggs was investigated by employing supercritical
carbon dioxide (SC-CO2) without the use of a solvent modifier to
minimize interfering coextractives (Fiddler et al. 1999). SFE was
assessed for residue analysis of the insecticides fipronil, acrinathrin, and pyridaben and the fungicide kresoxim-methyl in melons
(Boulaid et al. 2007), OPP pesticide residues in grains such as
wheat, maize, and rice, as well as other dried foodstuffs such as
cornflakes and kidney beans (Norman and Panton 2006) and 22
pesticides in rice, wild rice, and wheat (Valverde et al. 2009).
Sample preparation based on selective SFE prior to GC analysis
of several groups of pesticides (organophosphates, OCs, pyrethroids, and others) in cereals, cereal products, vegetables, and
fruits was reported by Poustka et al. (2003), for tebupirimphos
residues in sugarbeet by Pucarevic et al. (2013) and for chlorpyrifos from fresh tomato, cucumber, and potato by Rahman et al.
(2010). SFE and supercritical fluid chromatography (SFC) techniques were used in the analysis of the levels of pyrethroids, herbicides, fungicides, and carbamates pesticide residues in canned
foods, vegetables, and fruits; and second, to contribute to the promotion of consumer safety by excluding pesticide residue contamination from markets (EL-Saeid 2003). Lehotay et al. (2002)
determined multiple pesticide residues in apple, green bean, and
carrot by using SFE and gas chromatography/mass spectrometry
(GC/MS). Single-laboratory validation of both solid–liquid and
SFE methods was carried out for 32 compounds selected from
four pesticide classes (OC, organonitrogen, OPP, and pyrethroid)
in blank and fortified samples of fresh lettuce, potato, apple, and
tomato (Rissato et al. 2005b).
Recent studies have shown that SFE methods, followed by
additional purification of the obtained extracts, meet the strict
criteria of pesticide residues analysis. Thus, Ono et al. (2006)
showed that SFE method combined with purification on SPE columns (C18 and Envicarb/NH2), could be used for the determination of 303 compounds, out of which 242 pesticides were used in
spinach, 245 pesticides were used in green beans, and 263 pesticides were used in orange. Rissato et al. (2005a) concluded that
SFE preparation of potato, tomato, lettuce, and apple samples,
combined with extracts cleanup on amino propylene columns,
could be used for the determination of 37 pesticides. Aguilera
et al. (2005) evaluated for 22 GC-amenable pesticides in wildand white-rice samples, with the use of Florisil, Celite, Extrelut,
Hydromatrix, and an aminopropyl material as fat-retention materials for SFE “in-line” cleanup. Aminopropyl was the most suitable material for this cleanup of fat. Kaihara et al. (2000) have
developed an SFE method that combined with the purification on
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PSA and MgSiO3 columns for the determination of 27 pesticides
in cucumber, potato, radish, apple, banana, and rice samples.
Norman and Panton (2006) have developed an SFE method for
the determination of OPPs in wheat and maize using GCB, and
Quan et al. (2004) found that SFE of ginseng followed by purification on C18, gave satisfactory results in determining OCPs.
SFE is a successful analytical technique in the multiresidue
pesticide analysis, in the extraction of organohalogens, OPPs,
herbicides, and pyrethroids in different matrices. SFE simplifies
the sample preparation step and acts as an alternative solventintensive isolation procedure due to its ability to change solvent
conditions and by controlling polarity, temperature, and pressure. It is also a potential technique for extracting mobile or
bound residues (Rissato et al. 2005a). SFE showed to be efficient
and sensitive for a wide variety of matrices and can easily be
modified to accommodate more compounds.

22.1.3.6 Quick, Easy, Cheap, Effective,
Rugged, and Safe
The QuEChERS (quick, easy, cheap, effective, rugged, and safe)
method was originally developed for extracting a wide range
of pesticides in fruits and vegetables. It has become very popular since it was introduced in 2003 by Anastassiades et al. The
method is characterized by using the polar solvent acetonitrile for
the extraction of water-containing matrices with the addition of
salts to get phase separation. Since its introduction, this method
has been readily accepted by many pesticide residue analysts
because of the low cost, fast method, and these accurate procedures are not time consuming. The original QuEChERS method
version used neutral extraction conditions by single-phase extraction of multiple analytes with a small volume (10 mL) of acetonitrile followed by liquid–liquid partitioning with the addition of
4 g of anhydrous MgSO4 plus 1 g of NaCl. The removal of residual water and cleanup of polar residues are performed simultaneously using a dispersive solid-phase (d-SPE) cleanup. The d-SPE
cleanup carried out by just adding a PSA sorbent and anhydrous
MgSO4 are mixed with the sample extract. After quick shaking
followed by centrifugation, residual water and many polar matrix
components, such as organic acids, some polar pigments, and
sugars, are simultaneously removed (Anastassiades et al. 2003).
As a polar solvent, miscible with water, with sufficient dispersive (hydrophobic) properties to effectively extract both polar
and nonpolar pesticides, acetonitrile is chosen as the QuEChERS
solvent. The use of this solvent in the QuEChERS method proved
to be successful for the extraction of several pesticide classes
from different matrices (Anastassiades et al. 2003; Lehotay et al.
2005a,c; Nguyen et al. 2008; Paramasivam and Banerjee 2011;
Wilkowska and Biziuk 2011; Paramasivam and Chandrasekaran
2012). However, for some pesticides, this method gave lower
stability and/or recoveries depending on pH of the matrix
(Anastassiades et al. 2003). The original approach was modified
by adding a buffering step at pH-5 during extraction. This gave the
optimum balance to achieve acceptably high recoveries (>70%)
for certain pH-dependent pesticides (e.g., pymetrozine, imazalil, and TBZ) independent of the fruit/vegetable matrix (Lehotay
et al. 2005b). Lehotay et al. (2005b) modified the method to use
relatively strong acetate-buffering conditions and Anastassiades
et al. (2007) chose to use weaker citrate-buffering conditions
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in terms of ionic strength. Both versions of these methods went
through extensive interlaboratory programs (Lehotay et al. 2007)
for dozens of pesticides at different levels in different matrices
and using different types of GC–MS and liquid chromatography–tandem mass spectrometry (LC–MS/MS) conditions and
instruments. Both methods successfully met statistical criteria
for acceptability from independent scientific standards organizations, with the acetate-buffering version becoming AOAC
Official Method 2007.01 (AOAC 2007).
The QuEChERS approach is very flexible and it serves as a
template for modification depending on the analyte properties,
matrix composition, equipment, and analytical technique available in the laboratory. The template is also very rugged in that
high recoveries will be achieved for many pesticides in many
matrices even if different ratios and types of sample size, solvent,
salts, and sorbents are used in modifications. There is an abundance of QuEChERS applications for pesticides determination in
different plant samples (Lehotay et al. 2005a,c; Diez et al. 2006;
Anastassiades et al. 2007; Thanh et al. 2007; Kmellár et al. 2008;
Nguyen et al. 2009; Camino-Sánchez et al. 2010; Gilbert-López
et al. 2010). Recently, the QuEChERS method was used for sample preparation with acetate buffering, which has been previously
shown to yield high-quality results for hundreds of pesticide residues in foods (Kamel et al. 2010). A modified QuEChERS procedure that combines isolation of the pesticides and sample cleanup
in a single step was reported for the analysis of ultratrace levels
of 98 organophosphate pesticides and carbamate residues in a
total diet study involving diversified food types (Chung and Chan
2010). A high-throughput QuEChERS sample preparation and
LC–MS/MS analytical method have been developed and validated for the determination of 191 pesticides in vegetation and
fruit samples (Wang et al. 2007). There is no reason to believe
that QuEChERS could not be used for extractions of other analytes besides pesticides and other samples besides foods.
The QuEChERS method has several advantages over most
traditional methods of analysis: (1) high recoveries (>85%) are
achieved for a wide polarity and volatility range of pesticides,
including notoriously difficult analytes; (2) very accurate (true
and precise) results are achieved because an internal standard
(IS) is used to correct for commodity-to-commodity water
content differences and volume fluctuations; (3) high sample
throughput of about 10–20 preweighed samples in ≈30–40 min
is possible; (4) solvent usage and waste are very small, and no
chlorinated solvents are used; (5) a single person can perform the
method without much training or technical skill; (6) very little
glassware is used; (7) the method is quite rugged because extract
cleanup is done to remove organic acids; (8) very little bench
space is needed; thus, the method can be done in a small mobile
laboratory if needed; (9) the reagent costs in the method are very
inexpensive; and (10) few devices are needed to carry out sample
preparation.

22.1.4 Conclusion
In this chapter, the recent progress in modern sample preparation
and extraction techniques for the determination of pesticide residues in different food and environmental matrices was reviewed.
It is well known that sample preparation is still one of the most
critical steps in the determination of food components and
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traces pesticide and other residue analysis in different matrices.
However, in the recent past, improvements in the sample preparation techniques for different food and environmental samples
have led to modification of the existing methods and development of new techniques, to save time and reduce the use of chemicals and thus improve the overall performance of the analytical
process. Reduced solvent methods, including SFE, SPE, SPME,
MAE, ASE, SFE, and QuEChERS methods have grown in their
maturity, which increased the application of these techniques in
pesticide analysis of plant and soil matrices. The conventional
methods are time consuming, labor intensive, and require the use
of large amounts of solvents, which are expensive and generate
considerable waste. A lot of progress has been made toward the
development of faster, safer, and more environmentally friendly
techniques for sample extraction and extraction cleanup prior
to instrumental analysis. However, their performance should
be surpassed by new modern analytical approaches such as
QuEChERS, and their development should proceed further.
Future developments in all areas of analytical sample preparation are expected to continue to be application driven in a quest
for improved recovery, higher sample throughput, and reduced
consumption of the organic solvent with the capability to provide
accurate results.
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23.1 Introduction
In the last few decades, information made available by chemical analysis has considerably increased due to the deployment of
advanced instrumentation, which made possible to increase both

the number of samples analyzable and the number of analytes/
properties measurable.
For this reason, nowadays, analytical information is commonly multivariate—each sample being described by a high
number of variables.
429
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Fortunately, at the same time, the increasing availability of
efficient desktop computers has permitted an extensive implementation of multivariate statistical methods functional to handle complex data and to extract useful information from them:
this is the main subject area of chemometrics.
Chemometrics can be defined as the chemical discipline with
the following objectives:
a. To plan the chemical experiments to obtain the maximum useful information at the minimum cost.
b. To optimize the analytical processes, with reference
to the conditions of maximum repeatability, reproducibility, robustness, and especially to the step in which
the chemical quantity is computed from the measured
physical quantities.
c. To extract useful information, relevant to the chemical
problem, from chemical quantities and from other data
available.
Following such a definition, three key stages of chemometrics can be individuated: before, during, and after the analytical
experiment.
Before the analytical experiment, we collect samples. Sampling
is necessary (a) to study the effect of one or more factors, (b) for
quality control, and (c) for process control.
In the first case, samples have to be selected so as to span the
space of the relevant variability factors, and the space of the
noise (to obtain a measure of the “error,” to which the effects
of the factors are compared). Some factors (e.g., temperature,
time, and pressure) can frequently—but not always—be fixed to
selected values. Other factors (e.g., type of solvent, type of additive) cannot be described by a defined measurable quantity, so
that they cannot be fixed to a selected value. The selection of
samples representative of relevant factors when such factors cannot be controlled is one of the most important problems.
In the case of quality control, the quality of a product is defined
by many characteristics, and samples are drawn from the production line to verify that the product satisfies the quality requirements for a number of important characteristics. Especially when
the analytical method is destructive, the frequency of sampling
and the consequent cost of the control represent an important
issue.
In process control, samples are drawn (or physical quantities
are measured) at certain points. Where and when should samples
be collected?
The classical experimental design, the design on the principal properties, and the sampling theory give answers to these
problems.
During the analytical experiment, we first select the suitable
analytical technique. Then, we select the operative conditions,
we perform calibration, and, finally, we obtain the chemical
quantity, with a certain confidence interval. Frequently, analytical chemists can perform these operations without chemometric
tools. Sometimes, however, like in the choice of a mixture of
solvents, or of a complex gradient in chromatography, or in the
computation of a multivariate calibration model, chemometrics
is necessary.
After the analytical experiment, the chemical information obtained must be used to give an answer to the analytical

Handbook of Food Analysis
problem, sometimes by merging information obtained from
different sources (e.g., sensory data, climatic, or geographic

information). Is the information relevant, sufficient, or redundant? How can chemical information be used to give the required
answer to the problem? Even an excellent table of analytical
data by itself cannot provide the required answer. From data,
we must derive rules, that is, mathematical models to compute
the required quantities from the measured data. Such rules must
be verified. The importance of the variables measured must be
evaluated. Anomalous samples and nonrelevant variables should
be detected and deleted, to improve the models.
A thorough validation of supervised models must be performed, to provide information about their actual applicability
and effectiveness in relation to the problem studied.

23.2 Techniques
23.2.1 Experimental Design
Ideally, multivariate design of experiments (MDOE) is the first
step in the scientific methodology. Experimental design is aimed
at obtaining the maximum relevant information by performing
the minimum number of experiments [1].
The main applications of MDOE are (a) information about
the effect of the factors having an influence on the experimental responses (results of the experiment), to be obtained with the
minimum cost, that is, with the minimum number of experiments; (b) optimization, that is, the selection of a suitable combination of the values of the factors that gives optimal results; and
(c) sampling, that is, the selection of a number of representative
samples among many candidate samples.
Sampling strategies are also applied to select the optimal
sample sets for the development of calibration models and, more
generally, when a chemical system must be representatively
described by a minimum number of samples. Experimental
design is also used in food-blending studies, for the selection
of optimal mixtures of some given ingredients, such as monocultivar wines in the assemblage of wines. The selection of the
experimental conditions of an analytical method (e.g., the combination of temperature, percentage of organic solvent, and pH
in liquid chromatography) is an important example of optimization [2].
Some examples of applications to problems typical of food science are illustrated below.

23.2.1.1 Response Surfaces
Mendes et al. [3] studied the effect of time (from 15 to 30 min)
and temperature (from 200°C to 230°C) involved in the roasting
process on the final sensorial qualities of robusta coffee. Figure
23.1 shows a typical rotatable design used to obtain the response
surface, that is, the dependence of the response (in this case, the
sensorial evaluation of the aroma, which has to be maximized)
from the two roasting factors.
In this central composite design [4], each factor is studied at
five levels, selected to explore the entire experimental domain.
The value of the factors is coded as usual, and the experiments
are selected in the space of the coded factors.
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FIGURE 23.1 Central composite design.

The matrix of the designed experiments and of results shown in
Table 23.1 corresponds, for a quadratic regression model such as:
y = b0 + b1 x1 + b2 x2 + b11 x12 + b22 x22 + b12 x1 x2

(23.1)

to the matrix of the model in Table 23.2, where the cross products
and squares of the factors are easily computed from their coded
values.
Table 23.1

23.2.2 Multivariate Data Exploration and
Visualization

Matrix of Experiments and Results
Experiment
1
2
3
4
5
6
7
8
9

X1
(Time)

X2
(Temperature)

Y
(Aroma)

−√2
−1
−1
0
0
0

0

3.60
3.96
4.84
5.16
5.72
5.28
5.60
6.72
4.84

−1
+1
−√2
0
+√2
−1
+1
0

+1
+1
+√2

Table 23.2
Matrix of the Model
Experiment
1
2
3
4
5
6
7
8
9

Mean

X1

+1
+1
+1
+1
+1
+1
+1
+1
+1

−√2
−1
−1
0
0
0
+1
+1
+√2

X2
0
−1
+1
−√2
0
+√2
−1
+1
0

X12

X22

+2
+1
+1
0
0
0

0

0

+1
+1
+2
0

+1
−1
0
0
0

+1
+1
+2

+2
+1
+1
0

The regression coefficients are used to compute the response
surface [5] shown in Figure 23.2. Taking into account the correspondence between coded and original factors, the conclusion
is that the highest coffee aroma is obtained with a 24–25 min
roasting at 230°C. The fitting function shows a maximum at the
borderline of the experimental space, so that the response surface methodology suggests to further increase the roasting temperature. The rather large fitting error found in correspondence
of the maximum suggests a further investigation.

X1 X2

−1
+1
0

Most analytical techniques produce multivariate information:
spectroscopy, chromatography, hyphenated techniques, and so on.
Chemometrics applies to multivariate data, in which N samples are described by V variables—often hundreds or thousands.
However, a chemometric technique can be more easily explained
and understood by means of examples with only two variables,
so that it is possible to visualize the information on a plane, as in
the examples of Figure 23.3.
The range of the variables defines the space of the information,
a square in the case of Figure 23.3.
The space of the total information contains all the information, namely, that in matrix X NV and that in vectors cN or y N ⋅ xn .
Sometimes, as in Figure 23.3a, the objects are scattered
rather uniformly through the whole information space, that is,
the objects are a statistical sample from a uniform distribution.
In such cases, the two variables are noncorrelated. Frequently,
the density of the objects has a maximum near the centroid and
decreases away from the centroid, as in the case of a statistical sample from a bivariate normal distribution of noncorrelated
variables.
The useful information we can obtain from data distributed
such as in Figure 23.3a can be related to similarities among
objects (two objects are similar when they are described by close
values of all the variables). In the case the bivariate data are
accompanied by a constant index of category, they can give the
range of the variables in the category. However, the case of noncorrelated variables is rather rare in practice and, if the variables
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(d)

Variable 1

Variable 2

Variable 1

Variable 2

(c)

Variable 2

(b)

Variable 2

(a)

Variable 1

Variable 1

Figure 23.3 Examples of bivariate data distributions: (a) uniformly scattered data; (b) data with a linear structure; (c) data with a nonlinear structure; and (d) data with a cluster structure.

describe a category, the correlation between the variables is at
least important as their ranges in the description of the category.
A real case with variables frequently noncorrelated, or with
poor correlation, is represented by quality control. Figure 23.4
shows a real case in which the two variables are poorly correlated. The variation range is not large, as the comparison with the
repeatability shows. In other words, such data are characterized
by a small variability.
They follow the requirement for quality, according to Taguchi:
Quality = Nonvariability
On the contrary:

NaC1

Information = Variability

Readabilities

Repeatabilities

Chemometrics looks for information. For this reason, it needs
variability.
In Figure 23.3b, the objects fill just a portion of the space.
There is a large correlation between the two variables, an excellent situation when one variable is the predictor and the other one
is the response. We can single out a linear structure in the data.
Structures are a very important feature in multivariate information. In fact, variability is synonymous with information, but
structures transform variability in useful information. In the case
of two variables of the X NV block, the structure (linear in Figure
23.3b) is often referred to as the inner space. In the example, the
inner space has only one dimension. The other dimension constitutes the outer space, the space of nonstructured information, i.e.
the space of the noise.
A structure allows to predict the value of a response variable
from the values of one or more measured variables. At the same
time, a structure means that the variables contain common information. From a certain perspective, this information is redundant
(so that it could be deleted with no or minimum loss of useful
information). Conversely, from another perspective, the common
information is synergetic. Figure 23.3c shows the case of a nonlinear structure, more complex but as useful as a linear structure. Finally, Figure 23.3d shows a clustered structure. The whole
dataset has an almost linear structure. The objects separate in
two blocks, each with its own structure. Clustered structures are
at the bases of classification analysis.

23.2.2.1 Pretreatments
The main objectives of data pretreatment are
1. To eliminate the scale difference between variables.
This is a very important issue when the variables have
a different nature (e.g., weight and absorbance) or when
variables of the same nature are measured by different
multiples of the same measurement unit or by different
units. Some techniques reported below (like principal
component analysis) are very sensitive to the size of the
variables, so that the scale difference can have a heavy
effect on their performances.
2. To obtain variables with normal or almost normal
distribution.
3. To reduce the dimensionality of the data (compression).
4. To reduce noise.
5. To weigh the variables according to their importance
(obtained from the previous experience).
Pretreatments include scaling, transforms (logarithmic,
Fourier, wavelets, …), weighting, and decorrelation.

23.2.2.2 Principal Component Analysis

pH
Figure 23.4 Real data from analysis of samples of an industrial food
product. The segments are a measure of readability and of repeatability.

Principal component analysis (PCA) is the basic tool for data
analysis [6]. PCA evaluates the degree of a structure in a complex
data matrix. It is used to visualize the information, to reduce the
dimensionality of the data matrix to the number of variables that
characterize the inner space, as a starting point for important
techniques of class modeling, such as soft independent modeling
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of class analogy (SIMCA) [7], and of regression, such as principal component regression (PCR) [8].

pretreatment can be often limited to column centering. In other
cases, after autoscaling, we can multiply each variable by a suitable weighting coefficient, for example, inversely proportional to
the relative noise of the variable.
Column centering, the common pretreatment in the case of
variables of the same nature, deletes information associated with
the centroid x from the data. This information is rarely important, because we are interested in comparing samples, and evaluating relative differences between the values of the variables.
There are many other scaling procedures. Range scaling consists of the subtraction of the minimum and the division by the
range of the variable. The transformed variable ranges between
0 and 1.
Global centering subtracts the generalized mean of all the data
to all the variables in the data matrix.
There are also row pretreatments. Row profiles are the percentage of each variable for a given object:

23.2.2.3 Scaling
Information is variability. No information can be obtained from
a constant variable.
Variability is measured by variance. For variable v, variance
is estimated by
sv2 =

∑

N

( xnv − xv )2

(23.2)

N −1

where the generic residual ( xn − x ) depends on the measurement unity used, so that variance depends on the square of the
unity scale. That dependence makes it difficult to compare and
impossible to combine the information from variables of different nature.
For this reason, the original variables are frequently transformed to have the same—or approximately the same—variance. The most frequently used scaling transform is autoscaling:
t nv =

xnv − xv
sv

rnv =

Autoscaling combines column centering (subtraction of the
mean of the variable, i.e., the mean of the corresponding column
in the matrix X NV) and standardization (division by the standard
deviation of the variable). The transformed variable has mean 0
and variance 1. So, after autoscaling, all the variables have the
same variance, 1, that is, they yield the same amount of information—the same a priori importance.
This is an excellent strategy when the variables have different
nature and when we do not have any previous information about
the importance of the variables. Chemists frequently have some
a priori knowledge about the variables. For example, when we
compare the spectra of different chemical species and no species absorb in a given region, the differences between spectra
in this region are without importance, exclusively due to noise.
So, when we apply autoscaling to a series of spectra, we give the
same importance both to the noise and to the meaningful spectral variables. For this reason, in the case for spectral data, the

vnv =

V

xnv

xnv − xn
sn

The plot in the left part of Figure 23.5 shows a dataset composed
of 20 objects described by two variables, with an evident positive correlation. The two variables were autoscaled, so that the
origin of the axes coincides with the centroid of the original data.
We can rotate, for example, the axes clockwise. The correlation
diminishes until a rotation angle for which the new axes behave

Y
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15

2

Eigenvector 2

Variable 2 (Y)

18

19

7 8
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11

18
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6 17
20
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14
19

11

X

4

Variable 1 (X)

(23.5)

23.2.2.4 Eigenvector Rotation

(b)

17
6 20

(23.4)

where xn is the mean of the variables for the nth object, and sn is
the row standard deviation. Generally, column centering follows
row profiles or row autoscaling.
Independently of the scaling procedure, the transformed data
matrix will be indicated by X NV.

14

Figure 23.5

∑

Row autoscaling is another common row pretreatment, frequently used in spectroscopy with the name of standard normal
variate (SNV) transform [9]:

(23.3)

(a)

xnv

Eigenvector 1

(a) Objects described by two correlated variables. (b) After rotation of the axes, with new, noncorrelated, variables.
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as noncorrelated variables, as shown in Figure 23.5a, where
the direction of the original axes is also reported. Because of
noncorrelation, the new axes provide independent information.
Moreover, the new abscissa is the direction of maximum possible
variance, that is, of maximum information, and the new ordinate
is the direction of minimum possible variance.
With this orthogonal, rigid, rotation, the following interesting
results are obtained:
1. Noncorrelated variables (the eigenvectors) derived
from correlated variables.
2. New axes ranked according to the explained variance;
the variances on the new axes are the eigenvalues.
3. The possibility of representing the directions of the
original variables in the new space, and consequently
of understanding the contribution of the original
variables.
These new axes are the principal components (PCs) of the
autoscaled data. Generally, the term PCs refers to the eigenvectors of the autoscaled data, or eigenvectors of the correlation
coefficients matrix. Sometimes, also, the eigenvectors of the centered data, and eigenvectors of the variance–covariance matrix,
are called PCs.
Eigenvector rotation is possible for whatever dimension V of
the original data. After rotation, we obtain the scores, coordinates of the objects on the eigenvectors, and the loadings, cosines
of the angles between eigenvectors and original variables (the
larger the cosine, the smaller the angle, and the larger the contribution of the variable to the eigenvector). The results are very
interesting:
1. Because of noncorrelation, a plot with two PCs does not
show duplicate information.
2. When we are looking at the two lowest-order PCs, we
are looking at the maximum amount of information
(variance) available on a plane in the multidimensional
space of the original information.
3. The higher-order PCs have a small eigenvalue, that is, a
lower information content. Such information is usually
useless, noise—the useful information being concentrated on the first (1–5) components.
4. We can represent the directions of the original variables, and the loadings in the PCs space. A plot with
both the scores and the loadings superimposed is called
a biplot.
The rotation from the space of the original variables is performed by means of the orthogonal matrix of the loadings L:
S NV = X NV LVV

(23.6)

S is the matrix of scores. The element lve of the matrix of the
loadings is the loading (cosine) of the variable v on the component e. The sum of the squares of the loadings of a variable or of
a component is 1. Biplots simultaneously represent both objects
and variables. The coordinates of objects are the scores. The
coordinates of the variables are the loadings. The scale is usually
different, because the loadings are always <1 and rather small in

Principal component 2
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Principal component 1
Figure 23.6 Biplot of a set of 334 Italian extravirgin olive oils described
by eight fatty acids—autoscaled data.

the case of many variables. Figure 23.6 shows the biplot obtained
for a dataset with 334 objects—grouped in nine categories— and
eight variables. It is a subset of the Oliveoil dataset [10] (available from the authors [11]). Data have been autoscaled, so that
the total variance was 8. The plot shows 65.2% of the variance (a
plot with two out of the original autoscaled variables would show
25% of the variance).
The loadings can be interpreted taking into account that the
fraction of information in the plot is large, but not 100%, and that
the position of the objects, and the scores, is due to the combined
effect of all the variables.
The variable oleic acid has a large positive loading on the first
PC and a relatively small loading on the second component. The
direction of the variable in the space of the two PCs neatly coincides with the objects of category 9, which are those with the
largest oleic acid content, as it is shown in Table 23.3. The entire
group of objects in the right part of Figure 23.6 (categories 1, 7,
8, and 9) is characterized by a relatively large content of oleic
acid—the only variable with a positive loading on the first component. The same categories are characterized by a small content
of the other acids. Categories 3, 5, and 6 are characterized by a
relatively large amount of linoleic acid, as the direction of the
arrow shows. The arrows of palmitic, palmitoleic, and linoleic
acids are opposite to that of oleic acid: this means that the correlation coefficient of the oleic acid with these three acids is large
Table 23.3
Average Percentage of Two Fatty Acids in the Nine Categories
Category
1
2
3
4
5
6
7
8
9

Name
North Apulia
Calabria
South Apulia
Sicily
Inland Sardinia
Costal Sardinia
East Liguria
West Liguria
Umbria

Oleic

Linoleic

78.204
73.166
69.702
73.578
73.667
70.858
77.097
76.565
79.544

7.058
8.218
11.721
8.347
11.115
13.373
7.040
9.135
6.004
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Table 23.4

Table 23.5

Correlation Coefficients Between Variables

Example of Cancelation Groups for DCV

1

2

3

4

5

6

7

8

1 1.000
0.836 −0.170 −0.837
0.461
0.319
0.228
0.519
2 0.836
1.000 −0.222 −0.852
0.622
0.093
0.086
0.433
3 −0.170 −0.222
1.000
0.114 −0.198
0.019 −0.041
0.130
4 −0.837 −0.852
0.114
1.000 −0.850 −0.218 −0.320 −0.439
5 0.461
0.622 −0.198 −0.850
1.000 −0.057
0.211
0.100
6 0.319
0.093
0.019 −0.218 −0.057
1.000
0.620
0.582
7 0.228
0.086 −0.041 −0.320
0.211
0.620
1.000
0.330
8 0.519
0.433
0.130 −0.439
0.100
0.582
0.330
1.000
Note: 1, palmitic; 2, palmitoleic; 3, stearic; 4, oleic; 5, linoleic; 6, eicosanoic;
7, linolenic; 8, eicosenoic.

and negative—as it can be verified in Table 23.4. Conversely,
correlation between these three acids is rather large and positive.
Figure 23.7 shows the simple score plot, with the convex hulls
for the nine categories. Such dispersion polygons can be considered as the “space” of the category, as evaluated by this visualization technique. Frequently, examination of a score plot can give
an answer to practical classification problems, without the use of
classification or class-modeling techniques. Always (taking into
account the percentage of information shown by the plot), the
score plot gives an approximate idea of the degree of separation between categories, of the similarity between objects, of the
correlation between variables, and of the relationships between
objects and variables.

23.2.2.5 Space of the Significant Information
The first step of PCA is the evaluation of the number A of significant components, an issue for which many strategies have
been suggested. Someone uses the very simple Kramer’s rule
[12]: the components whose eigenvalue is larger than the average eigenvalue are significant. In the case of autoscaled data, the
total variance is equal to the number of variables and the average
eigenvalue is 1. Sometimes, the Kramer’s rule applied to autoscaled data gives acceptable results. In other cases, for example, in

1
3
1
5
5
1
2

2
5
4
4
5
1
2

4
3
3
4
5
1
1

1
2
3
3
2
5
2

the case of spectra, where data are usually centered, the Kramer’s
rule almost always indicates one significant component.
One of the best strategies, double cross-validation (DCV)
[13,14], is based on the predictive value of each component.
DCV uses the nonlinear iterative partial least squares (NIPALS)
algorithm to compute the PCs (loadings and scores). NIPALS
works directly on the data, whereas the other algorithms work on
the corresponding variance–covariance matrix. For this reason,
NIPALS can also work in the case of missing data. DCV introduces missing data in the data matrix. A number of cancelation
groups are selected (as in cross-validation [CV]), and not objects,
but single data, are associated to each cancelation group, generally starting with the datum in the first column of the first row,
and then continuing on the diagonals, as shown in Table 23.5.
Here, the first assignments to the five cancelation groups are in
boldface. The second series of assignments starts with column
1 in row 3, and continues with datum in column 4 of the first
row. In the table, these assignments are shown in italic. The third
assignments are again in boldface, and clearly indicate the diagonal from up right to bottom left.
DCV starts with the calculation of RSE, the residual square
error:
I

RSE =

V

∑∑r

2
iv

(23.7)

i =1 v =1

Before the validation of the first component, the residuals riv
are the differences xiv − xv , and the distances from the centroid.
For each cancelation group, the loadings are computed with
the data in the training set, and the canceled data are predicted.
The prediction error square sum (PRESS) is computed from the
prediction error in all the cancelation groups:
I

PRESS =

Principal component 2

1
2
3
4
4
3
1

2
2
3
4
5
5
4

V

∑ ∑(x

iv

− xivpredicted )2

(23.8)

i =1 v =1

Principal component 1
Figure 23.7 Score plot with dispersion convex hulls. The same dataset
of Figure 23.6.

if PRESS is lower than RSE, the component is significant. It is
computed with all the data, and the significance of the second
component is evaluated on the matrix of the residuals.
When PRESS > RSE, the component is not significant: it
introduces noise, and the prediction error increases.
The dataset Moisture (available from the authors [11]) will
be used as an example. It is composed of 60 objects—samples
of soy flour. Variables are 19 absorbances from a near-infrared
(NIR) filter instrument, used to predict the moisture content—
the response variable.
In the case of the dataset Moisture, the result of DCV validation with five cancelation groups is shown in Table 23.6.
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Table 23.6
Dataset Moisture: Results of DCV
Component
1
2
3
4
5
6
7

Press

RSE

0.03158
0.01755
0.00635
0.00091
0.00040
0.00021
0.00035

10.09209
0.02546
0.01327
0.00503
0.00079
0.00030
0.00015

Ratio
0.003
0.730
0.508
0.194
0.541
0.761
2.521

Readers interested in further detailed examples of DCV are
referred to Reference 11.

23.2.2.6 Target Factor Analysis: Mixtures
Target factor analysis (TFA) [15] is very useful to illustrate the
potential of PCA.
The data matrix Spectra1 used as the first example for TFA
has 56 objects described by 101 variables, the ordered absorbances at 101 wavelengths. The first 50 objects are mixtures of
some other objects, pure objects A–F, whose spectra are shown
in Figure 23.8.
The problem is a typical one of TFA:
1. How many pure objects have been mixed to obtain 50
mixtures?
2. What are these objects among the possible objects in
the database (here with only six objects)?
3. What is the percentage of each constituent in the
mixtures?
A

B

The number of possible constituents in the database (here 6)
can be very large in practical problems. They can be pure chemical species, and also solutions of pure chemicals, or chemical
mixtures.
Figure 23.9a shows two pure constituents, A and B, described
by two variables. A generic mixture i of A and B has coordinates:
x1i = ax1 A + bx1B

(23.9)

x2 i = ax2 A + bx2 B

with a and b being nonnegative, and a + b = c. For the mixtures
with c = 1, that is, in the case for mixtures without dilution, the
representative points of the mixture are on the line joining the
points that represent A and B (triangles in Figure 23.9). When
c < 1 (mixtures with dilution), the representative points are in the
sector defined by the origin O and the points A and B (hexagons
in Figure 23.9). In the case for c > 1 (mixtures with concentration), the points (diamonds) are farthest from the origin than the
line AB, but always within the angle delimited by the two lines
OA and OB.
The value of c can be obtained by the ratio between the coordinate of the point and that of its projection on the line AB (Figure
23.9b).
Figure 23.9c shows that, in the case of three variables, the
diluted mixtures of A and B must fall within the triangle delimited by the origin, A and B. Object O, at a distance from the plane
of the triangle too large to be compatible with the measurement
errors, cannot be a mixture of A and B.
Figure 23.10 shows how the coefficients a and b can be
obtained from the coordinates O1 and O2 on the oblique axes
represented by lines OA and OB.
What we can easily understand in the case of two or three
variables can be applied to many variables, when projected in
the space of the eigenvectors. In the example, data were not
(a)
X2

(b)
A

B

D

Absorbance

C

X1i

(c)

X1
X3

X1p X1i
X1i
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X1p
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F
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X1

Wavelength index
Figure 23.8

Spectra of six pure objects.

Figure 23.9 (a) Two pure objects A and B described by two variables,
and their mixture without dilution (triangles), with dilution (hexagons), and
with concentration (diamonds). (b) Geometrical evaluation of the sum of the
fraction of the two pure objects in the mixture. (c) Two pure objects in a
three-dimensional space. It is the triangle of possible mixtures with dilution.
Object O cannot be a mixture of A and B.
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A

X NV = S NE LTEV + R NV

x2B
bx2B
O

o2

oo22

B
o1

ax1A x1A

bx1B

o11
x1B

ax1A

bx1B

X1

x1i

Figure 23.10 (a) Oblique axes in the direction of the pure objects.
Coordinates O1 and O2 on the oblique axes, and their use to evaluate the
fraction of the constituents in the mixture. (b) Geometrical demonstration,
related to the equation x1i = ax1A + bx1B.

submitted to any pretreatment, because centering eliminates
the information about the origin (and the origin is important to
define the space allowed for mixtures), and standardization gives
too importance to noisy wavelengths. Therefore, in this case, the
eigenvectors are those of the original data, and of the matrix of
variances–covariances about the origin. The loadings were computed using only 50 mixtures, and were used to project both the
mixtures and the pure objects in the rotated space.
DCV with five deletion groups (Table 23.7) indicates that only
two components are significant. The plane of these two components shows the relevant information. The following eigenvectors
constitute the outer space of the noise.
Eigenvectors are abstract mathematical factors, but the number
of real factors (the chemical constituents of the mixtures) must be
the same, that is, 2. So, we gave an answer to the first question.
Indeed, we know that spectra of the mixtures are linear combinations of those of E pure objects. For N(50) mixtures in the
V(101)-dimensional space, Equation 23.9 can be written as
X NV = BNEAEV + R NV

23.2.2.7 TFA: Ordered Mixtures
In the previous example, the index of objects has no special
meaning. The index of variables, instead, corresponds to the
wavelength order, so that variables are ordered. In some cases,
also the objects—mixtures—can be ordered. The second example from TFA is Spectra2, a matrix with 100 mixtures, four

(23.10)

where B is the matrix of the coefficients (the fractions of the E
constituents, corresponding to a and b in Equation 23.9), A is
the matrix of the spectra of the E constituents (A has E rows
and each row is the spectrum of a pure constituent), and R is the
matrix of the residuals, namely the errors.
From Equation 23.6, it is possible to obtain the equation for the
rotation from the space of the PCs to the original space:
X NV = S NV LTVV

D
F
A

C

(23.11)

Table 23.7

Figure 23.11 Scores of Spectra1 (eigenvectors of original data). The
loadings have been computed only with the 50 mixtures (triangles).
Eigenvector 3

(the inverse of the orthogonal rotation matrix coincides with its
transposed matrix). Taking into account that we have E (in this
case, 2) significant components, we can split the PCs space in the
two spaces, of significant information and noise, so that Equation
23.11 becomes

E

B
Eigenvector 1

FB

A

E

Eigenvector 4

ax2A

(23.12)

which, compared with Equation 23.10, clearly shows that the
number of chemical and abstract factors must be the same.
An answer to the second question can be provided by observing, in Figure 23.11, that only the pure objects B and F can be
the constituents of 50 mixtures, under the hypothesis of diluted
mixtures. However, this hypothesis is not universally verified.
So, the objects could also be mixtures of D and B (never rich in
D, and sometimes with a reduced concentration). C and E can be
surely removed, because mixtures with negative fractions are not
possible. A is a possible constituent, because only one mixture
would have a negative fraction of B, but so small to be ascribed
to the measurement error.
The two components must lie in the same plane of their mixtures. In Figure 23.12, the ordinates are orthogonal to this plane,
the plane of the first two eigenvectors. Figure 23.12 shows that
only B and F have distance from the plane compatible with the
typical noise of 50 mixtures. The other pure objects are too far in
the space of the noise.
The aim of TFA [15] is the identification of the E components
in the database. The plots can help, but what TFA actually does
is the comparison, for each possible constituent, between the distance from the plane and the variance of the residuals for the
mixtures, by means of an F-test. Therefore, the procedure is
almost entirely automatic.

Eigenvector 2

x2A

X2

(a)

A
D

B
F

E

Dataset Spectra1: Results of DCV
Component
1
2
3
4

Press

RSE

Ratio

99.4989
1.1125
1.0581
1.0391

7234.3027
91.7019
1.0454
0.9594

0.014
0.012
1.022
1.094

D

C

Eigenvector 1

C
Eigenvector 1

Figure 23.12 Scores of Spectra1 (eigenvectors of original data) on
eigenvectors 3 and 4.
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resolution (MCR) methods [16], whose aim is the description of
the contribution of individual components in mixtures, on the
basis of spectral profiles.

B

Concentration

23.2.2.8 Three-Way Data Exploration
The evolution of PCA for datasets organized in three (or more)
dimensions—such as N samples described by V variables measured at T times, or N samples for which V attributes are evaluated by M panelists—is represented by three-way methods. The
most common three-way models are given by parallel factor
analysis (PARAFAC) and Tucker methods [17].

D

Figure 23.15 shows an example in which two control variables—
characterized by a moderate positive correlation—are evaluated.
The bivariate scatter plot and the univariate marginal plots are
shown.
A training set is used to estimate the centroid and the covariance matrix. The statistical parameters are refined by elimination of outliers (in Figure 23.15, one object is very far from the
model, outside the 95% confidence ellipse; two objects are just
slightly outside, but they cannot be considered as actual outliers).
The standard deviations are used to compute the usual warning
and control limits.
The Hotelling T 2 function is used for multivariate quality control:
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23.2.2.9 Multivariate Quality Control

Time
Figure 23.13 Elution profile of a mixture of two components.

possible constituents, and 101 variables, corresponding to the
wavelengths as in the case of Spectra1. In this case, the mixture order is determined by a chromatographic column, whose
simulated elution profile is shown in Figure 23.13. The overlap is
so large that the two peaks are unresolved. Eigenvector analysis
on the original data indicates two significant components and,
consequently, two chemical constituents. The PC plot in Figure
23.14, left, clearly shows the ordered nature of the objects, and
identifies the constituents B and D of the overlapped peaks.
Loadings are shown separately (Figure 23.14, right) to simplify plot inspection. It can be noticed that loadings from 24 to
54 are in the direction of D, while loadings from 60 to 100 are
in the direction of B. This indicates which is the constituent with
the largest absorption in the corresponding wavelength interval.
The natural evolution of factor analysis methods for ordered
mixtures is represented by the family of multivariate curve

T 2 = t12 + t22 +  + t ν2

It is an estimate of the Mahalanobis distance, a χ2 variable, and
a sum of ν independent Z2 variables.
Contributions to an out-of-limits value in the Hotelling T 2
function can be computed, showing which original variables are
responsible for the fault [18].

23.2.3 Clustering Techniques
Eigenvector plots allow to visualize a considerable part of the
information. They are the first tools to be used to detect clusters

D

D

A

Eigenvector 2

C
Eigenvector 2

(23.13)

B

B
Eigenvector 1
Figure 23.14 Scores and loadings of Spectra2 on the first two eigenvectors.

Eigenvector 1
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Variable 2

Mahalanobis distance are used [19], but there are a lot of other
possibilities), on the pretreatment applied and, of course, on the
particular dataset.
The two objects with the largest similarity are joined to form
the first agglomerated cluster.
The resulting cluster is characterized by a “position” and, consequently, by its own distances and similarities with the other
objects and clusters, depending on the agglomeration rule. For
example, in the unweighted average linkage technique, each
coordinate xW of the new cluster W formed by a cluster J with NJ
objects and a cluster K with NK is given by

Time

Time

Confidence ellipse
at the critical
distance

xW =
Variable 1
Figure 23.15 Two correlated control variables, with their joint 95% confidence interval.

of objects. However, all the visualization techniques present only
a fraction, generally important, of the total information.
The so-called cluster analysis works instead on the total information contained in the data matrix (rarely the original matrix,
frequently the matrix of autoscaled data).

23.2.3.1 Hierarchical Agglomerative Techniques
Hierarchical agglomerative techniques are probably the most
popular clustering techniques. They start with as many clusters
as the objects are. Such clusters undergo agglomeration, based
on similarity.
Similarity between two objects (i and j) is defined as
sij = 1 −

dij
dMAX

(23.14)

(23.15)

The number of objects in the two joined clusters and their similarity are stored. The similarities with the newborn cluster are
computed. The two objects or clusters with the largest similarities are joined. The agglomeration continues until all the objects
are merged in the same, unique, cluster. The typical graphical
representation of clustering outcomes is the similarity dendrogram. Similarity is usually reported on the ordinate, decreasing
from the top (similarity = 1) to the level of the final agglomeration
characterized by the minimum similarity (or maximum dissimilarity). The dendrogram splits at each similarity level, corresponding to an agglomeration, in the two subclusters defined at
that level. The dendrogram can be cut at a suitable level, generally corresponding to the largest branches—that correspond to
the maximum differences in similarities—to identify significant,
interpretable, clusters. The abscissa has a reduced importance: it
has just the function to provide a position for the objects.
The dendrogram in Figure 23.16, right, was obtained by a
rearrangement of the clusters detected and interpreted by Padín
et al. [20], on a dataset of potatoes (102 samples described by 10
metals) of three categories, namely, certified Galician potatoes,
noncertified Galician, and non-Galician noncertified potatoes.
The rearranged dendrogram was obtained from the original dendrogram (Figure 23.16, left) by permutation of the four clusters,
to obtain a more logical order.
Wishart [21] improved the graphical presentation of a dendrogram and its underlying similarity matrix by seriation, that is,
Dissimilarity

Dissimilarity

where dij is the distance between the two objects and dMAX is the
maximum distance between couples of objects in the dataset. It
follows that the two objects with the maximum distance have
null similarity. So, similarity depends on the metric used to
compute the distances (generally the Euclidean distance or the

N J xJ + N K xK
N j + NK

A

A: Galician
Certified

B

C: Galician
Non-certified
B: Non-Galician
Non-certified

Figure 23.16

D

C

A

D

A: Galician
Certified
D: Galician
(Both)

B

C

C: Galician
Non-certified
D: Galician
(Both)

Clustering on Galician potatoes data. Original dendrogram (left) and rearranged dendrogram (right).
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Lecce

Otranto
Gallipoli

Principal component 1
Figure 23.18

Figure 23.17 Dendrogram of wells projected onto geographical variables.

by optimally reordering the objects. Forina et al. [22] projected
the dendrogram in the space of one or two explanatory variables.
The example reported in Figure 23.17 was obtained from 54 samples of water from artesian wells [23], described by 12 chemical
and physical variables. The two explanatory variables are the
geographical coordinates of the wells.

MST of Coffee data. The arrow indicates the longest edge.

to describe food, and each of these features may define at least
two categories, for example, compliant/noncompliant.
A class, or category, is the population of individuals (objects:
samples, molecules, …) with the same value of one or more discontinuous variables, or with close values of some continuous
variables, generally some qualities. Frequently, these variables
are not measurable.
Classification analysis aims to assign one object to one of the
categories defined.
All classification methods

23.2.3.2 Hierarchical Divisive Methods
A representative example for hierarchical divisive techniques is
based on the so-called minimum spanning tree (MST) [24]. In
the MST terminology, a graph is defined as a set of vertices and
interconnection edges. In our case, the vertices are the objects
to be clustered. A tree p—portion of a graph—is a sequence of
connected objects. The MST is the set of edges characterized by
the minimum sum of lengths. MST can be easily obtained, for
example, by means of the Prim [25] algorithm. It starts randomly
from one of the objects, which constitutes a zero-length tree with
only one object connected. Then, at each step of the algorithm,
an object is connected to the tree—the object with the minimum
distance from one of the objects is already connected.
Figure 23.18 shows the MST obtained with 43 samples of coffee, described by 13 chemical and physical variables [26]. MST
was computed on the two first PCs of the autoscaled data. The
tree is cut at the longest edge. In the case of the coffee example
(Figure 23.18), one should use at least three components to have
two significant clusters, corresponding to arabica and robusta
coffees. With two components, the longest edge leaves at the left
six robusta coffees. The other robusta is immediately at the right
of the cut edge.

23.2.4 Classification and Class Modeling
Classification and class-modeling techniques are of great importance in food analytical chemistry. Origin, variety, harvest season, quality, and genuineness: these features are frequently used

1. Collect from the populations of each category (or from
the joint population) a representative statistical sample
(training set, or calibration set).
2. Measure, on each object, a number of variables that are
good descriptors for the categories.
3. Compute a mathematical classification rule, which
assigns an object to one of the categories on the basis of
the value of the variables; the type of rule depends on
the particular classification technique.
4. Evaluate the performances of the classification rules
(evaluation set or test set).
5. Apply the classification rules to objects for which the
category is unknown.
6. Give a measure of the reliability of this assignment.
Class-modeling techniques differ from discriminant classification techniques because they characterize a single category at a
time. For this reason, they are also known as one-class classifiers
[27]. It follows that class-modeling can be applied when a unique
category can be meaningfully defined, which is a common occurrence in quality control and in food authentication studies [28].
When two or more classes are meaningfully defined, both
discriminant classification and class-modeling methods can be
applied, providing different answers. While classification techniques always assign objects to one—and only one—of the categories defined a priori, class-modeling techniques may give
different outcomes:
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a. Compliance with the model of one category.
b. Compliance with the models of more than one category.
c. No compliance with any model of the categories under
study.
Class-modeling techniques have a particular importance in
food analytical chemistry. In fact, the practical problem is frequently to assess whether a certain sample complies with some
requirements. This is the case for quality control, in which only
a category is defined—that of the products with a sufficient quality [28].

23.2.4.1 Linear Discriminant Analysis
Linear discriminant analysis (LDA) is the first multivariate classification technique, introduced by R.A. Fisher in 1936 [29]. Like
many other classification and class-modeling techniques, LDA is
a probabilistic parametric technique. Probabilistic means that it
is based on the estimate (from the objects in the training set) of
the multivariate probability density function (PDF). Parametric
means that the PDF is fully described by a minimum number of
parameters—namely, means, variances, and covariances. LDA
is based on the hypothesis that the dispersion in all of categories
is described by the same variance–covariance matrix, and that
such categories just differ for the location of their centroids. In
the bivariate case, the PDF is bell shaped, with elliptic sections.
Points on such ellipses are characterized by the same probability
density, and by the same Mahalanobis distance from the centroid. Figure 23.19 shows the ellipses for two categories.
In the univariate case, the normal PDF is
1
2
2
e − (1/ 2 )(( x − µ ) / σ )
2 πσ

(23.16)

( x − µ)
σ2

2

(23.17)

In the bivariate case, the correlation coefficient between the
two variables being ρ, the normal probability density is
1
f ( x1, x2 ) =
e
πσ
2
1σ 2
  
Y

1  ( x1 − µ1 )2 2ρ( x1 − µ1 )( x2 − µ 2 ) ( x2 − µ 2 )2 
−
+

σ1σ 2
σ12
σ 22
(1 − ρ2 ) 

(23.19)

In the case of more than two variables, the Mahalanobis distance can be more easily expressed by matrix notation. Always, it
can be considered as a Euclidean distance weighted by the standard deviation and the correlation of all the variables [19].
The ellipses of the two categories at the same Mahalanobis distance from the respective centroids intersect defining the delimiter, that is, the boundary between the two category spaces. The
delimiter is linear—the reason for the name of the technique.
The distance of an object from the class centroids is projected
on the direction orthogonal to the delimiter. The “discriminant
scores” of the object are an inverse measure of this distance—the
larger the distance from a centroid, the lower the corresponding score. The two discriminant scores (in the case of two categories) are negatively correlated. For this reason, in the case of
more than two categories, the results are usually visualized on
the differences between couples of discriminant scores. Figure
23.20 shows the result of LDA applied to the Wines dataset [30]
(available from the authors [11]). The differences of discriminant
scores are linear combinations of LDA discriminant function (or
canonical variables), which are the directions of maximum discriminant information, that is, the directions that maximize the
between-class to within-class variance ratio.
The discriminant functions are largely used to visualize the
results of classification. Frequently, around the objects in a category, the convex hull is drawn, as in the example reported in
Figure 23.21.

23.2.4.2 Quadratic Discriminant Analysis

and the Mahalanobis distance is
mh2 =

mh2 =

− (1/ 2 )(1/(1− ρ2 )){(( x1 − µ1 )2 / σ12 ) − ( 2 ρ( x1 − µ1 )
( x2 − µ 2 )/ σ1σ 2 ) + (( x2 − µ 2 )2 / σ 22 )}

(23.18)

Class 1

Quadratic discriminant analysis (QDA) is a probabilistic parametric technique, like LDA. The two techniques have an underlying hypothesis in common: the multivariate PDF is supposed
to be normal. Nevertheless, in the case of QDA, variance–covariance matrices are different in the different categories. The
LDA score difference 2–3

f ( x) =

and the Mahalanobis distance is

Grignolino

Barolo

Generalized
centroid
Barbera
Class 2

Delimiter

LDA score difference 1–2

X
Figure 23.19 The iso-probability–density ellipse of LDA, the delimiter,
and the direction of maximum discriminant power, orthogonal to the delimiter.

Figure 23.20 178 objects of three categories (Wines dataset) described
by 27 variables, represented on the differences between LDA discriminant
scores.
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Each object is a kernel on which an individual contribution to the
global probability density is centered. In other words, the objects
almost behave as individual electric charges contributing to a
global electric potential—the reason for the name of this technique. The individual contributions can have different shapes,
the most common of which is the Gaussian-like shape (normal
potential).
In the univariate case, the individual contribution of object j,
belonging to category c, to the normal potential in a point x is
given by

United
Kingdom

Canada

Φ c ( x, x j ) =

First discriminant
Figure 23.21 Plot on LDA discriminant functions. 85 samples of honey
described by 17 amino acids from four countries. (Adapted from J Gilbert,
MJ Shepherd, MA Wallwork, RH Harris. Determination of the geographical origin of honeys by multivariate analysis of gas chromatographic data on
their free amino acid content. J Apic Res 20:125, 1981.)

delimiter obtained in this case is described by a quadratic function [32].
The Mahalanobis distance corresponding to the iso-probability–density ellipses is an χ2 variable. From the critical values of
the χ2 statistics with as many degrees of freedom as the number of the variables, an elliptic boundary for the class space is
defined. On this basis, QDA is transformed into a class-modeling
technique, which is commonly referred to as unequal class models (UNEQ) [33]. Figure 23.22 shows the UNEQ class spaces in
the case of the dataset Oliveoil [10], working in the space of the
first two PCs (for visualization purposes).

23.2.4.3 Potential Functions Methods

Ic

f ( x /c ) =

∑
j =1

Ic

Φ c ( x, x j ) =

∑I
j =1

1
c

2 2
1
e − (1/ 2 )(( x − x j ) / uc )
uc 2 π

Principal component 2

Individual
contribution

Individual
contribution

Potential

Figure 23.22 UNEQ class models—dataset Oliveoil. Models built on
the first two components of autoscaled data.

(23.21)

The smoothing parameter is very important. Figure 23.23
shows 10 points described by variable x (two points almost overlap), their individual normal potentials, and the global class PDF.
With a large smoothing coefficient, the resulting PDF is considerably smoothed and appears to be unimodal. On the other hand,
with a small smoothing coefficient, the PDF is very sensible to
local density of points, and shows five relative maxima. It follows
that the choice of a suitable smoothing coefficient is a key point
in PFM. It is usually made by a cross-optimization procedure. In
more detail, the PDF is computed—following a scheme similar
to CV—on the points retained in the training set of each cycle.

X

Principal component 1

(23.20)

where Nc is the number of objects in category c (training set), and
uc is the so-called smoothing parameter for category c, which
corresponds to the standard deviation of the usual Gaussian
function. 1/Nc is a normalization parameter: the class conditional
probability density f(x|c) is obtained as the sum of the individual
contributions over the objects in the training set of the class,
and the normalization parameter makes the integral of the soobtained PDF equal to 1, the certainty:

Potential

Potential functions methods (PFMs) are probabilistic nonparametric classification and class-modeling techniques [34,35].
Nonparametric means that the multivariate PDF of a category
c is not expressed by a simple function of the location (means)
and dispersion (variances, covariances) parameters. It is, instead,
a function of all the objects in the training set of the category.

2 2
1
1
e − (1/ 2 )(( x − x j ) / uc )
N c uc 2 π

Object

Australia

X

Object

Second discriminant

Argentina

Figure 23.23 PDFs estimated by means of normal potentials, with large
(up) and small (down) values of the smoothing coefficient.
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The potential is evaluated by applying this function on each leftout point. The optimum smoothing coefficient is that for which
the product of the potentials of the left-out points (Nc at the end
of the cycles) is maximum.
PFM is able to define very complex class models in the multidimensional space, as in the case of dataset Checker [36], an artificial dataset created to evaluate the classification performances
of neural networks. The function reported in Figure 23.24—
either directly or in the form of iso-level curves—is actually the
ratio between the probability density and its value at the class
boundary, as computed by PFM class modeling [35]. Probability
density in Figure 23.24 has been computed with the smoothing
coefficient u = 0.20. The separation between the two categories
is better, almost perfect, with u = 0.15 but, at the boundaries of
the two classes, the isolines are so close that the plots are very
confused.
Figure 23.25 shows the application of PFM modeling to a
dataset of Parmesan cheese samples [37]. The variables are the
first two components obtained from 21 free amino acids, autoscaled. The model was built to characterize samples ripened for
at least 12 months. The figure clearly shows that most of the
unripe samples fall outside the model. A small number of them
falls within the model, but just at its boundaries: such samples
were 10-month ripened.

Principal component 2

Chemometrics

Principal component 1

Figure 23.25 Samples of Parmesan cheese (described by 21 free amino
acids). Filled diamonds: Parmesan ripened for at least 12 months, samples
used to build the PF model. Triangles: samples with 2–10 months ripening.

23.2.4.4 Probabilistic Techniques
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Figure 23.24 Dataset Checker. Iso-probability lines (up) and PDF
(down) computed with PFM, u = 0.2. Filled squares are the objects of the
modeled class; triangles are the objects of the other class.

The three probabilistic classification techniques briefly described
are characterized by an increasing complexity of the class boundaries. Only an exhaustive validation can indicate which techniques should be preferred for a given dataset. As a general rule,
techniques that show comparable values for both fitting and predictive ability should be preferred. Since a more complex boundary usually determines higher fitting performances, among the
techniques described, PFM has the best fitting potential, followed by QDA and LDA. On the contrary, predictive ability usually follows the inverse order, that is, the simplest technique is
the most efficient.
An important issue is that LDA presents some constraints
on the number of objects in the training set that, theoretically,
should be one more than the number of variables. Nevertheless,
such a limitation concerns the total number—not the single categories. Therefore, a given category could be composed of very
few objects (even two or three). Obviously, such an unbalanced
dataset would lead to meaningless results. It is advisable for the
total number of objects to be at least three times—preferably five
times—the number of variables, and the ratio between the more
and the less numerous category to be less than three.
QDA has essentially the same restrictions.
Another important feature of parametric techniques is that
they do not require centering or autoscaling, because the operator of the exponential in the estimate of the normal probability
density already contains the autoscaled variable.
In the case of a too large number of variables (e.g., working on
spectral data), collection of a suitable number of samples can be
impracticable. To overcome this hurdle, both LDA and QDA can
be applied on the significant PCs as input variables. The validation is heavier (because the eigenvectors should be computed and
evaluated for each cancelation group) [38]. Moreover, the PCs
are scaling sensitive.
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LDA cannot be transformed into a modeling technique,
because it is based on the pooled variance–covariance matrix,
a weighted mean of the variance–covariance matrices of all the
categories. Therefore, the hypothetical LDA-based class model
would be a function of all the categories in the problem, and
not just a characteristic of the category studied—as it would be
required for class modeling, by definition.

23.2.4.5 Soft Independent Models of Class Analogy
SIMCA was the first class-modeling technique to be introduced
into chemometrics [7]. Each category is studied separately.
Usually, a category autoscaling is performed, using means and
standard deviations computed with the objects in the training set of the category of interest. The PCs of these objects
are computed, and the ranges of their scores on the significant
components are evaluated. These ranges are the edges of a multidimensional box, the so-called normal SIMCA model. The edges
are then expanded to obtain the usual SIMCA model. SIMCA
was born in organic chemistry, working on datasets with many
variables and few objects (molecules). It is a very flexible technique, so that, in the case of many objects, the edges can be those
given by the normal model, or they can be even contracted [39].
Figure 23.26 shows the objects in the training set of two categories and the respective expanded models (segments) in the case
of only one significant component. From the standard deviation
of the residuals around the class models, a typical class variance
is computed, and F-tests are applied to evaluate the significance
of the distance of an object from the model. The critical value
of the F-test corresponds to the boundary of a space around the
model, the SIMCA box. Actually, the SIMCA box is not a parallelepiped, and two boxes are defined: one for the objects in the
training set, and one for the other objects (not used to compute
the model).
SIMCA presents many advantages. First of all, working on the
class PCs, it has no limitations about the ratio between the number of objects and number of variables, so that it can be applied
to cases with many original variables and few objects.
SIMCA builds the model in the inner space of the structured
information, and the outer space of the noise is used only to

A
B
C

Figure 23.26 SIMCA models and class spaces. (A, B) Normal models,
defined by the score range on the first PC of the two categories, respectively.
(C) An object compatible with both of the categories.

compute the dispersion around the model. However, when the
number of objects is very small, the model is very unstable and,
potentially, erroneous. Inevitably, a part of the noise permeates
the inner space. Consequently, SIMCA performances improve
when the noninformative, noisy, variables are deleted and when
the number of objects in the category studied is at least 20 times
the number of PCs retained in the model. The angles between the
model components measured in each validation group can help
to evaluate the stability of the model.
A further advantage of SIMCA is flexibility, due to (1) the possibility of applying different pretreatments during PC computation, also weighting each variable according to its importance
(known from previous experience); and (2) the possibility of
modifying the boundaries of the model [39].
Sometimes, the PCs of the category can be interpreted as
directions explained by a “quality” of the objects of that category—a quality that modifies the variables. This quality is not
important as for the degree of similarity to the model of the
category. As an example, many food products undergo modifications with ripening. The effects of ripening can be described
by a number of mathematical components. Within certain limits
(the limits of the model), these effects represent a physiological
evolution of the product, which does not affect its genuineness/
quality. In such cases, the point-based UNEQ model seems to be
inadequate, because the centroid indicates the average-ripening
stage as an ideal characteristic for that product, while the effects
due to the natural evolution of the product are considered as
errors, and deviations from perfection.
Finally, from SIMCA, many useful parameters can be derived,
such as the modeling power of the variables (a measure of their
contribution to the inner space), the discriminating power of the
variables (when at least two categories are defined), and the distance between the categories. Variables with small modeling and/
or discriminating power can be deleted, to obtain a refined model.
Many techniques have been described in the literature as modifications or evolutions of the original SIMCA algorithm [40],
often with the aim to improve its classification ability, although
modeling—not classification—should be considered as the first
objective of this technique.
To evaluate the modeling ability (and also the classification
performances), Coomans et al. [41] proposed the plots shown in
Figures 23.27 and 23.28, related to two categories of the dataset
Oliveoil. Coomans plots can be used to visualize the outcomes
of any class-modeling technique. In the classical version, the
coordinates are the distances from the models of two categories,
respectively—often normalized by the critical distance corresponding to the boundary of the class space. The plot is divided
into four parts. The left-bottom quadrant, shaded in Figure 23.27,
left, represents the overlapping between the categories: objects in
this space fit both the models. The left-upper quadrant, labeled
as Class 1, represents the space of the objects with a small distance from the model of class North Apulia (filled circles). Many
of them have a very large distance from the model of the other
category (Calabria); one is accepted also from the model of the
other category; one is relatively far from the model, in the space
of the outliers (right-upper quadrant), i.e. the objects rejected by
both of the models. The oils belonging to the category Calabria
have a large distance from the model of North Apulia. However,
two of them are accepted also from the North-Apulia model,
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SIMCA distance from model of class North Apulia (1)
Samples of class calabria

UNEQ distance from the model of class Calabria
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Class 1

SIMCA distance from model of class Calabria (2)
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Chemometrics

p 95%

UNEQ distance from the model of class North Apulia
Samples of class north apulia

Figure 23.27 Coomans plots for the comparison of models of two classes. Dataset Oliveoil—SIMCA models have been computed with two PCs
( autoscaled data).
p 95%

with a different shape of the potential functions or with a different smoothing coefficient.

23.2.5 Regression
Distance from SIMCA model

p 95%

Distance from UNEQ model
Figure 23.28 Coomans plot for the comparison of two models for the same
class.

while four are rejected by both of the models. Figure 23.27, right,
shows the behavior of UNEQ with the same data. There is no
overlap, and there are only two outliers, both of them belonging
to the category Calabria. So, in this case, UNEQ models are preferable. Figure 23.28 shows a Coomans plot (with a zoom on the
left-bottom corner) to compare the SIMCA and the UNEQ models for the class North Apulia. The distances from the UNEQ
model (the centroid) are generally smaller than those from the
two-component model of SIMCA.
This type of plot can also be used to compare models obtained
with the same technique and different settings—for example,
SIMCA with a different number of components, modeling PFM

23.2.5.1 Univariate Regression: Robust Techniques
Univariate regression is one of the basic statistical tools applied
in analytical chemistry, its main application being represented
by classical calibration. The ordinary least squares (OLS) technique is used to estimate the parameters, intercept, and slope, of
the linear relationship between a physical measured quantity and
a chemical quantity, known in a series of standards. Then, the
inverse relationship is applied to compute the value of the chemical quantity by a measured value of the physical quantity, in the
case of samples with unknown composition.
A number of important statistical parameters are associated
with regression—namely, the uncertainty of the straight line, the
tests on the intercept and on the slope, and the uncertainty on the
estimation of the unknown chemical quantity.
A number of univariate robust regression techniques have
been deployed in analytical chemistry, either to identify the linearity range in calibration, or to detect outliers, or as a part of
robust multivariate regression techniques. The most common is
the single median regression technique, based on the evaluation
of the median of the slopes [42].

23.2.5.2 Univariate Regression in Consensus
Problems
The field of application of regression techniques is wider than
what is usually recognized. The example illustrated below
describes the use of univariate OLS in consensus problems.
Data (available from the authors [11]) were organized into a
table of 26 objects (wines) described by 12 variables, the total
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and residuals:

Table 23.8
Euclidean Distance Between Panelists
A
A
B
C
D
E
F
G
H
I
L
M
N

B

C

D

E

F

G

H

I

L

M

0 197 178 210 252 159 205 189 170 233 175
197 1780 194 199 236 158 318 193 249 224 202
178 194
0 190 229 138 229 173 204 189 234
210 199 190
0 244 180 317 146 251 211 232
252 236 229 244
0 197 307 227 222 187 241
159 158 138 180 197
0 237 168 213 140 167
215 318 229 317 307 237
0 282 201 290 271
189 193 173 146 227 168 282
0 187 202 183
170 249 204 251 222 213 201 187
0 236 216
233 224 189 211 187 140 290 202 236
0 228
175 202 234 232 241 167 271 183 216 228
0
146 134 183 139 240 146 181 137 206 211 148

146
134
183
139
240
146
281
137
206
211
148
0

score (from 0 to 200) of sensory evaluations performed by 12 panelists. All the wines were of very similar (high) quality, so that the
experts experimented some difficulties in evaluating differences.
Table 23.8 shows the Euclidean distance between the panelists,
ranging from 134 (B–N) to 318 (B–G) and corresponding to considerable (about 30–60) mean differences on the scores. The dendrogram of similarities (Figure 23.29, left) shows that the first two
objects are connected at a relatively low similarity.
The correlation coefficients between panelists (Table 23.9)
range from 0.31 (E–G) to 0.94 (D–N). While the low limit does
not correspond to a significant positive correlation (<0.39, 95%
critical value for the test with the null hypothesis r = 0), the high
limit is rather large. The first cluster is formed (Figure 23.29,
right) at a relatively large similarity level. This indicates an excellent agreement, although the scores of D range from 0 to 200,
while the scores of N range from 17 to 129—about one-half. The
ranges of panelists G and E (166 and 193, respectively) are not
very different, but their correlation is not significant. Differences
in the scale between D and N can explain the rather large distance between the two panelists. Differences of scale can be corrected by means of linear regression, as shown in Figure 23.30.
Because D and N show the maximum agreement, one of them
(or their mean) can be used as a reference. The regression of the
scores of a generic panelist e on those of the reference panelist D
gives a model with an equation:
(23.22)

xeconsensus = x D + re

(23.24)

PCA performed on the data matrix with the panelists as
objects (12 objects before the correction and 11 after the correction) shows (Figure 23.31) the advantage due to the correction for
the scale difference. The first component is almost entirely due
to the scale difference, whereas the second component is clearly
explained by the true differences between panelists—with panelist G being very far from the cluster of all the other panelists.

23.2.5.3 Multivariate Regression
The most important applications of multivariate regression in
analytical chemistry are:
1. In MDOE, when some experiments are performed at
selected levels of two or more factors, to compute the
relationship between the factors and a response variable that is being optimized.
2. In multivariate calibration, to find a useful relationship
between one response variable—often a chemical quantity—and several predictors (generally, physical measured quantities). Useful means that such a relationship
can be used to predict, with a satisfactory accuracy, the
chemical quantity from predictors that requires no or
minimum sample treatments.
A fundamental difference between univariate and multivariate
calibration is that, in the first case, the physical quantity is the
independent variable, and the chemical quantity is supposed without significant error on the concentration values of calibration
standards. Then, to predict the value of the chemical quantity, the
inverse relationship is used. Instead, in multivariate calibration,
the chemical quantity is the independent variable (usually indicated by y). For this reason, it is also called inverse calibration.

B
F
L
C
D
N
H
E
M

A
G
I

M
B
N
D
H
C
F
L
E
G

A
I
Figure 23.29

(23.23)

The linear structure of Equation 23.22 explains a fraction of
the difference between the two experts, the fraction due to the
scale difference. The residuals are the unexplained difference,
due to the true disagreement between the two panelists. Taking
into account the scale difference, the scores of the panelists are
modified according to

Similarity (decreasing)

x̂e = ae + be x D

re = xe − xˆ e

N

Similarity between panelists, based on Euclidean distances (left) and on the correlation coefficient (right).
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the dispersion matrix (X′X)−1, and that it considerably influences
the position of the regression hyperplane. If the high-leverage
object is an outlier (and its large leverage is due to an anomaly),
its value dramatically affects the regression equation.
OLS models search for the regression hyperplane corresponding to the minimum sum of the squared residuals:

Table 23.9
Correlation Coefficients Between Panelists
A

B

C

D

E

F

G

H

I

L

M

N

A

1.00

0.50

0.65

0.76

0.47

0.70

0.66

0.66

0.58

0.58

0.49

0.71

B

0.50

1.00

0.77

0.77

0.80

0.85

0.37

0.71

0.51

0.84

0.56

0.74

C

0.65

0.77

1.00

0.79

0.62

0.82

0.59

0.76

0.57

0.75

0.42

0.74

D

0.76

0.77

0.79

1.00

0.70

0.80

0.46

0.87

0.63

0.79

0.62

0.94

E

0.47

0.80

0.62

0.70

1.00

0.74

0.31

0.68

0.61

0.77

0.57

0.69

F

0.70

0.85

0.82

0.80

0.74

1.00

0.57

0.75

0.52

0.89

0.68

0.82

G

0.66

0.37

0.59

0.46

0.31

0.57

1.00

0.46

0.59

0.39

0.35

0.47

H

0.66

0.71

0.76

0.87

0.68

0.75

0.46

1.00

0.75

0.75

0.68

0.87

I

0.58

0.51

0.57

0.63

0.61

0.52

0.59

0.75

1.00

0.55

0.44

0.65

L

0.58

0.84

0.75

0.79

0.77

0.89

0.39

0.75

0.55

1.00

0.61

0.81

M

0.49

0.56

0.42

0.62

0.57

0.68

0.35

0.68

0.44

0.61

1.00

0.74

N

0.71

0.74

0.74

0.94

0.69

0.82

0.47

0.87

0.65

0.81

0.74

1.00

∑ ( y − yˆ )
i

(23.25)

where x′ is the row vector of the predictors augmented with term
1 for a total of M = V + 1 elements. b is the column vector of
the regression coefficients. The mth coefficient, corresponding
to term 1 in x′, is the intercept. ŷ is the value of the response
estimated by the regression equation. Calibration is performed
with a training set of N objects, in a matrix X NM with N rows and
M = V + 1 predictors. The responses in the vector y are known,
generally obtained by a reference technique. The regression
coefficients are estimated by
b = (X′X)−1X′y

(23.26)

Very useful diagnostics [44] have been developed for OLS,
including the confidence interval of each regression coefficient
bv, the leave-one-out (LOO) statistics corresponding to the validation with a LOO scheme, and the leverage of each object. This
is a measure of the importance of a given object in Equation
23.26: an object very far from the centroid has a large leverage,
meaning that it gives a substantial contribution to the elements of

(23.27)

^ = 25 + 0.58 X
X
N
D

and, therefore, it considerably uses the noise in the data, so that
a small improvement in fitting is obtained at the expense of
a large uncertainty in the estimation of the regression coefficients. The uncertainty is inversely proportional to the determinant of the information matrix, X′X. In the univariate case,
the determinant corresponds to the variance of the predictor.
Figure 23.32 shows the same model (dashed line) and two different estimates—respectively obtained with three different
experimental points—having the same error. The very large
error noticeable in the left estimate is due to the limited domain
spanned by the three points, that is, to the small value of the
determinant. In the multivariate case, the determinant depends
on the variance of the predictors (generally determined by
some requirements of the problem) and on their correlation.
In the case of two variables, the determinant of the information matrix is proportional to that of the variance–covariance
matrix:
D = s x21s x22 (1 − r 2 )

(23.28)

that becomes very small when the absolute value of the correlation coefficient becomes large. For these reasons, in MDOE, the
factors are generally noncorrelated and their values (the levels)
are selected to span all the experimental domains to have maximum variance.
In analytical chemistry, predictors generally have very large
correlation. In the case of spectral data, for instance, adjacent
variables are often characterized by a correlation coefficient very
close to 1.
To solve the problem of correlation (more properly, multicollinearity in the multidimensional case), a simple procedure is to
compute the PCs of the predictors (after centering or autoscaling) and then to apply OLS in the space of the significant components, which are noncorrelated variables by definition.

G

N

2

i

The OLS method, also known as multiple linear regression
(MLR) [43], is widely applied in MDOE, where the factors studied are generally noncorrelated. Sometimes, it is also applied
when predictors are considerably intercorrelated, but results in
such cases are not reliable.
The relationship between response and predictors is
ŷ = b0 + b1 x1 +  + bv xv +  + bV xV = x ′b

i

^ = 77 + 0.26 X
X
G
E

D
Figure 23.30 Regression between panelists: OLS straight lines and their confidence intervals.
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Table 23.10

PC 2

G

A rtificial Data for Regression
Index
A

g

I

1
2
3
4
5
6
7
8
9
10

C

M
N

H aF

B

i

Dnh

C
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mf
b l

D: Reference judge

e

PC 1
Figure 23.31 Eigenvectors of the original and consensus data. Capital
letters: before correction; lowercase letters: after correction.

Y

y

x1

x2

x

40
80
120
160
200
240
280
320
360
400

16.71
37.70
59.59
81.43
97.01
120.87
138.64
158.27
180.88
203.59

22.27
40.10
62.93
81.22
102.40
119.40
139.81
157.84
179.20
199.48

19.490
38.900
61.260
81.325
99.705
120.135
139.225
158.055
180.040
201.535

involve computation of the mean x, and application of univariate
regression (y vs. x).
The following model is obtained:

Y

yˆ = 0.442 + 1.997 x

(23.29)

with the following statistical characteristics:

X

X

Figure 23.32 Effect of errors on the estimate of the slope.

This procedure is known as principal component regression
(PCR) [8] and it works very well in practice. However, it is a
two-step technique with some drawbacks, the most important of
which is that some eigenvectors can be poorly correlated with
the response and, therefore, contribute to the model with noise.
A one-step regression technique with better performances
is partial least-squares regression, also known as projection
on latent structures (PLS) [45]. The latent structures, or latent
variables, that is, the PLS factors, are directions in the space of
the predictors similar to the PCs; but, while PCs are the direction of maximum variance, latent variables are directions of
maximum covariance with the response. The numerical example in Table 23.10 illustrates the features of PLS latent variables
better.
This small artificial dataset derives from the theoretical
model: y = 2x. Simulated replicated measurements of a predictor x were performed on 10 samples (columns 3 and 4 in Table
23.10): in practice, x values were extracted from the statistical
population having normal distribution with mean = y/2 and standard deviation = 2.
The values of the response (y) are reported in the second
column.
From basic statistics, it is known that the mean of the two
replicates is a better estimate of the true value of the predictor,
because the variance of the mean is one-half of the variance of
the single repetition. Therefore, the correct procedure would

Slope:

1.997

Intercept:

0.442

Standard deviation:
0.013
Standard deviation:
1.640

95% Confidence interval:
±0.030
95% Confidence interval:
±3.780

Standard deviation of the error (SEC): 2.403
C.V. (LOO) residual standard deviation (SEP): 2.731

Because the intercept does not differ significantly from 0, the
straight line can be forced through the origin, and the simplified
model becomes
yˆ = 1.9997 x

(23.30)

with
Slope:

1.997

Standard deviation: 0.006

95% Confidence interval:
±0.013

Alternatively, we can consider the two repetitions x1 and x2
as if they were two distinct, independent, predictors and apply
bivariate regression: in this case, we do not recognize (and software-performing OLS will never recognize) the presence of an
underlying “latent variable,” that is, the mean of the two predictors. OLS gives the following model:
yˆ = 1.972 + 0.575 x1 + 1.440 x2

(23.31)

with statistical characteristics:
Slope (x1):
Slope (x2):
Intercept:

Standard deviation: 0.409
Standard deviation: 0.427
Standard deviation: 2.847

SEC: 2.393
SEP (LOO): 2.816

It can be observed that:

95% Confidence interval: ±0.967
95% Confidence interval: ±1.009
95% Confidence interval: ±6.732
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x1centered = b1c y centered = 0.51107 y centered
x2centered = b2 c y centered = 0.49028 y centered

(23.32)

The marginal slopes give a measure of the importance of the
correspondent predictor. They are normalized, that is, divided
by the square root of the sum of their squares. Normalized slopes
are, in this case, w1 = 0.72163 and w2 = 0.70822. They are called
PLS weights and, thanks to normalization, they have the significance of direction cosines. The PLS latent variable is defined as
t = w1 x 1 + w 2 x 2

(23.33)

It is almost proportional to the mean of the two variables: in
other words, PLS recognized this function t, rather than the original variables, and must be used in the regression. The regression
of y on t gives
yˆ = 0.558 + 1.993t = 1.019 x1 + 0.977 x2

(23.34)

with statistical characteristics:
SEC: 2.419
SEP (LOO): 2.748
The SEP, which measures the error in prediction, is very similar to the one obtained from univariate regression on the average
predictor. The standard deviations of the two slopes, estimated
by the dispersion of the slopes in the LOO cycles, are very small
(0.0024 and 0.0036, respectively).
The LOO prediction performance of PLS does not seem much
better than that of OLS (2.748 and 2.816). However, we have to
consider the general case, where the values of predictors may
not be so similar as they are in this example. The large uncertainty of the OLS slopes is due to the large correlation between
the predictors. The leverage h measures the distance from the
centroid considering the correlation—taken into account, in its
computation, by the Mahalanobis distance. The prediction error
is proportional to (1 + h). Figure 23.33 shows that points far from
the space domain explored by the training set are characterized
by huge values of (1 + h), so that the prediction error rapidly
becomes unacceptable.
It follows that the position of training points in the domain of
predictors greatly influences the error of the predictive model—
which is a basic concept in an experimental design.

1+h

160
120
X1

If we eliminate the first predictor, as suggested by its confidence interval, we lose the information given by the first repetition of the measurement.
If we apply PLS on the same data, in the first step, the slopes of
the partial regressions (the partial least squares) of the centered
predictors on the centered response are computed:

1000
600
200
200

80
40
0 00
2

160

120
X2

80

40

0

Figure 23.33 Error surface for OLS as a function of the domain of
predictors.

23.2.5.4 Complexity of the Regression Model
PCR performs OLR regression on the PCs. A key point is to
decide how many components should be retained to build the
model. Evaluating the number of significant components could
be a choice. Nevertheless, in such a case, PC significance is determined on the basis of the structure of the block of predictors,
without any information about correlation with the response. A
simple strategy to identify the suitable number of components
in PCR is a stepwise procedure, that is, building models adding one component at each step. As the number of components
increases, the standard deviation of fitting decreases. Instead,
the standard deviation of prediction (SEP) generally decreases in
the first stage, after which it starts to increase. The decrease can
be explained by the fact that each component added contributes
with information relevant to explain the response. The increase
is explained by the fact that the added components supply more
noise than relevant information. Figure 23.34 shows that, in the
case of the Moisture dataset, the predictive ability is maximum
1.7
1.6
Standard deviation

• The two regression coefficients b1 = 0.575 and b2 = 1.440
are quite different, and it could be concluded that the
second predictor is about three times more important
than the first one. Such an inference is completely illogical, since the two variables actually are the same.
• The confidence interval of both of the slopes is very
large. Consequently, the hypothesis b1 = 0 is accepted,
suggesting x1 to be a useless predictor.
• The sum of b1 and b2 is 2.015, a good estimate of the true
slope, 2.

1.5
Prediction

1.4
1.3
1.2
1.1

Fitting
1

3

5
7
Principal components

9

Figure 23.34 Fitting (SEC) and prediction (SEP) standard deviations
in multivariate calibration on principal components (PCR) of centered data
(dataset Moisture).
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after the introduction of five components. Therefore, five is the
optimum complexity of the model, obtained by means of predictive optimization.
In a similar way, PLS computes latent variables. After a latent
variable has been computed, the corresponding information is
subtracted from both the response and the predictors. The second
latent variable is orthogonal to the first one and it is the direction
of maximum covariance between the residuals of the predictors
and the residuals of the response. The optimum complexity of the
PLS model is obtained by predictive optimization.

have been developed with the objective of eliminating useless
predictors, to obtain more predictive and/or more economic
models. The Martens test cited above is one of these techniques.
The uninformative variable elimination (UVE) method [47]
adds an equal number of random predictors to the original predictors, with very small values (order of about 10−10), so that their
influence on the regression coefficients of the original predictors is negligible. The standard deviation of the regression coefficients, sbv , is obtained from the variation of the coefficients b
by a LOO validation scheme. The reliability c of each predictor
v, is obtained by

23.2.5.5 Uncertainty on PLS Regression Coefficients
PLS has not been studied as deeply as OLS. Efforts of chemometricians have been mainly directed to the improvements of the
model (optimal complexity, validation, elimination of useless
predictors, and elimination of outliers). The uncertainty of PLS
regression coefficients is generally estimated by a LOO procedure, from the N models developed in the cancelation cycles plus
the final model obtained with all the objects in the training set.
Table 23.11 shows the results obtained by PLS on the dataset Moisture. The pretreatment has no great influence, probably
because the standard deviations of the original predictors are not
very different. The optimal complexity of the model with autoscaled data is 4. The LOO SEP (1.27) is comparable—and even
lower—with that obtained by OLS (1.57).
The regression coefficients in the PLS model are rather small,
when compared with those of OLS (Table 23.12 and Figure
23.35). The OLS confidence intervals are very large, so that only
predictor 7 appears to be significant. PLS confidence intervals
show, instead, that 11 predictors are significant. These intervals
are used in the Martens uncertainty test [46] to eliminate useless
predictors. In the example of dataset Moisture, after elimination
of eight predictors, the prediction error is the same, 1.27.

23.2.5.6 Refinement of the PLS Model
PLS is less sensitive to noise than OLS. This fact does not mean
that PLS is insensitive to noise. For this reason, many techniques

cv =

bv
sbv

(23.35)

The maximum value of cv for the added artificial predictors is
the cutoff value for the elimination of noninformative original
predictors. In the case of dataset Moisture (Figure 23.36), this
maximum is about 18. On this basis, only three predictors (8, 13,
and 15) are retained. The refined model has SEP 1.23.
Iterative predictor weighting (IPW) [48] is a strategy for
model-wise elimination of useless predictors, based on the cyclic
repetition of the PLS algorithm, each time multiplying the predictors (after scaling) by their importance:
zv =

∑

bv sv
V
v =1

(23.36)

bv sv

computed in the previous cycle (importance is set to 1 in the first
cycle). The importance of useless predictors decreases rapidly.
After some cycles, IPW reaches a steady state in which only the
relevant predictors are retained. Figure 23.37 shows that, in the
case of dataset Moisture, only two predictors are retained—the
two predictors (13 and 15) with the largest relevance in UVE.
Predictor 8, eliminated by IPW, is immediately above the cutoff
limit and, with a different randomization, UVE also might eliminate it. With only two predictors retained, SEP is even slightly—
although not significantly—lower, 1.22.

Table 23.11
PLS Prediction Results for the Dataset Moisture (LOO Validation)
Centered

Component
1
2
3
4
5
6
7
8
9
10

Autoscaled

C.V.
RES Standard
Deviation

C.V.
Explanatory
Variable
(%)

C.V.
Mean
Error

C.V.
RES Standard
Deviation

C.V.
Explanatory
Variable
(%)

C.V.
Mean
Error

1.625
1.361
1.323
1.317
1.303
1.402
1.349
1.437
1.483
1.529

73.86
81.64
82.65
82.82
83.19
80.54
81.97
79.55
78.23
76.86

1.305
1.050
1.015
1.006
0.971
1.011
1.015
1.070
1.153
1.173

1.639
1.436
1.339
1.270
1.314
1.435
1.338
1.398
1.468
1.529

73.39
79.58
82.25
84.01
82.89
79.60
82.26
80.78
78.66
76.84

1.317
1.137
1.021
0.967
0.993
1.039
0.979
1.018
1.124
1.177
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Table 23.12
Regression Coefficients and Their Uncertainty in the Models of OLS and PLS
OLS

Wavelength

Slope
−218.07
405.79
−134.62
79.21
424.29

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
Intercept

−737.53
1402.23
−64.714
−1030.87
−267.86
−37.18
−692.70
−267.24
335.06
299.57
965.36
−1028.68
71.20
531.35
−7.96

PLS

Standard
Deviation

95%
Confidence
Interval

Significant

339.71
393.09
328.49
496.58
595.19
617.93
580.28
442.27
830.05
187.93
496.35
905.32
314.89
959.45
167.86
772.16
884.54
219.10
337.16
10.96

686.49
794.35
663.82
1003.48
1202.76
1248.71
1172.62
893.73
1677.37
379.78
1003.02
1829.47
636.32
1938.85
339.21
1560.37
1787.48
442.75
681.34
22.16

N
N
N
N
N
N
Y
N
N
N
N
N
N
N
N
N
N
N
N
N

1200
Regression coefficient

−44.538
−32.3941
−115.373
−16.284
75.237
5.154
3.243
−2.617
102.895
6.851

95%
Confidence
Interval

Significant

4.247
4.899
5.409
5.364
3.272
5.514
8.519
10.761
6.909
1.860
12.220
7.887
21.822
3.477
4.679
4.555
4.944
9.479
20.461
1.030

8.496
9.799
10.819
10.729
6.545
11.029
17.041
21.525
13.821
3.721
24.444
15.777
43.650
6.956
9.359
9.110
9.890
18.962
40.929
2.060

N
N
N
N
Y
N
Y
Y
Y
Y
Y
Y
Y
Y
Y
N
N
N
Y
Y

objects weighted by a weight dependent on the size of the regression residual. The median r of the absolute values of the residuals |ri| is computed and the object weights are obtained by

1600

φi = 1 − (ri /kr )2 
φi = 0

800
400

2

for | ri |< kr
for | ri |> kr

(23.37)

where k is a “sensitivity factor,” which increases or decreases the
threshold at which a null weight is assigned to a particular object.
This procedure, applied to dataset Moisture, eliminates two
objects in the first cycle, and the SEP obtained on the remaining
objects is 0.94.

0

–400
–800

–1200

Slope
−2.168
5.661
8.425
6.129
−29.529
7.656
28.548
−67.524
18.813
49.160

Standard
Deviation

1

3

5

7
9
11
13
Predictor (filter)

15

17

19

Figure 23.35 Dataset Moisture. Regression coefficients of OLS model
(υd) and of PLS model (λ).

Many strategies have been used to eliminate anomalous
objects. The prediction error can be used to identify (in the
calibration phase) the y-outliers, characterized by an anomalous
value of the response. The leverage and the distance from the
inner space of the significant latent variables can be used to identify x-outliers, which are objects with an anomaly in the values
of the predictors.
Wakeling and Macfie [49] described a robust PLS procedure,
RPLS, based on the iteration of the PLS algorithm with the

23.2.5.7 Artificial Neural Networks in Regression
Artificial neural networks (ANNs) have been largely applied
in multivariate calibration, because they are generally well
suited for nonlinear problems, and also because the related
software is easily available, whereas it is almost impossible to
find software for other nonlinear multivariate statistical regression techniques—such as alternating conditional expectation
(ACE) [50] and the nonlinear versions of PLS [51]. The most
popular ANN used in analytical chemistry are multilayer feedforward neural networks (MLF) [52], whose structure is shown
in Figure 23.38.
MLF ANNs are composed of a number of computational elements, called neurons, generally organized in three layers [53]. In
the first one, the input layer, there are usually K + 1 neurons that
correspond to the original predictors plus an element necessary
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C
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Noisy artificial predictors
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0

–20
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Predictor
Figure 23.36 UVE reliability of predictors in dataset Moisture. The 200 artificial noisy predictors are shown in the right part of the plot.

1.0
10–1
10–2
Importance

10–3
10–4
10–5
10–6
10–7
1

2

3

4

5

6

7

Cycle

Figure 23.37 Dataset Moisture. Evolution of PLS importances (logarithms) during the IPW cycles.
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Figure 23.38 Scheme of MLF neural networks.

J+1 units in the
hidden layer

to estimate the intercept. The predictors are scaled (generally
range scaled). When their number is very large, the PCs are often
used to reduce the data amount and the computational time.
The first layer transmits the value of the predictors to the
second—hidden—layer. All the neurons of the input layer are
connected to the J + 1 neurons of the second layer by means of
weight coefficients, meaning that the J + 1 elements of the hidden layer receive, as information, a weighted sum S of the values
from the input layer. They transform the information received (S)
by means of a suitable transfer function, frequently a sigmoid.
These neurons transmit information to the third—output—
layer, as a weighted combination (P) of their values. The neurons
in the output layer correspond to the response variables, which,
in the case of classification, are the coded class indices. The output neurons transform the information P, from the hidden layer,
by means of a further sigmoid or semilinear function.
After a first random initialization of the values, a learning
procedure modifies the weights wkj and wj during several optimization cycles, to improve the performances of the net. The
correction of the weights at each step is proportional to the prediction error of the previous cycle. The optimization of many
parameters and the elevated number of learning cycles considerably increase the risk of overfitting and, for this reason, a deep
validation is required, with a consistent number of objects.
Another type of widely employed ANNs is represented by
Kohonen’s self-organizing maps (SOMs), used for unsupervised
exploratory analysis, and by the counterpropagation (CP) neural
networks, used for nonlinear regression and classification [54].
Also, these tools require a considerable number of objects to
build reliable models, and a severe validation.

23.2.6 Validation Procedures
Hard modeling is based on theory and is aimed at describing
chemical–physical phenomena. Chemometrics deals with soft
models. In the case of chemical problems, of real samples, hard
models are not generally available. Both classification and regression methods are developed with a very empirical objective, that

Free ebooks ==> www.ebook777.com
453

Chemometrics
is, the prediction, with the minimum error, of one or more properties (namely, a class index or the value of a response variable).
Sometimes, a soft model may suggest the development of a theoretical model, but this is a secondary objective.
For this reason, a chemometric model must be evaluated on
the basis of its predictive ability: the measure of the predictive
ability is a fundamental step when supervised chemometric tools
are applied.
To measure the predictive ability, a number of validation procedures have been developed [55]. These procedures can be very
simple or somewhat complex, according to the requirements of
the technique, to the number of objects available to build the
model, and to the computing time permitted.

23.2.6.1 Single-Evaluation Set
This procedure is the simplest and quickest validation strategy.
It will be described at first, to introduce some elements of basic
terminology.
Be n an object in a collection of N objects, described by V
measured or computed variables. Their values constitute a row
vector, x ′nV , the nth row of the data matrix X NV, and a rectangular
array (N rows and V columns) of real numbers.
To develop a model—a mathematical rule for classification or
regression—a sample set is needed, that is, N objects described
by the values of V variables (X NV) and the values of the quantities to be predicted. Such quantities have to be known in the case
of the calibration set, while they are unknown when the model
is applied. In the case of a classification problem, the additional
information is the column vector cN of the class indices of the
N objects. In regression problems, the additional information
is the vector of the response variable, yN, or the matrix of the
M responses, YNM (actually, also in the case of many responses,
it is generally advisable to study one response at a time, unless
response variables are significantly intercorrelated).
In the validation procedure, we divide the sample set into two
subsets. One is the training set (with I objects), used to compute
the parameters of the model. The second is the evaluation set (with
J = N − I objects), used to compute the predictive ability. Usually,
25%–33% of the objects are assigned to the evaluation set.
In the case of a classification technique, the model is applied
to compute the class of the objects both in the training and in the
evaluation set. The percentages of correct classifications in the case
of the training set—the total recognition rate and the class recognition rates—measure the recognition ability (also referred to as
classification ability). The total prediction rate and the class prediction rates measure the predictive ability on the evaluation set. The
prediction rate should be equipped with its confidence interval [56],
dependent on the number of objects used for the validation.
In the case of regression, the regression rule is used to compute
the value of the response variable for the objects of the training
set, the vector yˆ I , and for those in the evaluation set, yˆ J .
The fitting ability is measured by the fraction of explained
variance, R2:
R2

∑ ( y − yˆ )
= 1−
∑ (y − y )
I

I

i

i

i

2

2

(23.38)

or by the standard error of calibration (SEC)—actually, the estimate of a standard deviation:
SEC =

∑ ( y − yˆ )
i

I

i

2

(23.39)

I − A −1

where yi is the experimental value of the response variable for the
ith object, y is the mean of the response variable computed on
the I objects of the training set, ŷi is the value computed by the
regression model, yi − y is the before-regression error, yi − yˆi is
the after-regression error, A is the number of degrees of freedom
lost in the regression (in OLS, A is the number of predictors), and
–1 is due to the degree of freedom lost by centering (the intercept
of OLS). Because the I objects are in the training set, yi − yˆi is
the fitting error.
On the objects of the evaluation set, a prediction ability is computed as the validated fraction of the explained variance RV2 :
2
V

R

∑ ( y − yˆ )
= 1−
∑ (y − y )
j

J

i

J

j

2

2

(23.40)

or as the standard error of prediction (SEP)—also referred to as
root-mean-square error of prediction (RMSEP):
SEP =

∑ (y
J

j

− yˆ j )2

(23.41)

J

In this case, y j − yˆ j is the error of prediction.
By increasing the complexity of models, it is always possible
to increase the recognition rate or R2 up to 100%. Nevertheless,
such models generally have a low predictive ability. The optimal prediction ability is obtained with a model of suitable
complexity. This model will have about the same fitting and prediction performances. The measure of the fitting ability is important because, when it is much larger than the prediction ability,
the model overfits the data. Overfitting is one of the most typical
pitfalls in data analysis.
Validation with the SES has the following disadvantages:
1. The particular choice of samples may produce a significant overestimate or underestimate of the prediction
ability.
2. A high percentage of objects in the training set may
originate an evaluation set that is not representative.
A low percentage of the objects in the training set
decreases the reliability of the model computed and
increases the probability of overfitting.
So, SES should be applied when the number of available
objects is very large.

23.2.6.2 Cross-Validation
CV is the most common validation procedure.
The N objects are divided into G cancelation groups. Usually,
the objects are assigned to a cancelation group by their index n
(row in the data matrix): the first object is assigned to cancelation
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group 1, the second object is assigned to group 2, and the gth
object is assigned to the group G. Then the (g + 1)th object
is again assigned to group 1, and so on. This is the so-called
Venetian blind scheme.
The model is computed G times. Each time, the objects in the
cancelation group form the evaluation set. The other objects constitute the training set, used to compute the model parameters. At
the end of the procedure, each object has been (G − 1) times in
the training set and once in the evaluation set.
The prediction ability, in the case of a regression technique, is
2
(cross-validated R2, frequently indicated as Q2):
obtained as RCV
2
CV

R

∑ ( y − yˆ )
= 1−
∑ (y − y )
n

N

N

2

n

(23.42)

2

n

or by the CVSEP, also known as root-mean-square error crossvalidation (RMSECV), or again RMSEP, or simply SEP:
CVSEP =

∑

N

( yn − yˆ n )2

(23.43)

N

In the two equations above, the error yn − yˆ n is the prediction
error, meaning that the response variable ŷn was computed when
the nth object was in the cancelation group (i.e., in the evaluation
set). y is the mean of the response variable, computed with all
the N objects.
Frequently, the predictive residual error sum of squares (PRESS)
is given:
PRESS =

∑

N

( yn − yˆ n )2

(23.44)

Response y

Figure 23.39 shows the before-regression errors in a simple
case with only one predictor variable X; the generalized centroid
is the point with coordinates x , y , which are mean values computed with all the objects.
The number of cancelation groups usually ranges from 3 to N.
In the last case, there are as many cancelation groups as objects, so
that the model is computed N + 1 times, N times with N − 1 objects
in the training set, and only one object in the evaluation set. A final

3
2

23.2.6.3 Repeated Evaluation Set
In this procedure—also called Monte Carlo validation—several
evaluation sets are created by means of a random generation,
with different number of objects and with different objects. Each
object falls many times in the evaluation set, and each time in
combination with different companions. A total of T ≫ N predictions are performed and the predictive ability is evaluated by
means of
2
RRES
= 1−

∑ ( y − yˆ )
∑ (y − y )
T

T

t

t

t

2

2

(23.45)

RES has the drawback of a large computation time, but the
advantage that it may reveal (through a detailed study of the
prediction errors) potential combinations of anomalous objects,
which cannot be revealed by simple LOO.
4

Y
Generalized
centroid
Before-regression
error
1
X

model is computed, with all the objects, to be used with objects
whose response variable is really unknown.
CV with N cancelation groups is generally known as LOO.
LOO has the advantage of being unique for a given dataset,
whereas when G < N, the result depends on the order of the
objects. However, LOO produces a very small change in the training set in each of the N validation cycles, at least when N is rather
large. The complete dataset itself is rarely a perfect representation of the whole population of the possible objects: generally, it
is characterized by a representation error, like all the statistical
samples drawn from a large or infinite population. Therefore,
a small perturbation has the consequence that, in all the cancelation cycles, the resulting training sets have about the same
representation error. Consequently, the estimate of the predictive
ability may be overly optimistic. On the contrary, with a small
number of cancelation groups, the resulting training sets are very
different, with different representation errors, and the measure of
the predictive ability is not optimistic, maybe pessimistic.
For a robust assessment of model performance, it may be
advisable performing CV many times, with a different number
of cancelation groups, from LOO up to three cancelation groups.
Moreover, for a given number G < N of cancelation groups, it is
advisable to repeat the CV with a different order of the objects,
to obtain a different composition of the cancelation groups. Such
a validation strategy becomes time consuming, but it ensures a
robust estimation of the real predictive ability.

Predictor x

Figure 23.39 Generalized centroid and before-regression errors of
object 1 for a small dataset with four objects and only one predictor.

23.2.6.4 Complete Validation
All the validation procedures described have the prediction as a
common characteristic on one or more evaluation sets. It is very
important that no information from the objects in the evaluation
set is used to build the model: this is the fundamental characteristic of what we call complete validation [38]. This simple,
easily intelligible, and fundamental characteristic is frequently
violated. In some cases, the effects are negligible. In other cases,
it may happen that the standard deviation for autoscaling is computed with all the N objects available, but we never found negative effects in the case of real data. A common case of a heavy
effect is in column centering, a simple and common pretreatment
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Response y

3
2
Regression
line

1

4

Fitting
error

Prediction
error

Deleted object

Centroid for prediction
Regression
line
Response y

where its mean (column mean) is subtracted to each variable.
Frequently, column centering is performed with the column
mean computed with all the objects available. Some techniques,
for example, PLS, use the centroid of data as an important
parameter: they perform regression through the origin. The origin of centered data is the centroid that contains information
from the future evaluation set. The consequence is an important,
sometimes unacceptable, overestimation of the prediction ability.
Figure 23.40 illustrates the wrong procedure. In the prediction
of the response variable for the deleted object 1, the regression
line (computed only with the data of objects 2–4 in the training
set) through the centroid computed with the four objects gives a
prediction error smaller than the corresponding before-regression error shown in Figure 23.39. The position of the generalized
centroid contains information from the deleted object: it “indicates” the approximate position of the deleted object to the three
objects in the training set.
Table 23.13 reports the numerical values of the errors. Figure
23.41 shows a step of the correct procedure. In the prediction
of the response variable for the deleted object 1, a “cancelation
group centroid” is computed: its coordinates are a function of
only the objects in the training set. The residual from this regression line through this centroid is very large for the deleted object.

Prediction
error

3
2

4

Fitting
error

1
Deleted object

Predictor x

Figure 23.41 Example of correct validation. The prediction error is very
large because the deleted object has not been used for the computation of the
centroid, the centroid of the training set. The fitting error is shown only for
object 3 of the training set.
2
estimated with the wrong procedure
Table 23.13 shows that RCV
2
from the coris rather good (83.5%), while the estimate of RCV
rect procedure is only 37%. From the before-regression standard
deviation 2.540, the incorrect procedure indicates the value
1.032 for SEP whereas, for the correct procedure, SEP is 2.015.
Frequently, chemometric techniques are used as black boxes,
in the form of executable programs whereby it is not possible to
observe and to verify the results of the procedure. The abovementioned wrong procedure was (and probably is) present in
some commercial packages. In many cases, the consequences
are almost without importance (small errors on the estimate of
the prediction ability). In other cases, as in the example shown
here, the conclusion can be that a block of predictors explains the
response well when, on the contrary, such predictors have almost
no predictive power.

23.2.6.5 Optimization

Predictor x
Figure 23.40 Example of incorrect validation. The prediction error is
small because the deleted object 1 (excluded from the computation of the
regression line) has been erroneously used for the computation of the centroid. The fitting error is shown only for one of the objects in the training
set, object 4.

Table 23.13
Dataset of Figures 23.1 through 23.3 and Numerical Results of
Regression
yn − yˆ n

X

Y

yn − y

yn − yˆ n

n

Wrong

Correct

1
2
3
4
RSE
PRESS

1.0
5.0
6.3
7.1

1.0
5.7
6.5
5.9

−3.775
0.925
1.175
1.125
19.349

−1.005
0.792
0.472
−1.155

−3.215
0.972
0.489
−1.283

3.193

12.185

Note: RSE (residual sum of squares errors) indicates the sum of the squares
of the before-regression errors.

An important case in which the fundamental rule of full validation
is frequently violated is represented by models whose parameters
can be modified looking for the maximum predictive ability. This
is the case for the most important regression techniques, whose
model is characterized by an optimum complexity. All the techniques for feature selection and many techniques based on ANNs
explore many possible models, individuating the one with the
maximum predictive ability. This predictive ability is evaluated by
means of an evaluation procedure, usually by means of CV.
In such a case, the objects in the evaluation sets give an information that is used to build the model: an information used to
optimize the model.
The correct procedure in this case would involve three sets,
obtained from the N objects available: a training set, an optimization set, and an evaluation set.
The optimization set is used to select the model with the maximum predictive ability. The true predictive ability of the optimized model is computed with the third set, whose objects were
never seen by the model.
The three-set validation procedure is commonly used in
regression with ANNs, where the probability of overfitting is
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considerably high. Because of the large computing time required
by ANNs, both the optimization set and the evaluation set are
frequently unique. When possible, the three-set validation procedure can be used with a twin CV mechanism. Ge external
cancelation groups created the evaluation sets. For each external
cancelation group, the optimum model is created on the basis of
the CV performed with Gi internal cancelation groups. Therefore,
Ge ⋅ Gi models will be computed (plus the final model with all the
objects in the training set). In the case of the twin LOO procedure, the number of computed models will be N ⋅ (N − 1).
The computation time of the twin CV may be very large.
When N is large, the single optimization and evaluation sets procedure may perform fairly well. Otherwise, the twin-DCV could
be necessary. The computational time may be very large, but this
strategy is often necessary to avoid illusory overestimations of
predictive ability.

References
1. GEP Box, WG Hunter, JS Hunter. Statistics for Experimenters.
John Wiley and Sons, New York, 1978.
2. R Leardi. Experimental design in chemistry: A tutorial. Anal
Chim Acta 652:161, 2009.
3. LC Mendes, HC de Menezes, M Aparecida, AP da Silva.
Optimization of the roasting of robusta coffee (C. canephora
conillon) using acceptability tests and RSM. Food Qual Prefer
12:153, 2001.
4. LT Hiep, JR Norman. Central composite designs. Aust Chem
Eng 10:9, 1969.
5. LA Sarabia, MC Ortiz. Response surface methodology.
In: SD Brown, R Tauler, B Walczak (eds.), Comprehensive
Chemometrics, Vol. 1, Elsevier, Amsterdam, the Netherlands,
2009, pp. 345–390.
6. IT Jolliffe. Principal Component Analysis. 2nd ed. Springer,
New York, USA, 2002.
7. S Wold, M Sjöström. SIMCA: A method for analyzing chemical
data in terms of similarity and analogy. In: BR Kowalski (ed.),
Chemometrics: Theory and Applications, ACS Symposium
Series 52, American Chemical Society, Washington, USA,
1977, pp. 243–282.
8. IT Jolliffe. A note on the use of principal components in regression. J R Stat Soc, Ser C (Appl Statist) 31(3):300–303, 1982.
9. RJ Barnes, MS Dhanoa, SJ Lister. Standard normal variate
transformation and de-trending of near-infrared diffuse reflectance spectra. Appl Spectrosc 43:772, 1989.
10. M Forina, C Armanino. Eigenvector projection and simplified
non linear mapping of fatty acid content of Italian olive oils.
Annali Chim (Rome) 72:127, 1982.
11. M Forina, S Lanteri, C Armanino, MC Casolino, M Casale, P
Oliveri. V-PARVUS 2010. An extendable package of programs
for explorative data analysis, classification and regression
analysis. Freely available at: http://www.parvus.unige.it
12. R Kramer. Chemometric Techniques for Quantitative Analysis.
Marcel Dekker, Inc., New York, 1998.
13. S Wold. Cross-validatory estimation of the number of components in factor analysis and principal components models.
Technometrics 20:397, 1978.
14. M Forina, S Lanteri, R Boggia, E Bertran. Double cross full
validation. Quimica Analitica 12:128, 1993.

Handbook of Food Analysis
15. E Malinowski. Factor Analysis in Chemistry. John Wiley and
Sons, New York, 1991.
16. A de Juan, R Tauler. Multivariate curve resolution (MCR) from
2000: Progress in concepts and applications. Crit Rev Anal
Chem 36:163, 2006.
17. R Bro. Review on multiway analysis in chemistry—2000–2005.
Crit Rev Anal Chem 36:279, 2006.
18. T Kourti. Multivariate statistical process control and process control, using latent variables. In: SD Brown, R Tauler,
B Walczak (eds.), Comprehensive Chemometrics, Vol. 4,
Elsevier, Amsterdam, the Netherlands, 2009, pp. 21–54.
19. R De Maesschalck, D Jouan-Rimbaud, DL Massart. The
Mahalanobis distance. Chemom Intell Lab Syst 50:1, 2000.
20. PM Padín, RM Peña, S García, R Iglesias, S Barro, C Herrero.
Characterization of Galician (N.W. Spain) quality brand potatoes: A comparison study of several pattern recognition techniques. Analyst 126:97, 2001.
21. D Wishart. Clustan graphics: Interactive graphics for cluster
analysis. Comp Sci Stat 29:48, 1997.
22. M Forina, C Armanino, V Raggio. Clustering with dendrograms on interpretation variables. Anal Chim Acta 454:13,
2002.
23. SG Buccolieri, N Cardellicchio, A Dell’Atti, A Genga, G
Strisciullo. Sea water contamination in underground waters of
Salento (Southern Italy). Annali Chim (Rome) 91:73, 2001.
24. M Held, RM Karp. The traveling-salesman problem and minimum spanning trees: Part II. Math Programm 1:6, 1971.
25. RC Prim. Shortest connection networks and some generalizations. Bell Syst Tech J 36:1389, 1957.
26. H Streuli. Aroma und Geschmacksstoffe in Lebensmitteln.
Foster Verlag AG, Zurich, Swiss, 1967.
27. RG Brereton. One-class classifiers. J Chemometr 25:225, 2011.
28. P Oliveri, G Downey. Multivariate class modeling for the verification of food-authenticity claims. TrAC Trends Anal Chem
35:74, 2012.
29. RA Fisher. The use of multiple measurements in taxonomic
problems. Ann Eugenics 7:179, 1936.
30. M Forina, C Armanino, M Castino, M Ubigli. Multivariate
data analysis as a discriminating method of the origin of wines.
Vitis 25:189, 1986.
31. J Gilbert, MJ Shepherd, MA Wallwork, RH Harris.
Determination of the geographical origin of honeys by multivariate analysis of gas chromatographic data on their free
amino acid content. J Apic Res 20:125, 1981.
32. S Geisser. Posterior odds for multivariate normal distributions.
J R Stat Soc B Met 26:69, 1964.
33. MP Derde, DL Massart. UNEQ: A disjoint modelling technique for pattern recognition based on normal distribution.
Anal Chim Acta 184:33, 1986.
34. D Coomans, I Broeckaert. Potential Pattern Recognition in
Chemical and Medical Decision Making. Research Studies
Press, Letchworth, UK, 1986.
35. M Forina, C Armanino, R Leardi, G Drava. A class-modelling
technique based on potential functions. J Chemometr 5:435,
1991.
36. TK Ho, EM Kleinberg. Building projectable classifiers of
arbitrary complexity. Proceedings of the 13th International
Conference on Pattern Recognition, Vienna, Austria, 880, 1996.
37. P Resmini, L Pellegrino, M Bertuccioli. Moderni criteri per
la valutazione chimico-analitica della tipicità di un formaggio:

Free ebooks ==> www.ebook777.com
457

Chemometrics

38.

39.

40.

41.

42.
43.
44.

45.
46.

l’esempio del Parmigiano-Reggiano. Riv Soc Ital Sci Aliment
15:315, 1986.
M Forina, P Oliveri, M Casale. Complete validation for classification and class modeling procedures with selection of variables and/or with additional computed variables. Chemometr
Intell Lab Syst 102:110, 2010.
M Forina, P Oliveri, M Casale. Class-modeling techniques,
classic and new, for old and new problems. Chemometr Intell
Lab Syst 93:132, 2008.
KV Branden, M Hubert. Robust classification in high dimensions based on the SIMCA method. Chemometr Intell Lab Syst
79:10, 2005.
D Coomans, I Broeckaert, MP Derde, A Tassin, DL Massart, S
Wold. Use of a microcomputer for the definition of multivariate confidence regions in medical diagnosis based on clinical
laboratory profiles. Comput Biomed Res 17:1, 1984.
PK Sen. Estimates of the regression coefficient based on
Kendall’s tau. J Am Stat Ass 63:1379, 1968.
NR Draper, H Smith. Applied Regression Analysis. 2nd ed.
John Wiley & Sons, New York, 1981.
DA Belsley, E Kuh, RE Welsch. Regression Diagnostics:
Identifying Influential Data and Sources of Collinearity. John
Wiley & Sons, New York, 1981.
S Wold, M Sjöström, L Eriksson. PLS-regression: A basic tool
of chemometrics. Chemometr Intell Lab Syst 58:109, 2001.
F Westad, H Martens. Variable selection in near infrared spectroscopy based on significance testing in partial least squares
regression. J Near Infrared Spec 8:117, 2000.

47. V Centner, DL Massart, OE de Noord, S de Jong, BM
Vandeginste, C Sterna. Elimination of uninformative variables
for multivariate calibration. Anal Chem 68:3851, 1996.
48. M Forina, C Casolino, C Pizarro-Millan. Iterative predictor
weighting (IPW) PLS: A technique for the elimination of useless predictors in regression problems. J Chemometr 13:165,
1999.
49. IN Wakeling, HJH Macfie. A robust PLS procedure.
J Chemometr 6:189, 1992.
50. L Breiman, JH Friedman. Estimating optimal transformations
for multiple regression and correlation. J Am Stat Ass 80:580,
1985.
51. S Wold, N Kettaneh-Wold, B Skagerberg. Nonlinear PLS modeling. Chemometr Intell Lab Syst 7:53, 1989.
52. F Marini. Neural networks. In: SD Brown, R Tauler, B Walczak
(eds.), Comprehensive Chemometrics, Vol. 3, Elsevier,
Amsterdam, the Netherlands, 2009, pp. 477–505.
53. J Zupan, J Gasteiger. Neural networks: A new method for solving chemical problems or just a passing phase? Anal Chim
Acta 248:1, 1991.
54. T. Kohonen. Self Organizing Maps. 3rd ed. Springer, New
York, NY, 2001.
55. DL Massart, BGM Vandeginste, LMC Buydens, S De Jong,
PJ Lewi, J Smeyers-Verbeke. Handbook of Chemometrics and
Qualimetrics. Elsevier Science Publishers, Amsterdam, 1998.
56. M Forina, S Lanteri, S Rosso. Confidence intervals of the prediction ability and performance scores of classifications methods. Chemometr Intell Lab Syst 57:121, 2001.

www.ebook777.com

Free ebooks ==> www.ebook777.com

This page intentionally left blank

Free ebooks ==> www.ebook777.com

24
High-Performance Liquid Chromatography: An Established
Separation Technique in Food Chemistry
Chiara Fanali, Paola Dugo, Javier-Hernández Borges, Luigi Mondello, Zeineb Aturki, and Salvatore Fanali
Contents
24.1 Introduction.................................................................................................................................................................................459
24.2	Fundamental Parameters in Liquid Chromatography................................................................................................................460
24.2.1	Retention Time, Retention Factor, and Separation Factor.............................................................................................460
24.2.2 Efficiency and Resolution............................................................................................................................................... 461
24.3 Column and Stationary Phases...................................................................................................................................................462
24.4	Retention Mechanisms in Liquid Chromatography....................................................................................................................463
24.4.1 Normal-Phase Liquid Chromatography (NPLC)...........................................................................................................463
24.4.2 Reversed-Phase Liquid Chromatography (RPLC).........................................................................................................464
24.4.3	Hydrophilic Interaction Chromatography (HILIC).......................................................................................................466
24.4.4	Hydrophobic Interaction Chromatography (HIC)..........................................................................................................466
24.5	Recent Developments in Liquid Chromatography......................................................................................................................467
24.5.1	Ultra-High-Performance Liquid Chromatography (UHPLC).......................................................................................467
24.5.2 Miniaturization in Liquid Chromatography...................................................................................................................467
24.5.3 Capillary Electrochromatography..................................................................................................................................468
24.5.3.1 The Efficiency in CEC....................................................................................................................................469
24.5.4 Multidimensional Liquid Chromatography.................................................................................................................... 470
24.5.5	Hyphenation of Liquid Chromatography with Other Techniques.................................................................................. 470
24.5.5.1 Mass Spectrometry......................................................................................................................................... 470
24.5.5.2 Nuclear Magnetic Resonance......................................................................................................................... 471
24.5.6 Microchip Technology.................................................................................................................................................... 472
24.6	Instrumentation Used in Liquid Chromatography...................................................................................................................... 473
24.6.1	Mobile-Phase Delivery Systems and Injection.............................................................................................................. 473
24.6.2	Detectors......................................................................................................................................................................... 474
24.7	Conclusions and Future Trends................................................................................................................................................... 475
Acknowledgments................................................................................................................................................................................. 475
References............................................................................................................................................................................................. 475

24.1 Introduction
High-Performance Liquid Chromatography (HPLC) is a modern
technique widely used for both analytical and preparative separation of compounds contained in more or less complex mixtures
of different origin. Analytes separation is obtained, after the
injection of the sample mixture, in a selected column containing an appropriate stationary phase and subjected to the action
of a liquid (mobile phase) pumped at a relative high pressure (up
to 400–500 bar) with a constant flow-rate. The stationary phase
can be present in the column in different ways, e.g., either as
packed particles of varied nature or polymers or monoliths that
can be bonded or adsorbed on the wall. Compounds are separated according to their physical–chemical properties, also considering the characteristics of the mobile and stationary phases.

HPLC has been developed over the years and is now widely
utilized for routine analysis in different fields of application,
e.g., biomedical, pharmaceutical, agro-chemical, environmental,
forensic, food chemistry, etc. Its success and popularity come from
its features and reliability, versatility, easy handling, sensitivity,
precision and last, but not least, availability of a large number
of applications. The basis for its development can be accounted
from the experiments reported in 1903 by Tswett where a plant
extract mixture was placed into a glass tube containing a solid
material (calcium carbonate) and eluted with petroleum ether.
The solvent moved by gravity and several bands of different colors were observed and recovered. The name “chromatography”
was only reported a few years later (Sakodynskii and Chmutov,
1972). Soon after, several recognized scientists contributed to the
development of modern chromatography proposing important
new solutions related to theory, instrumentation and practical
459
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24.2 Fundamental Parameters in
Liquid Chromatography
24.2.1 Retention Time, Retention Factor,
and Separation Factor

k =

t R − t0
t0

t0
w

Time (min)
Figure 24.1 Generic chromatogram of a compound with a retention time
of tR; t0 is the retention time of an unretained peak.

This equation is valid considering that the mobile-phase flowrate is constant; this is usually easily obtained with the modern instrumentation used in chromatography today. When tR = t0
then k = 0, and the analyte is not retained, while tR > t0 indicates
an interaction with the stationary phase with k > 0. Usually when
k > 1, the peak of the analyte is sufficiently separated from the
unretained compounds and moves to the detector at lower velocity. Clearly, too high values of the retention factor are not convenient because a too-long analysis time is obtained.
Considering now the separation of two compounds A and B, the
following generic chromatogram is recorded (see Figure 24.2).
The presence of some peaks can be observed in the above
figure, corresponding to a group of compounds separated in a
capillary column packed with modified silica particles of 1.8 μm
diameter. Let us focus our attention on the first peak, an unretained compound, and those labeled as A and B. This picture
gives the opportunity to introduce another important parameter
related to the retention, which is the separation factor α that

tRA

2

(24.1)
(24.2)

tRB

mAu (254 nm)

The retention time of a solute (tR) is the time taken by a solute,
after the injection, to reach the detector while interacting with
the stationary and the mobile phase, whereas it should always be
the one with the zero (0), as it is here t0 is the retention time of an
unretained compound. Both parameters can be easily measured
just recording the chromatogram where the detector response
(UV, fluorescence or others) and the time are reported in the y
and x axes, respectively (see Figure 24.1).
The retention factor (k) is one of the most important parameters to be considered in LC because it gives information about
the retention of the analyzed compounds when they are involved
in a chromatographic process. The k values are obtained measuring tR and t0 and the three parameters are related to each other by
the following equations:
t R = t0 (1 + k )

tR

detector signal

applications, e.g., R. Kuhn, E. Lederer, A. J. P. Martin, R. L.
Synge, M. Lederer, A. W. K. Tiselius, Cs. Horvath, L. R. Snyder,
L. S. Ettre, J. F. K. Huber, J. J. Kirkland, etc. Their contribution
was very helpful to understand the chromatographic phenomenon from conventional chromatography (column, paper) to the
modern and very recent ultra-high-performance liquid chromatography (UHPLC) and capillary-/nano-liquid chromatography
(CLC/nano-LC).
The development of HPLC can be attributed to the work done
by Horvath and Lipsky in 1966 (Horvath and Lipsky, 1966).
In fact, the first HPLC instrument was described by Horvath’s
group in 1967 (Horvath et al., 1967) and it operated at 34 MPa
with capillary or microbore columns containing new pellicular material (glass beads coated with an ion-exchange resin).
The separated compounds were detected with a UV apparatus.
Although this material offered high efficiency, it exhibited a low
loadability and, therefore, further studies were carried out utilizing porous particles with a diameter >30 μm. With the discovery
of new materials and improvements in the preparation and purification processes, stationary phases with lower particle diameter, e.g., 3–5 μm were studied and are currently used in HPLC
obtaining high efficiencies. These advantages in reducing the
particles diameter are well known and columns packed with sub
2-μm particles are even commercially available. However, due to
the predicted and observed high back-pressure, dedicated instrumentation must be used. In fact, these columns are now used
employing UHPLC systems also equipped with special detectors
and injection valves.
The aim of this chapter is to report about general principles
of HPLC that are behind modern liquid chromatography (LC),
basic and advanced instrumentation, current developments and
future trends. Finally, some examples of practical applications in
food chemistry will also be discussed.

B

A
t0

WA
0

0.5
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1.0

1.5
Time (min)
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Figure 24.2 Chromatogram of a generic separation where A and B are
two separated compounds (unpublished results).
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is calculated using the following equation with k defined as in
Equation 24.3:
α =

kB
kA

(24.3)

Since kB is by convention >k A, then a is ≥1; this parameter is
also known as selectivity.

24.2.2 Efficiency and Resolution
In any type of LC, sample mixtures are injected into the column
utilizing appropriate sample valves and the volumes used are
carefully studied considering several parameters such as length
of column, diameter, type, etc., in order to introduce a sharp
zone. Even if the parameters are cautiously selected, each zone,
corresponding to a separated compound, is subjected to a certain
dilution due to the effect of the mobile phase (which, in fact, is
necessary for the separation) during the transport to the detector,
appearing as a more or less broaden Gaussian peak. The extent of
the broadening effect is also influenced by the time that the analyte spends in contact with the stationary phase. The chromatographic efficiency for a certain column is very often expressed
by the so called theoretical plate number (N); frequently the plate
height is another parameter also used (H).
Considering that Gaussian peaks are generally observed, the
efficiency of a column is related to the retention time (tR) and the
variance (σ2) according to the following equation:
t 
t 
N =  R  = 16  R 
 wb 
 σ

2

Going back to the plate height (H), there is a correlation
between this parameter and the linear flow velocity represented
by the van Deemter plot:

t 
or 5.545  R 
 wh 

B
+ Cu
u

(24.6)

Here A, B, and C are constant parameters concerning eddy
diffusion, longitudinal diffusion and resistance to mass transfer.
The knowledge of H allows comparison of the efficiency of
different columns containing the same or different packing
material. On the other hand, it must also be considered that the
particle diameter (dp) can affect the value of H; a decrease in
the particle diameter causes a diminution of the plate height.
Therefore, to correctly understand the properties of a column,
reduced plate height (h) and reduced velocity (ν) are used and
they can be calculated using the following equation:
h=

ud p
H
L
;l =
;ν=
dp
dp
Dm

(24.7)

Here L and Dm are the column length and the diffusion coefficient, respectively.
Based on these last parameters, the Knox equation (Knox,
1977) reports the relationship between the reduced velocity of
the mobile phase and the reduced plate height.
h = Aν1/ 3 +

B
+ Cν
ν

(24.8)

2

(24.4)

Here wb and wh are the peak width at base peak and at half
height, respectively. In addition to explain this equation it must
be considered that wb is four times the standard deviation σ.
The plate height H (also called height equivalent to a theoretical plate, HEPT) can be calculated considering the column
length and N, where H = L/N and it is usually expressed in
mm or μm. Although very often N is used to characterize the
employed column, the effective plate number (Neff) can give more
exact information because this second parameter is also calculated considering the retention factor according to the following
equation:
 k 
N eff = N 

1 + k 

H = A+

2

(24.5)

As remarked by Poole (Poole, 2003c), when k = 1 then Neff is
only 25% of N, while at values >10 N and Neff are quite similar.
Considering that the chromatographic efficiency is a very
important parameter that indicates the column performance, a
modern trend is to achieve high values of N utilizing new materials as stationary phase and improving the instrumentation
currently used. In fact, in the evaluation of the efficiency, the
extra-column band broadening must also be considered. This
effect is due to the influence of factors, for example, volume and
geometry of the valve injection, geometry of the detector cell,
detector response and last but not least, type and dimensions of
the tubing connection.

Here A, B, and C are dimensionless coefficients. The term A
concerns the homogeneity of the packed material into the column and is related to the eddy diffusion due to the additional
channels formed that will differently influence the velocity of
the molecules of a given compound, thus reaching the detector
at different times and appearing as broaden peaks. Therefore A
must be minimized; a well-packed column possesses values of
0.5–1.0, while open tubular (OT) columns exhibit the ideal conditions (A = 0). B depends on the diffusion coefficient and is in
the range 1–4. C values are related to mass transfer and are 0.003
and 0.05 for non-porous and silica-porous material, respectively
(Poole, 2003b).
The plot of Equation 24.8 (Log h vs Log ν) reveals that there
is an optimum h value that can be obtained using the optimum
experimental conditions indicating the best parameters to be
used for achieving the highest efficiency. As can be observed,
the second part of the curve is usually quite steep, indicating that the highest efficiency will be lost when the reduced
linear velocity of the mobile phase is increased (see Figure
24.3a). It has been shown that C can be decreased by reducing the particles diameter as shown in Figure 24.3b. As can
be seen, operating at the lowest particle diameter permits to
work at higher flow velocity achieving almost the same h. This
feature will be helpful in reducing the analysis time without
sacrificing the efficiency and, therefore, the resolution. These
studies suggested the development of new particles and new
instrumentation (in UHPLC) where rapid analysis (few min)
can be obtained.
Going back to Figure 24.2, it can be observed that both peaks
A and B are eluted with different retention times. Just measuring
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Here km is the average of the peaks retention factors
[km = 1/2 × (kB + k A)].
As can be observed, the resolution factor is influenced by the
efficiency, but even more by the selectivity and the retention. The
two compounds can be separated when α ≠ 1. k must be adjusted
in the range 1–20 modifying the mobile-phase strength. When
the two peaks are only partly separated, α must be increased
either modifying experimental conditions (organic modifier, pH,
buffer, additives etc.) and/or selecting another stationary phase.
The resolution factor can be improved, increasing the number
of theoretical plates. This can be done in several ways, as for
example by increasing the length of the column (two columns in
series) or decreasing the particle diameter. Although an increase
of N is achieved, the two approaches produce an increase of the
back-pressure, requiring pumps operating at relatively high pressure. The example reported in Figure 24.2 is a quite simple separation of a few compounds; however, very often analysts have to
consider more complicated analyses due to either the large number of analytes present in the samples or to the complex matrices
handled. In these cases, the isocratic elution would not be sufficient to separate all the compounds and therefore a gradient must
be applied modifying the mobile-phase composition during the
run. In addition, a two-dimensional (2D-LC) approach could be
helpful for the analysis of complex mixtures.
Another important parameter to be considered for selecting
the appropriate material to achieve the best performance in analyzing not only simple but also complex matrices is the peak
capacity (np). It represents the number of baseline resolved peaks
recorded in a certain chromatogram and can be calculated using
the following equation:
np = 1 +

N tR
ln
4
t0

(24.11)

Figure 24.3 (a) van Deemter plot reporting the Log of reduced plate
height versus reduced velocity of the mobile phase. (Adapted from Siouffi,
A.-M. HPLC. Food Analysis by HPLC. L.M.L. Nollet (Ed.), CRC Press
Taylor & Francis Group, Boca Raton, 2000, pp. 1–54.) (b) Knox plot
obtained for acetophenone using three stationary phases with particles at
different diameters. (Reprinted with permission from de Villiers, A. et al.
J. Chromatogr. A 2006, 1127, 60–69.)

Here tR and t0 refer to the retention time of the last eluting
compound and the time of void volume, respectively. From this
equation, it is clear that the higher tR, the lower t0 and the higher
N will increase the peak capacity. The validity of this equation is
correct only considering an isocratic elution mode.

the difference between the retention times and the widths at the
baseline, the resolution factor (Rs) can be easily calculated as
follows:

24.3 Column and Stationary Phases

∆t R
Rs = 2
wbB + wbA

(24.9)

From this equation it is clear that in order to achieve a good
resolution factor, an increase in the difference between the
retention times and also a decrease in the peak width would be
desirable. A Rs value of 1.5 is usually required for a baseline
resolution.
In many published papers, data about the separation factor is
usually reported that clearly does not consider the efficiency. In
order to consider it, the resolution factor can be better expressed
by the following equation:
Rs =

N  α − 1   km 
2  α   1 + km 

(24.10)

Considering the data reported in literature, a large number of
papers or articles deal with the study and development of stationary phases that offer increasingly higher performances with great
capabilities to separate and analyze compounds of different nature
in a short/reasonable time. In addition to these properties, high
resolution, high efficiency and good selectivity can be achieved.
Before selecting the appropriate stationary and mobile phases,
the nature of the analyzed compounds must first be considered—
e.g., apolar, polar, ionizable, etc.—to then proceed with the evaluation of the large number of stationary phases available in the
market.
Originally, in conventional LC, porous inorganic oxide or
polymeric material of 30–200 μm diameter have been utilized
for most of the separations. Although such materials offered high
capacity and possessed high surface area, they exhibited some
limitations such as low efficiency and long analysis time. These
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drawbacks were resolved with the introduction of pellicular particles by Horvath (Horvath, 1967). Glass spheres (30–55 μm)
covered with an inorganic layer (1–3 μm) were used, constituting
an analyte selective and pressure-resistant stationary phase.
On the other hand, the reduction of the particle diameter was
a goal that opened the era of modern chromatography reducing plate heights (higher efficiency) and also improving their
homogeneity. Last but not least, research work was extended to
improve their resistance to pressure, temperature, pH, etc.
Therefore, in the 1970s, porous particles with diameter <10 μm
were widely used; later, materials with 0.5–5 μm diameter were
applied. As mentioned, the reduction of the particle diameter
caused an enormous increase of the back-pressure and, therefore,
the research field and the commercial companies studied and
developed dedicated high-pressure pumping systems achieving
excellent results with the introduction of UHPLC.
Columns are usually packed with silica-based materials that
can offer several advantages over others; for example, they can
be easily chemically modified and offer good resistance to pressure. Normally, silica particles are prepared using the sol–gel
procedure (sodium silicate added to water in the presence of
acids); detailed descriptions of the different syntheses can be
found consulting Arshady (1991). In order to choose the best particles for a certain application, their properties must be known
and therefore their characterization must be undertaken in measuring the particles size, porosity, surface area, etc. (Henry, 1991;
Nowrocki, 1997).
Despite its advantages, this material presents some drawbacks,
as for example, analyte adsorption, or instability at low and high
pHs. Progress has been done to avoid the abovementioned problems modifying the synthesis process (e.g., introducing the endcapping procedure, using silica hydrate material, etc., Sandoval
and Pesek, 1989).
It is also noteworthy that silica-based stationary phases exhibit
poor selectivity and that it was found that its chemical modification, in order to introduce different functional groups, allowed
more selective interactions between the analytes and the stationary phase. Currently, columns packed with silica modified with
octadecyl groups (ODS), octyl, phenyl, phenyl-hexyl, amino, chiral compounds, proteins, peptides etc. are easily available in the
market, meeting the requirements of analysts and researchers.
Lately, in the year 2000, particles with diameters in the range
of 3–6 μm with superficially porous shells of 0.1–1.1 μm were
introduced and tested for the separation of biopolymers (Kirkland
et al., 2000). These results demonstrated the possibility of achieving fast separations with relatively higher efficiency and are on
the basis of the recent developments of new stationary phases.

24.4 Retention Mechanisms in
Liquid Chromatography
In general, there are three primary characteristics of a chemical
compound that can be used to achieve a separation in HPLC.
Their consideration makes it easier to understand the different
separation modes that comprise this technique.
The first of them is polarity and, although different mechanisms
may be involved, the modes that make use of this characteristic
are included in normal-phase LC (NPLC), reversed-phase LC

(RPLC), hydrophilic-interaction LC (HILIC) or hydrophobicinteraction chromatography (HIC). Interaction modes between
the analytes and the mobile and stationary phase can be classified in two types, adsorption and partition (absorption), though
many separation processes are combined in both of them. In the
first, called Adsorption Chromatography, the analyte is attracted
to the surfaces of the phases while in the second, Partition
Chromatography, the analyte diffuses into the interior of the stationary phase. Because all these modes have been mostly used
in the food analysis field, they will be later described and commented upon in more detail.
The second is the electrical charge. The mode that makes use
of this characteristic is ion-exchange chromatography (IEC), in
which the analyte is ionized and the stationary phase contains
ionic sites. An ion exchange is used for negatively charged ions on
a positively charged stationary phase and the contrary for cation
exchange. A change in the pH of the mobile phase (to n eutralize
ions or the stationary phase charge—in the case of weak ion
exchangers—) and/or the introduction of ions able to displace the
retained ones are necessary for elution. If the stationary phase
is a weak ion exchanger and the pH changes to neutralize the
charge onto the stationary phase, polarity also plays a key role
in the separation. As a result, a mix-mode separation takes place
(both ion exchange and hydrophobic or hydrophilic interactions).
Its application in the food analysis field has focused on the determination of inorganic salts or organic compounds like amino
acids, amines, carbohydrates and peptides, among other (various
authors, 2013) but it is more used nowadays to analyze samples of
biological origin (amino acids, nucleic acids, etc.).
The third mechanism is the molecular size. The mode that
makes use of this characteristic and that is widely used for the
separation of biopolymers is size-exclusion chromatography
(SEC) also known today as gel permeation/filtration chromatography since an organic-polymer packing with a desired pore size
is generally used. It is based on a mechanical sieving process and
not on equilibrium thermodynamics. Small molecules, which
can penetrate the pores, spend more time on the bed while large
molecules may be totally excluded or only penetrate pore network of a certain size and, as a result, they elute first.
Apart from the previous LC separation modes, a special one
is affinity chromatography (AC), which is based on a specific
interaction between a molecule or groups of molecules and a
ligand immobilized onto the stationary phase. In this case, the
characteristic of the molecule that plays an important role is recognition, which includes different types of interactions (dipole–
dipole, electrostatic interactions, hydrophobic forces, etc.). The
technique can be based on enzyme–substrate, receptor–ligand,
or antibody–antigen interactions. In fact, depending on the type
of interaction, it can also be called immunoaffinity chromatography or even bioaffinity chromatography. As a result, its greatest
application field is the analysis of biomolecules because many
of them form strong and stable complexes with ligands such as
receptors, substrates or antibodies and also because the analysis
of biomolecules is frequently done in complex media and high
specificity is desirable.
In general, it should be taken into account that no LC separation takes place by a single mechanism of interaction between
the analytes and the stationary phase; some contribution from at
least other mechanisms may also happen.

www.ebook777.com

Free ebooks ==> www.ebook777.com
464

24.4.1 Normal-Phase Liquid Chromatography (NPLC)
Contrary to what it happens in RPLC, in NPLC the stationary
phase is more polar than the non-aqueous mobile phase. It was in
fact the mode most commonly used in the 1960s as a result of the
original work of Tswett in 1903 who also used polar stationary
phases. Later (in the 1970s), the introduction of non-polar stationary phases clearly made RPLC more popular, though NPLC
is still being used.
In this mode, retention increases with increasing polarity of
both the analytes and the stationary phase and with decreasing
polarity of the mobile phase. Less polar compounds (hydrophobic) elute first, while more polar ones (hydrophilic) elute last. The
mode of action is adsorption but the process can be quite complicated because of the heterogeneity of the stationary phase.
The column packing can be either an inorganic adsorbent (silica or alumina, which is less common) or polar-bonded phases
on a silica support. In this last case, the most frequent are cyano,
diol or amino columns. The last of these are preferentially used
for the separation of basic compounds while dipolar compounds
are more strongly retained on cyano stationary phases. The initial use of inorganic adsorbents like silica or alumina (liquid–
solid chromatography) originated the LC mode designated as
Adsorption Chromatography, which was also called NPLC,
though nowadays it is clear that NPLC can also be developed
onto polar-silica-bonded phases.
Normal-phase (NP) separation mode is preferred when analytes have very limited solubility in a polar-mobile phase or when
they are unstable in aqueous media. Both ionic and neutral compounds can be separated, though the last of them prevail.
Regarding the mobile phase, it is also frequent to use a mixture of solvents in the gradient mode with 100% organic mobile
phases. They are based on non-polar hydrocarbons such as hexane, heptane or octane, to which a small amount of a more polar
solvent like ethyl acetate, 2-propanol, or methanol, is added.
Additives that are good proton donors (chloroform or water)
interact preferentially with basic solutes like amines or sulfoxides, while good proton acceptors (alcohols or ethers) interact
better with hydroxylated molecules like phenols or acids (Weston
and Brown, 1997). Moreover, additives with high dipole moments
like methylene chloride or 1,2-dichlorethane also interact with
solutes with high dipole moments.
When selecting a solvent for LC, apart from polarity, its viscosity as well as its compatibility with the detection system has
to be considered (i.e., potential UV absorbance as well as their
refractive index). In general, a factor that may help in solvent
selection is the Snyder solvent parameter ε0 (Snyder, 1968),
which can be measured experimentally. It provides an idea of
the solvent strength and depends on the type of stationary phase.
The addition of water in NPLC should be carefully taken into
account when silica is used as the stationary phase, because the
retention mechanism can be changed, for example, from adsorption to partition. In fact, if water content is not controlled, then
poor reproducibility is obtained.
An important application field of NPLC (also of RPLC)
relies on the use of chiral stationary phases that interact with
analyte enantiomers to form short-life, transient diasteromeric
complexes. Each enantiomer of the pair may have a different
interaction and, as a result, separation may take place. Silica
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or aminopropyl silica is often used as starting support material
though particles of a polymeric chiral stationary phase are also
available.
Though the number of applications of NPLC in food analysis
is not as high as for RPLC, some interesting and relatively recent
examples of its application in this field are the determination
of histamine in beverages, tuna and cheese (Dang et al., 2013),
tocopherols and tocotrienols in a prepared mixture containing
oat extracts and palm oil (Kamal-Eldin et al., 2000), proanthocyanidins in beans, plums and cinnamon (Gu et al., 2003), flavanols
and procyanidins in cocoa and chocolate-containing samples
(Robbins et al., 2009), different lipid classes of lubricants used in
food packings (Schaefer et al., 2003) or acrylamide and methalacrylamide in commercial samples of French and roasted fries,
cookies, cocoa and coffee (Paleologos and Kontominas, 2005).

24.4.2 Reversed-Phase Liquid Chromatography (RPLC)
Reversed-phase (RP) mode is used more frequently in contemporary HPLC practice, being the first choice for most analyses
because of the high stability, reproducibility and efficiency
of RPLC columns which allow producing narrow and symmetrical peaks. In this case, the mobile phase is a polar mixture of one or more water–miscible organic solvents while
the stationary phase is non-polar, typically a silica support
bonded to C8 or C18. Another type of stationary phase use for
RPLC is composed of organic polymer beads like the resins of
polysterene and divinylbenzene, which are the most common.
RPLC retention for non-polar, non-ionic compounds generally follows this pattern: unbounded s ilica ≪ cyano < C1 (trimethylsilane) < C3 < C4 < phenyl < C8 ≈ C18 (the longer chains
interact more strongly with solutes with a higher hydrophobicity), while polystyrene or porous graphitic carbon columns
are more retentive than a C18 column being other factors equal
(Snyder et al., 1997).
The primary separation mechanism is analyte partition
between both mobile and stationary phase. As a result, more
hydrophilic analytes elute first while more hydrophobic ones
are highly retained and elute last, which is the opposite behavior
from NPLC.
The most typical organic mobile phases are composed by
methanol (MeOH), acetonitrile (ACN), or tetrahydrofuran
(THF). Among them, ACN is, in most cases, the best initial
choice. They are frequently binary combined with the aqueous
mobile phase, though in some cases ternary or quaternary mixtures are also used, but this is less common.
MeOH has the disadvantage of producing relatively high
viscous mixtures with water and, consequently, the pressure is
much higher than for other solvent mixtures. On the contrary,
buffer salts and ion-pairing additives have a higher solubility in
MeOH-containing mobile phases than those with ACN or THF.
ACN has the disadvantage of being expensive while THF has
a relatively high UV cut-off wavelength (220 nm) and, once
opened, peroxides are formed.
In general, the list of solvents that can be selected is very
large and, as a result, the choice can be somehow complicated,
especially if the three most common (MeOH, ACN, or THF)
options fail. In this sense, Rohrschneider showed in the 1970s
that, in some cases, when two solvents are mixed, properties
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of a third solvent could be obtained. With this idea in mind,
Snyder introduced the “solvent selectivity triangle” (Snyder
et al., 1993), which helps to simplify the number of solvent
choices that are likely to be beneficial to explore during LC
method development. This approach was very popular in the
1980s. From the triangle, it is also clearly deduced why MeOH
(which has acidic properties), ACN (with dipole properties)
and THF (with basic properties) are the most effective solvents
because the enhanced acidic, basic, and dipolar properties of
one solvent can assist certain chemical interactions better than
another mobile-phase solvent.
The use of mobile-phase additives allows introducing different selectivity in the separation. A special case is the formation
of ionic pairs which is known as ion-pair chromatography (IPC)
which is used for the separation and determination of ionic species. The mobile phase is composed of an aqueous buffer solution containing an organic solvent and a counter-ion with the
opposite charge of that of the analyte. The ion-pair is retained by
the RP column. As a result, IPC separations are more complex to
develop. In fact, they bear a close resemblance to IEC and also
have a similar application field.
Apart from the type of stationary phase, and mobile-phase
composition, column temperature is also a parameter that may
have a beneficial effect in RPLC; in NPLC it normally has
a minor influence on selectivity though it may change overall
retention and suitable control should still be made. In general, an
increase of the temperature reduces the mobile-phase viscosity,
lowers the pressure necessary to achieve the desired flow and
also improves the diffusion rates. It may also make the use of
solvents with higher viscosity practical.
Because RPLC is the preferred separation mode in HPLC, it is
also the one most frequently used in food analysis. As a result, it
is really difficult to summarize its application in this field. Some
recent examples include the determination of Sudan dyes and
their metabolites in edible tissues and eggs of food-producing
animals (Chen et al., 2013b), tocopherols and tocotrienols in vegetables and fruits (Viñas et al., 2013), fusarium toxins in animalderived foods (cattle, sheep, swine, fish, etc.) (Chen et al., 2013a),
flavan-3-ols and phenolic acids in milk-based food (Figure 24.4
shows the separation of this group of compounds) (Redeuil et al.,
2009) or bioactive phenolic compounds in cucumber wholefruit extract (Abu-Reidah et al., 2012). More information can
be found in specific books and review articles (Bovanová and
Brandšteterová, 2000; Núñez et al., 2012; various authors, 2013).

24.4.3 Hydrophilic Interaction
Chromatography (HILIC)
HILIC is a variation of NPLC, but with a more complicated
mechanism, which is suitable for the separation of highly hydrophilic compounds. When highly polar analytes are analyzed
they might be slightly retained or unretained in RPLC. If they
have ionizable groups, this problem has been supplemented
somehow by IEC or ion pairing on RP columns. However, for
non-ionizable compounds, it was not possible to obtain retention
in either stationary phase until HILIC was introduced (Alpert,
1990) although GC with derivatization could be used in some
cases. A polar stationary phase with a non-polar mobile phase
is used as in NPLC but, and as a clear difference with NPLC,

a small percentage of water (which is considered the strongest
solvent in HILIC) is necessary to maintain a stagnant enrichedwater layer on the surface of the stationary phase in which the
analytes may selectively partition. In this way, the less hydrophilic compounds are less retained, just the inverse order of
RPLC. A clear disadvantage of HILIC is that it can retain only
polar species, while hydrophobic species are eluted at or just
after the column void volume.
A HILIC gradient experiment is always performed from a high
percentage of organic modifier (i.e., 95% ACN) to a low proportion of it (around 60% ACN), because below a content of 60%
ACN, the water layer at the surface of the stationary phase cannot be formed and hydrophilic partitioning cannot occur.
The term HILIC, as well as its mechanism, was first reported
by Alpert in 1990 (Alpert, 1990) by analyzing a mixture of proteins, amino acids, peptides, oligonucleotides and carbohydrates,
using a poly(2-hyddroxyethyl aspartamide) silica column. In his
work, Alpert considered that the retention mechanism consisted
mostly of partitioning between the bulk-mobile phase and a layer
of mobile phase enriched with water, partially immobilized on
the stationary phase, but later it was concluded that both the partitioning and an ion-exchange mechanism contribute to retention
(Hemström and Irgum, 2006).
As previously mentioned, in HILIC the mobile phase is very
similar to those employed in RPLC, though ACN is highly preferred to MeOH since, as a protic solvent, it can compete for the
solvation of the surface of silica or other polar stationary phases
used. The content of the organic solvent is usually 70%–98%
(v/v), which is highly suitable for coupling with MS (this has
been in fact one of the main reasons for its high popularity over
the last years). Besides, due to less viscous organic-rich mobile
phases, HILIC may show lower back-pressure and better separation efficiency for strongly polar compounds than RPLC in
water-rich mobile phases. In this case, the addition of buffers to
control the mobile phase and ionic strength, though used, should
also be considered with care, since buffer solubility in such lowwater content mobile phases is highly reduced. In this sense, buffers like ammonium acetate or formate are required in HILIC
(not exceeding 10–20 mM when MS is used) especially because
ion exchange is a strong contributor to the HILIC mechanism.
The basic types of HILIC columns include plain silica, neutral
polar chemically bonded, ion exchange and zwitterionic stationary phases (Jandera, 2011), the traditional ones being those of
bare silica, bonded amino or cyano the most commonly used.
However, because HILIC phases are not bonded with a long
alkyl chain, they are less resistant to aggressive conditions of pH
or temperature.
This mode of separation is extensively used for the separation
of biomolecules, though HILIC has also gradually found useful
applications in the analysis of food samples (Bernal et al., 2011;
van Nuijs et al., 2011). This is the case of the analysis of different groups of pharmaceuticals (Curren and King, 2002; Valette
et al., 2004; Ishii et al., 2008; Kesiunaite et al., 2008; Inoue et al.,
2009; De Alwis and Heller, 2010), or pesticides (Crnogorac and
Schwack, 2007; Crnogorac et al., 2008; Esparza et al., 2009) as
well as single compounds like melamine and/or cyanuric acid
(Andersen et al., 2008; Heller and Nochetto, 2008; Varelis and
Jeskelis, 2008; Chang et al., 2009; Jiang and Ihunegbo, 2009;
Qin et al., 2010) in foods of plant or animal origin.
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Figure 24.4 LC–MS/MS and UV chromatograms obtained from a skimmed milk powder sample enriched with flavan-3-ols and phenolic acids. The ion
chromatograms are presented in two separate windows (a and b) in order to facilitate visualization. Window (c) displays the obtained UV chromatogram at
230 nm from the same sample and same run. (Reprinted with permission from Redeuil, K. et al. J. Chromatogr. A 2009, 1216, 8362–8360.)

24.4.4 Hydrophobic Interaction
Chromatography (HIC)
HIC is another LC separation mode based on RP interactions,
which is usually applied to the analysis of biomolecules. It is suitable for the separation of very hydrophobic analytes (i.e., proteins) that may not have sufficient retention in RPLC even with
mobile phases, in the absence of or containing little organic solvents. In HIC, the stationary phase is very hydrophobic and the
mobile phase contains a high salt concentration (1 M or more).
The principle of HIC is based on the fact that certain substances
(like proteins), which are precipitated at high concentrations of
neutral salts, are often adsorbed at lower salt concentrations than

those required for precipitation, and that some sorbents do not
show or hardly show affinity for these compounds in a salt-free
solution, while they become excellent adsorbents under moderately high salt concentrations. The high salt concentration will
reduce the solvation of the analytes. As solvation decreases,
hydrophobic regions that become exposed are retained while a
gradient run by decreasing the salt concentration will make molecules to elute in order of increasing hydrophobicity. Less salt is
needed when the molecule is more hydrophobic.
It has to be remarked that the type of salt should be carefully
selected, ammonium sulphate, citrate or phosphate being the most
common. pH should also be considered as a factor, since analyte
ionization may be modified but, in general, retention in HIC is
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less influenced by pH than for IEC; in fact, separations are usually
performed at pH 6–8 to preserve bioactivity (Snyder et al., 1997).
Unlike RP-LC, proteins are usually not denatured during HIC
separation, given that the temperature does not go beyond 30°C
(in fact it is usual to conduct HIC separations at low temperatures).
The method was first described in the 1970s although similar
phenomena were already demonstrated in the 1940s by Tiselius
(Tiselius, 1948). Since then, efforts have been made for discovering suitable materials for this purpose because many non-polar
bonded phases are too hydrophobic to be used with water alone
(required to avoid protein precipitation). In this sense, the first
attempts (Yon, 1972; Er-el et al., 1973; Hofstee, 1973; Shaltiel
and Er-el, 1973) were only able to achieve a mixed ionic–hydrophobic character while soon afterwards, Porath et al. (1973) and
Hjerten et al. (1974) were finally able to synthesize charged free
hydrophobic adsorbents. Nowadays, HIC supports are frequently
prepared by bonding C18, C8, C5 or phenyl ligates on Sepharose
or on silica that has been previously bonded with a polyamide
coating (Miller, 2009). HIC is often used for protein isolation or
purification (Cummins and O’Connor, 2011) as a complement to
other techniques, but analytical HIC is less common.

24.5 Recent Developments in Liquid
Chromatography
24.5.1 Ultra-High-Performance Liquid
Chromatography (UHPLC)
UHPLC is a recently developed LC technique that combines high
efficiency with reduced analysis time. For this reason it offers a
very promising tool for the analysis of a large number of analytes
in different matrices, being very interesting in high throughput
applications required by, for example, pharmaceutical industries.
As reported above in the van Deemter plot, the plate height
(H) depends on the linear flow velocity and, to get the lowest H
value which corresponds to the highest efficiency (N) for each
column, there are certain optimum conditions. The second part
of the plot is very important to understand the last achievements
in the chromatographic field related to high efficiencies and fast
analysis. In fact, the slope of the second part of the van Deemter
plot is strongly influenced by the particle diameter (dp); if this
parameter is reduced, the curve profile becomes flatter with obvious advantages in achieving higher efficiency even using higher
velocities and therefore shortening the analysis time. Indeed, the
reduction of the particle diameter has been widely studied by
several chromatographers, as for example, Gilar et al. (2004),
Jerkovich et al. (2003), Knox and Saleem (1969), Lippert et al.
(1999), Poppe (1997), McNair et al. (1997). Therefore, several
years ago, it was understood that the way for improving efficiency and speed required a decrease of the particle diameter,
although this approach was not easy to perform due to the high
back-pressure caused by the use of such small particles. The
pressure drop (ΔP) is linearly dependent on the linear velocity of
the mobile phase, as reported by Giddings (1991):
∆P =

ϕηuL
d p2

(24.12)

Here φ, η, L and d are the flow resistance, the viscosity of the
mobile phase, the length of the column and the particles diameter,
respectively. It has been calculated that given a column packed
with 25 cm of a 5 μm particle diameter in stationary phase, an
inlet pressure <25 bar is necessary for the chromatographic
analysis, while with 1 μm particles the pressure required reaches
2000 bar (Colon et al., 2004; Anspach et al., 2007). Therefore,
with the aim of developing useful stationary phases (more resistant to chemicals and pressure) and dedicated instrumentation
capable of operating at high pressures, further studies were carried out. These efforts were successful considering that some
companies marketed columns packed with 1.7 μm particles and
modern instrumentation working at high pressures (>1000 bar).

24.5.2 Miniaturization in Liquid Chromatography
The possibility of performing LC analysis in miniaturized systems has been originally demonstrated in the work published by
Karlsson and Novotny (1988). In this work the authors studied
the effect of the internal diameter of the capillary column on
the efficiency (plate height) concluding that the highest efficiency was obtained using columns of 44 μm I.D. Since then,
interesting research studies have been carried out aiming to (i)
understand the theoretical basis behind this new methodology;
(ii) develop advanced instrumentation; and last but not least (iii)
optimize and apply the technique to the separation and analysis
of compounds.
The separation of analytes is carried out in capillary columns
which contain a selected stationary phase that must selectively
interact with the analytes during the chromatographic separation
process. Such phases can be either bonded to the capillary wall
(open-tubular capillary LC (OTCLC)), packed (e.g., modified
silica) or polymerized (monolithic). Concerning the nomenclature, it is worth mentioning that until now it is not still unified.
Therefore, very often CLC and nano-LC are currently used to
indicate the same technique. However, in most cases, there is a
difference considering both the capillary I.D. and the mobilephase flow rate. When the separation is performed in capillaries of I.D. <100 μm with flow rates in the range 50–800 nL/min,
nano-LC is used, while when the employed column has an I.D.
and flow rates in the ranges 100–320 μm and 1–100 μL/min it is
named CLC. The relatively low flow rate used in these techniques
is a definite advantage over conventional HPLC considering the
management costs related to the consumption of expensive—
and, in some cases, dangerous—solvents and the coupling of
the technique with MS instruments. Among other advantages, it
should be noted that just using reduced flow rates, an increase of
mass sensitivity is obtained due to a lower dilution. In addition,
since very low mobile-phase volumes are consumed, these miniaturized techniques are ecologically compatible (HernándezBorges et al., 2007).
As mentioned above, in nano-LC, the mobile-phase flow must
be reduced to nL/min and this is done either using dedicated
pumping systems (commercially available) or modifying HPLC
pumps present in any laboratory. In the second case, a split system
must be considered using a T union (zero dead volume) where the
mobile phase is pumped and divided in two paths: the first one to
the waste and the second to the injection valve. The split flow is
controlled selecting the appropriate tubes (diameter and length)
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employed for connecting the waste and the injector. This system, also used by some commercial instrumentation, is usually
applied in some laboratories; however, it is very difficult to use
such approach for gradient elution since changes in the solvent
viscosity leads to poor reproducibility (Si-Ahmed et al., 2010). In
order to overcome these problems, Cappiello et al. (2003a) experimented with an interesting system where a computer-controlled
six-port valve, containing six loops, was employed. The loops
were filled with mobile phases of different compositions and the
valve was switched on, controlling the time and delivering the
different mobile phases. The system offered interesting results
concerning repeatability and reproducibility and was applied for
the analysis of compounds of environmental interest.
Although the split system is currently applied in some commercially available instrumentation with efficient electronic control of
the flow, it is noteworthy to mention that part of the mobile phase
is usually lost in the waste and therefore the nano-LC is not really
cheap, at least considering the high amount of solvents consumed.
Considering the volumes involved in the nano-LC process,
special attention must be paid in minimizing band-broadening
effects that could reduce the efficiency of the system. Therefore,
injected volumes, detector cell volumes and the dimension of the
capillary columns must be carefully considered.
The sample volumes usually injected should be about a 10% of
the total column volume (usually 10–100 nL are injected). This is
done employing valve injectors with fixed internal loops or microinjectors with external loops where the injected volume is regulated
controlling the time (Claessens et al., 1990; Fanali et al., 2010).
Although nano-LC has high mass sensitivity, due to the low
column I.D. that reduces the peak dilution during the chromatographic run, it suffers unsatisfactory sensitivity when analyzing
real samples. Therefore, very often, relatively high sample volumes (1–15 μL) are injected, which clearly could overload the
column. However, this can be avoided just performing a focusing process where analytes are preconcentrated on the inlet of
the column. To carry out this approach, the sample is dissolved
into a solvent mixture having limited dilution capability, being
much lower than the one possessed by the mobile phase. This
approach has been used for proteomic studies as well as for the
analysis of small molecules (Mills et al., 1997; He et al., 1998;
Cappiello et al., 2002; Hernández-Borges et al., 2007; D’Orazio
et al., 2008; Buonasera et al., 2009).
The detector usually employed in nano-LC is an UV–Vis one
with an on-column cell where the path length is short, corresponding to the I.D. of the capillary (75–150 μm). In this respect,

Capillary 50 mm ID

extended path-length cells can be used especially with commercial instrumentation. However, the coupling with MS resulted
in the best solution to improve the sensitivity and increase the
selectivity, since it could be considered as a second dimension
concerning the m/z ratio. Obviously, for this coupling, dedicated
interfaces, such as nano-interfaces, are required. For this aim,
the capillary column is connected through a tee PEEK or stainless steel union with a tip capillary which generates the ion-spray
at some mm of the MS orifice. Such a set-up allows the complete
transfer of ions into the MS increasing in such way the sensitivity. Figure 24.5 shows a scheme of a nano-LC instrument.

24.5.3 Capillary Electrochromatography
Among the miniaturized analytical techniques, those utilizing
the electrophoretic mechanism in the separation process have
also been widely studied and applied to the analysis of both
charged and uncharged compounds.
The introduction in the decades of 1980s and 1990s of capillaries in electrophoresis marked the beginning of a new era in
this conventional technique where an old driving force, the electroosmotic flow (EOF), was rediscovered. The potential to also
analyze uncharged compounds under the effect of a relatively
high electric field was demonstrated. By varying the capillary
I.D., the high voltage applied, the length and the I.D. of the capillary and the type of background electrolyte (BGE) or mobile
phase, efficiencies of 500,000–1,000,000 (number of theoretical
plates) were measured.
Formally, CE is an electromigration miniaturized technique
including some operative modes, e.g., capillary zone electrophoresis (CZE), micellar electrokinetic chromatography (MEKC),
isotachophoresis (CITP), capillary gel electrophoresis (CGE)
and capillary electrochromatography (CEC), where the driving
force is directly or indirectly generated by a strong electric field.
CE can offer different results than the ones obtained in HPLC
because different separation mechanisms come into play. Apart
from this remark, CEC and HPLC in particular have something
in common that should be considered—the use of a stationary phase. Therefore in this chapter, although it is dedicated to
HPLC, CEC will be briefly discussed, while another chapter will
cover the whole CE technique.
CEC is an analytical technique where an LC separation is carried out in CE conditions. Therefore, this is a combination of
two different techniques keeping their advantages, e.g., the high
efficiency of CE and the high selectivity of LC.
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Figure 24.5

Scheme of a nano-LC instrumentation.
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Figure 24.6 Scheme of the instrumentation used for CEC separations.

In CEC, analytes-separation takes place in a capillary column,
containing the stationary phase (either packed, polymerized or
bonded/adsorbed onto the wall) and the mobile phase, under the
influence of a high electric field. Some review papers and books
(chapters in books) about theoretical principles of CEC and its
main applications have been published (Lammerhofer et al.,
2000; Kang et al., 2002; Eeltink et al., 2003; Rocco et al., 2013).
The mobility of analytes is affected by a strong EOF while
they are selectively retarded due to the interactions with the
stationary and mobile phases. In addition to these mechanisms,
in the case of charged compounds, the electrophoretic mobility
must be considered for a correct interpretation of the results.
The instrumentation used for CEC experiments is usually the
same employed for CE; however, both electrode compartments
are generally under a nitrogen pressure (8–10 bar) during the
runs to avoid formation of bubbles.
As can be observed in Figure 24.6, the most important part
of the instrumentation is the capillary column, which is usually
packed with modified silica with 3–5 μm diameter. Alternatively
polymeric material (monolithic) and/or silica monoliths can
also be advantageously used. In addition, in the OT-CEC, the
stationary phase is bonded or adsorbed into the capillary walls,
while the capillary is empty. In all instances the stationary phase
must offer not only sites for the interaction with the analytes but
also chargeable groups that permit the generation of EOF. As an
example, let’s consider a C18 stationary phase, the most common
used media in CEC. Although the silica is modified with a hydrophobic chain, these particles can generate even very high EOF;
this is due to the presence of free silanol groups on their surface
that can be negatively charged generating an EOF towards the
cathode. In the case of polymeric monolithic columns, a careful design of the material, as for example, introducing a charged
group like sulphonate, will generate a good useful EOF. From
the above briefly illustrated information, it can be concluded
that the capillary columns used in CEC and CLC/nano-LC may
not be always the same. Indeed, in CEC, there is a need to have

stationary phases with charged groups in order to be able to generate the EOF; therefore, the so-called “end-capped” stationary
phases cannot be used with this electromigration technique.
The silica C18 particles are packed into the capillary employing
the same methodology described above for the columns used in
CLC and nano-LC. The material is retained by two frits prepared with a heated wire (usually 700°C for 5–7 s) under a flow
of water or ACN. Although this system is the most used, the
presence of frits can generate some drawbacks due to their poor
homogeneity—fragility and the possibility of bubble-formation
during runs. As has been commented, in order to avoid bubbleformation, the electrode compartments are usually pressurized.
This approach partially resolves the abovementioned problems,
but creates others such as those related to the coupling of CEC
with MS.
Sampling is performed applying an external nitrogen pressure on a sample vial. However, electrokinetic injection can be
achieved applying a relatively high voltage to the sample solution. Advantages and disadvantages of using the two methods
are related to the nature of analytes, matrices and solvents used
for both sample medium and mobile phase. Since the problems in
sampling are quite similar to those present in CE, details will be
given in the chapter describing this last technique.
Separated compounds are detected on-line, usually using a
UV detector (UV–Vis, diode-array) and/or fluorescence. The
detection window can be positioned just after the outlet frit or at
a low distance from it (2–3 cm). Commercial instrumentation to
carry out CEC allows the computer-controlled thermostation of
the column and automatic injection.

24.5.3.1 The Efficiency in CEC
It has been reported that the efficiency achieved in CEC is usually
higher than that measured in HPLC or nano-LC (Dittmann and
Rozing, 1996; Fanali et al., 2010). In order to understand this phenomenon it is necessary to consider the flow of the mobile phase
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into a packed column that usually contains porous particles with
intra- and inter-particle channels. Since the intra-particles channels
are usually smaller than the interparticles ones, in HPLC/nanoLC the velocity of the pressure-driven mobile phase (parabolic
flow profile) is different in both types of channels and their ratio
depends on the square root of the channel diameters. Therefore,
in LC, the analytes move with different speeds into the inter- and
intra-particle channels, causing an additional broadening with a
reduction of the efficiency (Rathore and Horvath, 2001). On the
contrary, in CEC, the velocity of the mobile phase (flat flow profile) is governed by the EOF velocity (veof, which does not depend
on the channel diameter as reported in the following equation:
veof =

ε o εζE
η

(24.13)

Here ε o , ε, ζ, η, and E are the vacuum-permittivity, dielectric
constant of the solution, the zeta potential, the viscosity and the
electric field, respectively. Then, the velocity in both types of
channels is the same and does not depend on the channel diameter. However, considering that the double layer is important
(represented by the zeta potential in Equation 24.13), the surface
area must be considered. In fact, with the aim of improving the
efficiency, in CEC the column can be packed with particles of
smaller diameter, can be longer and should be operated at the
optimum linear flow velocity (van Deemter) corresponding to a
specific applied voltage. An additional increment of the applied
voltage causes an increase of the Joule heat, decreasing the
efficiency and also being a source of bubble generation during
the run. In addition to the mentioned column properties, other
chromatographic parameters have to be carefully selected, for
example, the ionic strength of the mobile phase and its viscosity
and also the organic solvent content.

24.5.4 Multidimensional Liquid Chromatography
Monodimensional LC processes are extensively applied in food
analysis. However, and despite the fact that they often provide
satisfactory analytical results, in many occasions the capacity of
the separation system can only be achieved using a multidimensional approach, bidimensional separations being the ones most
frequently achieved.
Bidimensional LC (LC × LC) can be developed in the off-line
or in the on-line mode. In the first, fractions eluting from the
first column are manually collected and injected in the second
one. Obviously, this can be time-consuming, difficult to automate and reproduce and susceptible to important analyte losses
and contamination of the sample, which is a clear handicap for
use in quantitative analysis. In the on-line mode, there are two
ways of developing it: heart-cutting LC × LC, in which a specific
quantity of the eluate of the first column is selectively introduced
in the second one, and comprehensive LC × LC, in which all the
eluent of the first column is introduced in the second one.
The first comprehensive 2D LC × LC approach was developed
by Erni and Frei (1978) in the 1970s, although the work of Bushey
and Jorgenson developed in 1990s (Bushey and Jorgenson, 1990)
in which the technique was resumed was also of importance.
LC × LC is a very powerful approach clearly enlarged by
its combination with MS detectors. It offers the advantage of

automation though it is clear that the system has some difficulties, especially in the optimization stage, since any two components separated in the first dimension should also be separated in
the second one and the fraction injected onto the secondary column should be completely analyzed before the successive transfer occurs. Of special importance is the switching valve located
between the two columns, which should enable the simultaneous
isolation and reinjection of chromatographic bands from the first
to the second column.
In principle, the wide variety of LC separations (NP, RP,
HILIC, IEC, etc.), each of them with different selectivities, may
provide a large number of potential combinations of separations
modes. However, the main problem is the mobile-phase compatibility of both dimensions, since special care should be taken to
avoid immiscibility of mobile phases or buffer or salts precipitation. This has been in fact the main reason for the development
in most cases of the coupling in the off-line mode.
In LC × LC it is very frequent to have two configuration
modes. The first of them involves the use of a primary microbore column followed by a second fast column and between
them, an 8- or 10-port valve equipped with two sample loops in
order to allow continuous transfer. The second involves a conventional column followed by a valve that allows transfer to two
parallel fast secondary columns (no storage loops are used). The
first configuration is the ideal one, since the first column favors
sample injection and also minimizes dilution as well as possible
mobile-phase incompatibility.
As examples, the technique has been applied in its comprehensive mode, which is the most complicated approach, for the analysis of phospholipids (Dugo et al., 2013), triacylglycerols (Dugo
et al., 2005, 2006a,b; van der Klift et al., 2008; Mondello et al.,
2011; Yang et al., 2012), polyphenols (Cacciola et al., 2007a,b,c;
Kivilompolo and Hyötyläinen, 2007; Dugo et al., 2008a; Kalili
and de Villiers, 2010; Russo et al., 2011; Scoparo et al., 2012;
Beelders et al., 2012; Montero et al., 2013), glycosides (Pol et al.,
2007; Cacciola et al., 2011; Fu et al., 2012) and carotenoids
(Dugo et al., 2006c, 2008c,d, 2009; Cacciola et al., 2012) in different food samples. In this respect, it should be remarked that in
comparison to GC × GC, the number of LC × LC food applications reported in the literature is much less. Review articles of
the technique, as well as its different applications in food analysis can be found in Tranchida et al. (2004, 2013), Herrero et al.
(2009), and Dugo et al. (2008b).
As an example, Figure 24.7 shows an NPLC x RP–UHPLC–
PAD chromatogram of free carotenoids and carotenoid esters in
a red-chili-pepper extract, in which 33 compounds, belonging to
10 different classes, were resolved in the bidimensional space
and later identified using “accurate mass” detection of ion-trap
(IT) time-of-flight (TOF) MS (Cacciola et al., 2012).

24.5.5 Hyphenation of Liquid Chromatography
with Other Techniques
24.5.5.1 Mass Spectrometry
Mass spectrometry (MS) is one of the most powerful analyzers capable of offering valuable data useful to obtain information for both qualitative and quantitative analysis. In addition,
spectra data are very useful to understand the structure of the
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Figure 24.7 Contour plot of the NP-LC × RP-UHPLC analysis of free carotenoids and carotenoid esters in a red chili pepper extract with a modulation
time of 1.50 min (PDA chromatogram extracted at 450 nm). The insets show the retention windows corresponding to three classes -di-ol-mono-keto-di-ester
(a), di-ol-mono-keto-mono-ester (b), and polyoxygenated-free-xanthophyll (c) separated within a 1.00 min second-dimension gradient and modulation time.
(Reprinted with permission from Cacciola, F. et al. J. Chromatogr. A 2012, 1255, 244–251.)

compounds to characterize them. The use of this tool can also
be associated with a separation system often based on chromatography. This approach is very useful in order to discriminate
the matrix interferences from the target analytes.
In MS, the compounds of interest are ionized and analyzed
as their mass to charge ratio (m/z). Since this chapter is dedicated to HPLC, the following discussion will deal only with this
separation technique coupled to MS. In LC, after the separation,
analytes, together with the mobile phase, are introduced into the
ion source using an interface. The generated ions are focused
through a transmission system into the mass analyzer and then,
after their separation on the base of their m/z ratio, they are
detected by means of an electron multiplier.
In LC, the ion sources mostly employed are the electrospray ionization (ESI), the atmospheric pressure chemical ionization (APCI)
and the atmospheric pressure photoionization (APPI). Recently
the use of electronic impact ion source (EI) usually employed in
gas chromatography (GC) has also been proposed; however, it is
not still commercially available (Cappiello et al., 2003b).
In the ESI mode, the analytes that have dissolved in the mobile
phase pass through a metal needle subjected to a relatively high
electric field, forming the so-called Taylor cone. From a practical point of view, the cone is the result of the application of a
high voltage between the needle and the MS entrance orifice.
Due to the repulsion between the electric charges, a spray of
highly charged droplets is formed as the solvent evaporates, the

molecules of the analytes approach, repel and, when the charge
repulsion overcomes the surface tension, the drops explode. This
step can be assisted with a gas (usually nitrogen) that helps the
nebulization. The process is repeated until the analyte is free of
solvent and only ions remain. Finally, they move into the analyzer passing through a heated capillary submitted to a potential
gradient, a skimmer cone, and a group of focusing lenses.
In order to obtain an optimal ionization of the analytes, several experimental parameters have to be carefully selected and
controlled. Among these, it is worth mentioning the position of
the capillary needle with respect to the mass entry orifice, the
applied voltage, the capillary-needle diameter, the mobile-phase
flow rate, and composition, etc.
The analyzers most used in LC include the single quadrupole
(Q), the triple quadrupole (QQQ), the ion-trap (IT) and the timeof-flight (TOF). For accurate mass determination, the TOF analyzer offers good results although others—e.g., the orbitrap or
the combinations of Q-TOF or IT-TOF—are also available.
Figure 24.8 shows a scheme of a mass spectrometer used for
LC analysis.
MS can also be successfully coupled with CLC/nano-LC as
well as with CE. These miniaturized techniques, operating at
reduced mobile-phase/BGE flow rates, exhibit a perfect coupling
(higher mass sensitivity and optimal ion mass signal) just due to
the low flow. Clearly, considering the needs for achieving good
efficiency and resolution, dedicated interfaces are necessary and
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have been developed; e.g., for nano-LC a nano-spray interface is
commercially available. On the contrary, for the coupling of CE
(CEC or CZE), other tools allowing electric connections must
be used (Fanali et al., 2006; Chen et al., 2007; Zamfir, 2007;
D’Orazio and Fanali, 2010).

24.5.5.2 Nuclear Magnetic Resonance
Alternatively to LC–MS, hyphenation of LC with nuclear magnetic resonance (NMR) can offer a powerful tool for structure elucidation and characterization. The system can be set in various
modes. For example, it can be carried out in stop-flow mode, where
the separation is carried out in a chromatographic column and the
separated zones are collected and analyzed with the NMR, or by
means of a loop storage system, where zones are collected in a
valve with some loops. The use of solid-phase extraction both in a
cartridge or “on-line” has also been described with the NMR probe
directly connected with the chromatographic instrument. The usefulness of LC–NMR has been demonstrated in 1970 (Sturm and

Seger, 2012), but this approach presented some drawbacks, mainly
related to the poor sensitivity which could be improved by the
injection of relatively high sample-volumes (400 μL), a decrease
in the mobile-phase flow rate or the increase of the cell volumes.
Interesting results were obtained later by Albert’s group developing a capillary LC–NMR (cap-NMR) designing a new probe and
injecting sample volumes of 1.5 mL. Several applications of this
approach have been published by this group (Albert et al., 1996;
Strohschein et al., 1997; Xiao et al., 2005).
A scheme of LC-NMR coupling is reported in Figure 24.9.

24.5.6 Microchip Technology
The need of rapid analysis utilizing minute volumes of samples
and handling a large number of samples, urged researchers to
study and develop microchip tools where sample pretreatment
and analysis system (injection, separation channels with or without stationary phases, detectors, etc.) were integrated in only
one apparatus. The development of microfluidic technology
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associated with very selective stationary phases was very helpful
also in producing commercial instrumentation to be applied in
both electromigration and chromatographic fields.
Figure 24.10a and b reports two examples of chip-apparatus
used in electromigration and nano-LC, respectively.
Chips are usually prepared with appropriate technology involving quite expensive procedures because a clean-room is usually
required and they can be made up of different material, for example, glass, quartz, plastic etc. (Jacobson et al., 1995; Nakanishi
et al., 1998). The dimensions of the chip channels are in the range
10–40 μm with a length of a few centimeter; channels can be
either empty (electromigration method) or packed with appropriate particles. In addition, monolithic material can also be used.
The advantages in using microchip–LC are in the application of
highly selective materials and in minimizing dispersion due to
the absence of dead volumes. Although microchips are successfully applied for practical analyses, some problems have not been
Solvent
reservoir

HPLC pump

Injector

fully resolved, for example, in detection. However, detector systems usually employed include laser-induced fluorescence (LIF),
conductivity, electrochemical, and MS (Baba, 2000; Culbertson
et al., 2000; Östman et al., 2006). The last one is very powerful in
this field, offering adequate sensitivity and is usually employed
for proteomic and metabolomic studies (Ghitun et al., 2006).

24.6 I nstrumentation Used in Liquid
Chromatography
Figure 24.11 shows a scheme of the instrumentation currently
used in HPLC. As can be observed, the apparatus is composed
by different fundamental tools including the pumping system
(one or more pumps operating at different pressures, up to
600 bar), an injection valve (often an autosampler is used), the
column containing the selected stationary phase placed in an
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Figure 24.11

Scheme of an HPLC instrumentation.
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oven, the detector and, finally, a control system also used to
handle the data.

24.6.1 Mobile-Phase Delivery Systems and Injection
As reported recently by Snyder and Dolan (Snyder and Dolan,
2013) most of the innovations in HPLC equipment are secrets in
the hands of some companies and the components of the instrumentations used today are more or less the same employed several years ago. Obviously, more sophisticated apparatuses are
used nowadays, normally managed by dedicated and updated
software.
Originally, the mobile phase, contained in appropriate reservoirs (usually in glass material) was delivered into the column for
the chromatographic separation of analytes employing syringe
pumps. Later, reciprocating piston systems were introduced in
the market in order to achieve higher precision and reproducibility of the flow rate with the possibility to also apply gradient
elution. The piston is moved by a motor into a chamber and the
inlet and outlet delivering the solvent is controlled by two checkvalves. In addition, but constituting a more expensive alternative,
dual-head reciprocating piston pumps can be used for gradient
elution (Shackmann, 2013). These types of pumps are currently
used because they offer some advantages, as for example, in the
solvent volume limitation inside the chambers, the possibility to
generate high pressure, etc.
Alternatively, pneumatic pumps can be advantageously used
applying a gas on the surface of the mobile phase contained in
a reservoir. This approach is quite simple but with some limitations, e.g., applicability of low pressure and low capability for
gradient elution.
Typical pressures of 6000 psi or 400 bar are measured, working with conventional HPLC. However, pumps capable of delivering mobile phases at 15,000–20,000 psi have been recently
commercialized for UHPLC analysis, whereas previously commented-upon columns packed with sub-2 μm particles are currently used in order to achieve higher efficiency, high resolution,
and short analysis time.
The use of mobile phases implies special attention in eliminating gas dissolved in it and also particles that might be present.
The last are usually removed employing filters of appropriate
dimensions, while a degassing step must be introduced in order
to avoid bubble-formation during the chromatographic run. In
origin, solvents and mobile-phase mixtures were treated with an
inert gas, e.g., helium. The modern instrumentation makes use
of automatic systems capable of fully removing the gas present
in the mobile phase, either introducing helium into the solvent
containers or passing the solvents through membranes in special
systems.
When starting any application, the mobile phase is firstly
delivered in isocratic mode. However, very often, especially
when analyzing complex sample mixtures, a gradient elution
is required. This is done modifying the mobile-phase composition during the chromatographic run by mixing the selected
solvents either before the pump (low pressure) or after the pump
(high pressure). Solvents are mixed into appropriate chambers or
valves, taking into consideration that a certain delay takes place
due to the volumes of the valves themselves, the chamber, connecting tubes, etc. (Shackmann, 2013).
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Injection valves are currently used to load the sample solution onto the head of the column. In this respect, a six-port valve
is used, where the sample is introduced into a loop of selected
volume (1–200 μL) in the load position and then moved into the
head of the column in the injection position. Alternatively, an
autosampler can be used for automatic injection. When applying nano-LC, a valve injection with internal loops (40, 60, or
100 nL) is employed. It is worth mentioning that injection valves
currently used in conventional HPLC cannot be used in UHPLC
due to the pressures involved in the chromatographic run.

24.6.2 Detectors
Going back to the origin of chromatography, it can be remarked
that the separation performed by Tswett could be easily monitored because the separated zones of the compounds present in
the natural mixture analyzed possessed different colors and,
therefore, they were easily observed utilizing a powerful natural tool: the human eye. Later, UV-Vis detectors were used for
analytical applications including HPLC, adapted from spectrophotometry. In that case, the detector was able to record online the separated compounds, with good sensitivity and fast
response, and with low volume detection cell for minimizing
band broadening (Poole, 2003a). In fact, the spectrophotometric
group of detectors that is widely used includes UV–Vis, fluorescence and chemiluminescent detectors. The first one is currently
used with any HPLC instrument because most of the analyzed
compounds absorb wavelengths in the range of 180–320 nm.
However, attention must be paid when working at 180–210 nm,
since there could be some problems arising from the absorption
of the solvent.
The same detectors used in conventional HPLC have been
modified and applied in CE or CEC and nano-LC. In this case,
the detector cell has been modified strongly, reducing the path
length to avoid loose of efficiency due to band broadening. In
recent years, more sophisticated tools have been studied and
commercialized, capable of offering higher sensitivity and multiple signals (different wavelengths at the same time). Among
them, the diode array detector (DAD) seems to be very useful,
also offering the possibility to record the analytes spectra and
proceed with peak purity analysis.
In addition to this detector type, others based on fluorescence
measurements have been employed for those compounds capable
of offering a fluorescent signal after appropriated irradiation.
This type of detector is specific and more sensitive than the UV–
Vis one. Very often, this detector is also used with compounds
that do not exhibit natural fluorescence, derivatizing them with
an appropriate fluorescent chromophore. In order to increase
the sensitivity, laser-induced fluorescence detectors have been
used in both conventional- and nano-LC. Sensitivities as high as
1–10 pg have been measured (Poole, 2003a).
One of the first detectors used in HPLC was the refractive
index (RI) detector based on the measurement of the refraction
through the mobile phase due to the presence of different molecules (analytes). This tool can be considered as the universal
detector, even though its sensitivity is relatively low.
Also in the group of optical detectors the evaporative light
scattering one (ELSD) has been usually applied for those analytes that have low sensitivity with UV–Vis detectors, e.g., lipids,
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polymers, carbohydrates, etc.. The mobile phase containing the
analytes is nebulized and evaporated into a heated tube. Light
scattering is measured into a cell. ELSD has been applied in different fields in analytical chemistry, e.g., food analysis and phytochemistry (Estevinho et al., 2009; Pande and Ako, 2009; Avula
et al., 2010).
Electrochemical detectors based on the measurement of some
properties of the compounds, e.g., conductivity, voltage, current
(amperometric, polarographic detectors) have been used in LC.
Among them, the amperometric is quite sensitive and is based
on the measurement of the current generated after oxidation or
reduction of the target analytes. However, it presents some drawbacks related to the electrolysis during the analysis. In order to
clean the electrode, a potential is applied (pulsed amperometric
detection) and the system is widely used for the analysis of polymers, carbohydrates, etc. (polar compounds) (Poole, 2003d).
The measurement of the conductivity properties of the analytes
is the base of conductivity detectors. The mobile phase carrying the analytes pass into a detector cell containing two platinum wires and the resistance is measured. This detector type has
been coupled to conventional HPLC, CE (isotachophoresis) and
nano-LC; but with the miniaturized techniques, the cell had to
be modified. The conductivity detector has been used mainly
in ion-chromatography (IC) for the analysis of ions (both positive and negative) in important application fields such as environmental analysis. The measurement is based on the recorder of
conductivity differences between the mobile phase and the analyzed compounds. The system is usually thermostated in order to
avoid drifts due to temperature changes during the analysis. For
increasing the sensitivity, a suppression membrane system is used
eluting with strong basic or acidic solvents; they are neutralized
to form water before detection, enhancing the signal in this way.

24.7 Conclusions and Future Trends
LC has demonstrated to be an excellent separation technique
for both preparative and analytical purposes. Tremendous
improvements in efficiency, resolution, and analysis time have
been obtained carrying out new theoretical, methodological
and industrial studies. The introduction of new materials offering higher resistance to pressure and the pH and temperature
of the mobile phase, was surely of great help in obtaining the
last achievements. The reduction of particle diameter allowed
enormous increase in the efficiency; however, their use generated higher back-pressures, requiring modern pumps capable of
operating at very high pressure (>700 bar).
The commercialization of dedicated UHPLC systems was successful and well accepted by those working in various fields, e.g.,
food and pharmaceutical analysis. They could run fast analyses
achieving good resolutions and very high efficiency.
This modern HPLC technique represents the future of analytical chemistry. In addition, during this time, other achievements
have been reached, e.g., the development of miniaturized separation techniques such as nano-LC and microchips. Among other
new studies and results, it is worth mentioning the potentiality of
HPLC or nano-LC coupled with other techniques like MS and
NMR for not only separate compounds but also to provide their
characterization.

Although excellent results have been obtained, there are some
problems in coupling LC or CEC with NMR and therefore this
topic is challenging for further studies.
Another interesting topic for future research is the development of new stationary phases—both silica-based or monolithic.
On the one hand, this problem has been partly resolved in HPLC
where new particles, also including core-shell ones, are available, while on the other the same particles can be easily utilized
in nano-LC or microchip-LC. However, their use in CEC must
be studied and verified. In fact, as previously mentioned, to run
CEC experiments, charged or chargeable particles are mandatory to generate strong EOF for pumping mobile phase and analytes to the detector.
Finally, even though sensitive detectors such as MS are currently used in combination with nano-LC, the coupling of CEC
with MS continues to be a difficult issue; no useful interface is
commercially available for this purpose.
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25.1 Introduction
The basic gas chromatography (GC) concepts and column structure, use of the carrier gas as the mobile phase and liquid and
solid stationary phases, the key mechanisms of the interaction
of the solutes migrating through a column with the stationary
phase, temperature and/or pressure programming, use of detectors for the determination of the analytes, and the application in
the food industry are explained in this chapter.
Chromatography is a process for the separation of compounds
from the mixtures. GC is one of the most important and common

techniques in separation science. It is available for a very small
quantity of sample (micrograms). A mobile and a stationary phase
are required as all other chromatographic techniques. The carrier gas is composed of an inert gas, for example, helium, argon,
nitrogen, and so on. The stationary phase consists of a packed
column that is packed with a solid support or is coated with the
liquid-stationary phase. Commercial gas chromatographs often
allow for both split and splitless injections. The most common
use of a column is a capillary column where the stationary phase
coats the walls of a small-diameter tube directly. Detectors
such as flame ionization detector (FID), thermal conductivity detector (TCD), electron capture detector (ECD), and mass
481
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spectroscopy (MS), provide a shorter analysis time and lower
elution temperatures of the sample due to higher flow rates and
low molecular weight (Otles, 2011).
The principle of GC is that the sample solution injected
through a rubber septum is volatilized in a hot injection chamber.
It is swept by a stream of carrier gas and enters a gas stream that
transports the sample into the column. The various components
are separated inside the column and separate into pure components. It passes through a detector. The detector measures the
quantity of the components that exit the column. To measure a
sample with an unknown concentration, a standard sample with
known concentration is injected into the instrument. The standard sample peak retention time and area are compared to the
test sample to calculate the concentration. Sample components
are separated according to their boiling points.
The gas chromatograph was the first configuration of chromatography equipment. It was produced in a sample composite unit
and was also one of the first analytical instruments to be associated with a computer that controlled the analysis, processed
the data, and reported the results. Modern GC was invented by
Martin and James in 1951. They carried out the separation of
volatile fatty acids by chromatography. When the first symposium on GC was held in London, England, in 1956, it was called
as Vapor-Phase Chromatography. Over the next two years, in
1958, the Symposium on Gas Chromatography was thought
as a more available title, Gas Chromatography, replacing the
less appropriate term, Vapor-Phase Chromatography. In 1960,
the third title of the symposia contained the essential technical
foundations of GC. Although highly successful, this meeting
had some lackages. As the years passed, to organize a GC meeting became increasingly difficult (Scott, 1998). GC also explosively enjoyed rapid growth in the decade after its discovery in a
host of other application areas, especially biochemistry, including amino-acid analysis, and natural products (e.g., steroids),
and food and flavor studies. A lot of papers on the analysis of
fatty acids and fatty acid esters had appeared by 1960. Rapid
expansion continued with the development of capillary columns
(Bartle and Myers, 2002).
Today, GC is complementary to other separation methods. It
can be practiced on either a small scale or a large scale. Typical
amounts of chemical substances analyzed by the modern GC are
between the microgram and femtogram (Novotny, 2001).

25.2 Sample Preparation
Although GC is a very powerful separation method, GC analyses require sample preparation prior to injection. The sample
preparation step may be more important than chromatography
for the eventual quality of the method. Some types of sample
preparation prior to GC analysis are component isolation, concentration, grinding, homogenization, reducing particle size,
inactivation of enzyme systems, or sample storage under frozen
conditions. Many steps involving several types of chromatography may be used in sample preparation for GC analysis. The
analysis of volatiles in foods may be isolated by headspace analysis, distillation, preparative chromatography (e.g., solid-phase
extraction, column chromatography on silica gel), solid-phase
microextraction (SPME), stir-bar sorptive extraction (SBSE),
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single-drop microextraction (SDME), hollow-fiber liquid-phase
microextraction (HF-LPME), dispersive liquid–liquid micro
extraction (DLLME), and gas purge microsyringe extraction
(GP-MSE), or some combination of these basic methods (Table
25.1) (Qian, 2010). Nearly all sample preparation methods
involve the transition of analyte(s) between phases, commonly
either solid or solution to gas, or solid, liquid, or gas to liquid
(Snow and Slack, 2009).
Headspace methods are used for isolating volatile compounds
from foods that supply direct injection of the headspace vapors
of a food product (Snow and Slack, 2004; Feng et al., 2014).
There are two types of headspace sampling: direct (or static) and
dynamic headspace (Qian, 2010). Static headspace is directly
transferred to a gas chromatograph, while dynamic headspace
is used for especially dilute samples. In the static headspace,
the sample is sealed in a vial where the analytes reach equilibrium between the gas phase (headspace) and sample (liquid or
solid). Static headspace extraction is typically used for complete extraction of the analytes. A sample (solid or liquid) is
placed in a headspace autosampler (HSAS) vial, typically 10
or 20 mL, and the volatile analytes diffuse into the headspace.
In dynamic headspace, equilibrium is never reached since the
gases in the headspace are continuously removed from the vial.
The volatile analytes are swept to a trap where they are held
until analyses (Snow and Slack, 2004). Distillation processes
are quite effective at isolating volatile compounds from foods
for GC analysis (Qian, 2010). Solvent extraction is often the
preferred method for the recovery of volatiles from foods. The
solvent choice and the solubility of the solutes being extracted
are important for the recovery of volatiles. Organic solvents are
used in the solvent extractions (Shang et al., 2014). SPME is
similar to liquid–liquid extraction, but the organic liquid phase
is replaced with a stationary-phase-coated fused-silica fiber
(Snow and Slack, 2004; Prat et al., 2014). SBSE is an outgrowth
of SPME that employs a coated stirbar as the organic phase.
SBSE involves the high-sensitivity determination of organotin

Table 25.1
Sample Preparation Techniques for GC
Sample Preparation
for GC

Sample
Type

Supercritical fluid
extraction

Solid

Headspace extraction

Solid, liquid

Pyrolysis

Solid

Microwave-assisted
extraction

Solid

Direct “neat”
extraction
Solid-phase extraction

Liquid, gas

Membrane extraction

Liquid, gas

Liquid

References
Bagheri et al. (2014); Occhipinti
et al. (2014); Snow and Slack
(2004)
Feng et al. (2014); Snow and
Slack (2004)
Asomaning et al. (2014);
Kaewpengkrow et al. (2014);
Snow and Slack (2004)
Cornthwaite and Watterson
(2014); Magi et al. (2014);
Snow and Slack (2004)
Snow and Slack (2004); Zhuang
et al. (2014)
Prat et al. (2014); Snow and Slack
(2004)
Schelter et al. (2014); Snow and
Slack (2004)
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compounds in various e nvironmental samples (Snow and Slack,
2004). Supercritical fluid extraction is used for extracting analytes from solid matrices such as soils, agricultural products,
foods, and solid sorbents. Supercritical fluids have the ability to maximize the extraction selectivity by controlling the
temperature and pressure of the supercritical fluid (Bagheri
et al., 2014; Occhipinti et al., 2014; Snow and Slack, 2004).
Microwave-absorbing extraction uses either a microwaveabsorbing solvent or a non-microwave-absorbing solvent. When
using a microwave-absorbing sample, the sample and solvent
are placed in a microwave-compatible container (Cornthwaite
and Watterson, 2014; Magi et al., 2014; Snow and Slack, 2004).
Membrane extraction techniques were developed, including
supported liquid membrane extraction (SLME), microporous
membrane liquid–liquid extraction (MMLLE), polymeric
membrane extraction (PME), and membrane extraction with a
sorbent interface (MESI). In MESI, the acceptor phase is a gas
and the effluent from the fiber is trapped on a sorbent, and then
thermally desorbed into the gas chromatograph (Schelter et al.,
2014; Snow and Slack, 2004). Direct injection: Some foods are
analyzed by direct injection in the gas chromatograph (Qian,
2010; Snow and Slack, 2004; Zhuang et al., 2014). Pyrolysis
is commonly preferred to analyze large molecules by thermal
degradation (Asomaning et al., 2014; Kaewpengkrow et al.,
2014; Snow and Slack, 2004).
GC method requires volatile, thermally stable compounds.
Because of polarity and volatility (Elbashir et al., 2014), some
samples are, unfortunately, unable to be determined by GC. This
problem can be overcome by introducing derivatization reactions. Benefits of derivatization are improvements of separation
and detectability. While derivatization increases the volatility,
it decreases the polarity of polar compounds and improves the
thermal stability of analytes (Farajzadeh et al., 2014). Pre- and
on-column modes of the derivatization methods are generally
used. The precolumn mode is suitable for thermally unstable samples and polar/ionic analytes. Derivatization is performed prior
to injection into the GC column. As for on-column derivatization, the derivatization reaction occurs in a hot GC-injection port
(Smith, 2003).

25.3 Gas Chromatographic Hardware
GC consists of five parts: (1) a supply of carrier gas, (2) a sample
injection system, (3) the separation column, (4) the detector, and
(5) a data recorder (McNair and Miller, 2009).

25.3.1 Carrier Gas
The main aim of the carrier gas as a mobile phase is to carry the
sample through the column. It is inert (Sparkman et al., 2011).
Nitrogen, helium, and hydrogen are used as common carrier
gases (Blumberg, 2010; Sandra, 2001). While nitrogen is the
most common carrier gas for packed columns, hydrogen is the
preferred carrier gas for capillary columns. Hydrogen is cheap
and it gives the best resolution, due to its low viscosity and
high diffusion coefficient. Moreover, very sensitive gas-leak
detectors are available commercially, and one of these can be
used to ensure safe operation. However, hydrogen as a carrier

gas causes explosive mixtures to form with air (Gordon, 1990).
Helium is the most important carrier gas. Because helium is
very expensive, hydrogen is only used in some parts of the
world. Nitrogen provides slightly more sensitivity, but a slower
analysis, than helium (McNair and Miller, 2009). Moreover,
nitrogen should be avoided as a carrier gas for narrow-bore
capillary columns, since it leads to a significant loss of resolution (Gordon, 1990).
Carrier gas must be of high purity (99.999%–99.9999%)
(Sparkman et al., 2011) because impurities such as oxygen and
water destroy the liquid phase in the column. This problem can
be prevented by filter install between the gas cylinder and the
instrument. While water can be easily removed by installing a
molecular sieve filter, oxygen is more difficult to remove and
requires a special filter (McNair and Miller, 2009).
Detectors used are also important for the choice of carrier gas.
Longitudinal diffusional spreading of the solutes in nitrogen is
small, because of the relatively high density of nitrogen according to helium and hydrogen, but the resistance to mass transfer in
the mobile phase is high (Sandra, 2001). The carrier gases preferred for various detectors are helium for thermal conductivity,
helium or nitrogen for flame ionization, and very dry nitrogen for
electron capture (McNair and Miller, 2009).

25.3.2 Injection Port
The injection port operates as sample introduction, its vaporization, and possibly some dilution and splitting. Liquid samples
are always done by syringe injection (manual or automated). The
injection port contains a soft septum that provides a gas-tight
seal but can be penetrated by a syringe needle for sample introduction. There are several different designs of injection ports
according to the various sample and instrumental requirements
(Qian, 2010): split, splitless, programmed temperature injection,
and cold on-column (COC) injector. The choice of an optimum
sample introduction strategy mainly depends on the concentration range of target analytes, their physicochemical properties,
and the amount and nature of matrix coextracts present in the
sample (Hajslova and Cajka, 2008).

25.3.2.1 Split Injection
Split injection mode is usually restricted to capillary columns
(Jenning, 1987). A split injection mode gives a typically small
volume of sample extract by preference (0.1–2 mL). The sample
extract comprises two streams: the larger part is discharged,
while the smaller part is transferred onto the column (Hajslova
and Cajka, 2008; Qian, 2010). The injection port is operated
about 20°C warmer than the maximum column oven temperature. The sample may be diluted with carrier gas to accomplish
a split (1:50 to 1:100 is preferred). High-split ratio typically gives
a sharp, narrow peak (Qian, 2010). This technique is obviously
not suitable for trace analysis because of the loss of most of the
injected sample. Moreover, potential discrimination cannot be
precisely realized due to the heating of the syringe, during its
introduction into a hot injector resulting in a change of relative
abundances of sample components when a mixture of analytes
largely differing in boiling points is analyzed (Hajslova and
Cajka, 2008).
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25.3.2.2 Splitless Injection
Splitless injection serves as the most commonly used injection
technique in quantitative trace analysis (Hajslova and Cajka,
2008). This mode can be used to increase the sensitivity of specially small-diameter open-tubular columns (Jenning, 1987). In
this kind of injection, the split discharge valve is closed and all
the analytes continue in the column (Qian, 2010). In splitless
injection, the boiling point of the solvent should be lower than
that of solutes and higher than the initial minimum operative column temperature (Cordero et al., 2012).

25.3.2.3 Temperature-Programmed Injection
Temperature-programmed injection is one of the evaporating injection techniques. The sample is injected at a temperature below the
boiling point of the solvent. The injection is heated up to the necessary temperature for complete evaporation of the sample and for the
transfer of the analytes into the column (Engewalda et al., 1999).
The injection temperature can be time programmed (Teske, 2002).
The temperature-programmed injection consists of the same
elements as a classical split/splitless inlet, but is equipped with an
efficient heating and cooling device (Teske, 2002). It has proven
to be a reliable technique for large volume injection (Janssen
et al., 2000), volumes up to 10 mL (Tollback et al., 2003).

25.3.2.4 On-Column Injections
The sample is directly introduced into the column either at the
temperature of GC oven or that of the room temperature in
on-column injections. Later, the sample is slowly volatilized as
the oven heats up. The initial oven temperature should be below
the boiling point of the solvent. This technique is good for thermally unstable analytes (Qian, 2010). On-column injection is
the simplest and most reliable of these techniques. However, the
most important drawback is contamination of the column inlet
with nonvolatile sample materials (Minonez et al., 2001).

25.3.3 Oven
The oven controls the temperature of the column. Low-mass stainless steel is operated for rapid heating and cooling cycles. Working
requirements are for heating from ambient to 400°C within
40 min, with cooling to 100°C in 3 min (Merritt and Setle, 1981).
Temperature-programmed runs are most common because higher
temperatures will cause the sample to elute faster (Qian, 2010).

25.3.4 Column
The GC column may be classified either as packed or capillary.
Most laboratories today leave the preparation of packed columns.
The capillary column (open tubular) may be viewed as an alternative for the packed column, being the most popular (Barry and
Grob, 2007).

25.3.4.1 Packed Column
Packed columns are normally 91.44, 182.88, or 365.76 cm in
length. The outside diameter is usually 0.64 or 0.32 cm. Stainless
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steel is used most often, primarily because of its strength. Glass
columns are more inert. Packed columns are easy to make and
easy to use (McNair and Miller, 2009). Packed columns have
been filled with inert support (Merritt and Setle, 1981).

25.3.4.1.1 Inert Supports
The aim of the inert support is to provide a surface onto which
the stationary phase can be placed in a packed column (Merritt
and Setle, 1981). Many materials particularly diatomaceous
earth (Chromosorb®) and graphitized carbon (which is also an
adsorbent in gas–solid chromatography [GSC]) have been used.
Moreover Teflon, inorganic salts, and glass beads have been
preferred (Barry and Grob, 2007). The properties of the major
types are listed in Table 25.2 (Barry and Grob, 2007; McNair
and Miller, 2009). The physical properties of a solid support for
packed-column GC, such as particle size, porosity, surface area,
and packing density are important for an effective difference
(Barry and Grob, 2007). The effective internal diameter of the
column should be at least eight times the diameter of the support
particles (Merritt and Setle, 1981).
An ideal support necessarily supplies some properties: relatively large surface area per unit volume, chemically inert,
mechanically robust, uniform, and a pore structure favorable for
promoting fast mass transfer (Fowlis, 1995).
Deactivation of supports is necessary for most applications.
Deactivation stands for acid washing of surface mineral impurities. However, the silanol (Si–OH) groups that cover the surface tend to adsorb polar solutes, particularly when the support
is lightly loaded (<10%) or when apolar liquid phases are used.
These surface silanol groups can cause peak tailing because of
hydrogen bonding. The problem can be minimized by treating
the support with dimethyldichlorosilane (DMCS) that converts
the silanol groups to silyl ethers (Hisil, 2011).
Owing to their low cost, packed columns are preferred in applications where high resolution is not necessary. They can separate
larger amounts of material than capillary columns (Gordon, 1990).

25.3.4.1.2 Stationary Phase
Chromatography is used for separation of two phases: One of
these phases is a stationary phase with a large surface area, and
the other is a mobile phase. The sample carried by this mobile
gas phase (the carrier gas) through the column moves. When
the stationary phase is a high-viscosity, low-volatility liquid,
the process is defined as “gas–liquid chromatography (partition
chromatography)” (GLC); when the stationary phase is a solid,
the process is known as “gas–solid chromatography (adsorption
chromatography)” (Cordero et al., 2012). There are too many
liquid phases and solid phases listed (Mc Nair and Miller, 2009)
(Table 25.3).
Some columns are commonly named by a stationary phase.
For example, OV-101 column means that the stationary liquid
phase is OV-101 (Qian, 2010).

25.3.4.2 Capillary Column
Capillary columns are not filled with supports (packing material). Instead, a thin film of liquid phase coats the inside wall.
These long lengths permit very efficient separations of complex
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Table 25.2
Some of the Solid Supports
Surface
Area (m2/g)

Name

Packed
Density
(g/mL)

Pore
Size
(μm)

Maximum
Liquid
Phase (%)

References

Diatomaceous Earth Type
Chromosorb P
Chromosorb P-AW-DMDCSa

4.0
4.0–6.0

0.47
0.32–0.38

Chromosorb P-AWb
Chromosorb P-NAWc
Chromosorb W
Chromosorb W-AWb
Chromosorb W-HPd

4.0–6.0
4.0–6.0
1.0
0.21–0.27
0.23

0.32–0.38
0.32–0.38
0.24
1.0–3.5
0.6–1.3

Chromosorb G
Chromosorb G-NAWc
Chromosorb G-AW-DMDCSa
Chromosorb G-HPd
Chromosorb 750

0.50
0.49
0.49
0.49
0.70

0.58
0.5
0.5
0.4
0.40

0.4–2

30

1.60
8–9
3.56

30
15
15

NA
0.92

5
5

NA

7

McNair and Miller (2009); Moustafa and Abd-El-Monem (2008)
Barry and Grob (2007); Quattrini et al. (1999); Schürch et al.
(2001)
Barry and Grob (2007); Naggar and Turky (2001)
Barry and Grob (2007); Kubinec et al. (2005)
Dutta et al. (2011); McNair and Miller (2009)
Barry and Grob (2007); Liu et al. (1998); Monod et al. (2003)
Argekar et al. (1998); Baniceru et al. (2000); Barry and Grob
(2007); Harvey et al. (2011); Revanasiddappa et al. (2002);
Sundaram(1990)
Conder et al. (1998); McNair and Miller (2009)
Barry and Grob (2007); Ramadan et al. (2010)
Barry and Grob (2007)
Almog et al. (2007); Barry and Grob (2007); Tanaka et al. (1980)
Cardwell et al. (1980); McNair and Miller (2009)

Flurocarbon Polymer
Chromosorb T
a
b
c
d

7.5

0.42

NA

10

Banwart and Bremner (1974); McNair and Miller (2009)

Acid-wasted, DMDCS-treated support.
Acid-washed support.
Non-acid-washed support.
High-performance support.

Table 25.3
Some Liquid and Solid Stationary Phases
Commercial Trade Name

Stationary Type

References

OV-101
OV-17

Liquid
Liquid

Carbowax-4000
OV-210
DEGS
Silar 10C
Carbowax 20M
OV-225
OV-1
OV-275
Chromasil (silica gel)
Porasil (silica gel)
MS 13X (zeolite molecular sieves)
Carbopack (carbon molecular sieves)
Carbotrap (carbon molecular sieves)
Graphpac (carbon molecular sieves)
Chromosorb (porous polymers)

Liquid
Liquid
Liquid
Liquid
Liquid
Liquid
Liquid
Liquid
Solid
Solid
Solid
Solid
Solid
Solid
Solid

Golubitskii et al. (2008); Leolka et al. (2009)
Escuderos et al. (2010, 2011); Gao et al.
(2003); Iqbal et al. (2009)
Diaz et al. (2007)
Gurevich et al. (2002)
Sang et al. (1998)
De Vizcarrondo et al. (1998)
Grisales et al. (2009)
Souza et al. (2009)
Narayanan and Agah (2013)
Escuderos et al. (2010)
Oruc et al. (2006)
Boeynaems et al. (1980)
Chao et al. (2007)
Companioni-Damas et al. (2014)
Gallego et al. (2011)
Gallego et al. (2011)
Companioni-Damas et al. (2014)

sample mixtures. The tube can be made of fused silica, glass, or
stainless steel (Mc Nair and Miller, 2009).
Capillary columns consist of three columns: WCOTs (wallcoated capillary columns), SCOT (support-coated open- tubular
column), and PLOT (porous layer open-tubular column). Internal
diameters of WCOT are 0.10, 0.20, 0.25, 0.32, and 0.53 mm and

are commercially available. Typical lengths vary from 10 to
50 m. Analysis times are longer as a function of column length.
Film-coating thickness varies from 0.1 to 5.0 μm. Thin films
provide high resolution and fast analysis, but they have limited
sample capacity. SCOT columns are covered by an adsorbed
layer of a very small solid support (such as Celite®) coated with
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a liquid phase. SCOT columns can hold more liquid phases,
and have a higher sample capacity than the thin films. Column
length is 10–100 m, and the inner diameter is up to 0.5 mm. A
few SCOT columns are still commercially available but only in
stainless steel. PLOT columns contain a porous layer of a solid
adsorbent such as alumina, molecular sieve, or Porapak®. PLOT
GC column dimensions are similar to WCOT GC column. PLOT
columns represent a small (<5%) but important share of the GC
column market (Shellie, 2013).
As alternative of these columns, fused-silica capillary column
is improved. It is a narrow-bore, open tube coated–bonded on the
inside with a polymer stationary phase and on the outside with a
polyimide polymer to add strength and flexibility (Smith, 2012).

25.3.5 Detectors
A detector senses the effluents from the column and provides
a record of the chromatography in the form of a chromatogram (Schomburg, 1995). The detectors generally used for the
GC analysis are FID, TCD, ECD, flame photometric detector
(FPD), pulsed flame photometric detector (PFPD), photoionization detectors (PIDs) (Wong et al., 2013), electrolytic conductivity detectors, and thermionic detectors (Table 25.4) (Bartle and
Myers, 2002). Some detectors are briefly explained below.

25.3.5.1 Flame Ionization Detector
FID represents one of the most widely used detectors. Its operation is simple, sensitivity is the highest, the response is fast, and
detector stability is excellent. The carrier gas is mixed with hydrogen, and this mixture is combusted in air at the exit of a flame jet
(Sandra, 2001). The flow of hydrogen is commonly set at the same
rate as the carrier gas in the packed column, while the air flow is
set at a rate 5–10 times as fast. In the case of capillary GC with low
carrier-gas flow rates, make-up carrier gas is usually introduced
at the end of the column (Gordon, 1990). The detector response is
not affected by modest changes in flow, pressure, or temperature.
It does not respond to common carrier-gas impurities such as CO2
and water under normal operation (Colon and Baird, 2004).

25.3.5.2 Thermal Conductivity Detector
TCD, also called the hot-wire detector or katharometer, measures the change in the thermal conductivity of the mobile-phase
stream (Sandra, 2001). TCDs can detect all compounds that can
pass through a GC column and are generally used for detecting permanent gases rather than organic compounds (Sparkman
et al., 2011). TCD is popular, particularly for packed columns
(Mc Nair and Miller, 2009).

Table 25.4
Overview of GC Detectors
Detector

Minimum
Detectability

Selectivity

Specificity

References

Flame ionization detector

All organic compounds

10 pg C/s

Most organics

Thermal conductivity
detector

Thermal conductivity
different from carrier
gas
Compounds capturing
electrons, for
example, halogens
N and P

1 ng/mL

Very little, detects anything,
including H2O

0.2 pg C/s

Halogenated compounds and
those with nitro- or
conjugated double bonds

P and S

50 pg S/s; 2 pg P/s

Aromatics

5 pg C/s

Electrolytic conductivity
detector (ELCD)
Pulsed flame photometric
detector
Fourier transforminfrared spectroscopy
Mass spectroscopy

Halogens and S

1 pg CI/s; 5 pg S/s

Regulated for 28
elements
Molecular vibrations

Pg S/s

Characteristic ions

1 ng full-scan mode

Halogen-specific detector
(XSD)
Thermionic ionization
detector (TID)
Atomic emission
detection (AED)

Halogens

fg/s

Hajslova and Cajka (2008); Sandra
(2001)
Hajslova and Cajka (2008); Sandra
(2001)
Hajslova and Cajka (2008)

N, P

100 fg N/s; 100 fg P/s

Hajslova and Cajka (2008)

Element selective

0.2–50 pg/s depending
on the element

Grob (2004); Hajslova and Cajka
(2008); Qian (2010); Sandra (2001)

Electron capture detector

Nitrogen phosphorus
detector (NPD)
Flame photometric
detector
Photoionization detector

1 pg N/s; 0.5 pg P/s

1 ng (strong absorber)

Organic compounds with
S or P
Depends on ionization energy
of the lamp relative to the
bond energy of solutes

Grob (2004); Qian (2010); Sandra
(2001)
Grob (2004); Qian (2010); Sandra
(2001)
Grob (2004); Qian (2010); Sandra
(2001)
Grob (2004); Qian (2010); Sandra
(2001)
Grob (2004); Qian (2010); Sandra
(2001)
Grob (2004); Hajslova and Cajka
(2008); Qian (2010); Sandra (2001)
Grob (2004); Hajslova and Cajka
(2008); Qian (2010); Sandra (2001)
Hajslova and Cajka (2008)
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A typical TCD consists of a cell with two channels for the
flow of carrier gas. As the carrier gas passes over a hot filament
(tungsten), it cools the filament at a certain rate depending on
carrier-gas velocity and composition. The temperature of the filament determines its resistance to electrical current (Qian, 2010).

25.3.5.3 Electron Capture Detector
ECD is the second popular detector after FID (Colon and Baird,
2004). Electrons from the ionization migrate to the anode and
produce a steady current. If the GC eluate contains captured
electrons of a compound, the current is reduced. The signal measured is the loss of electrical current (Sparkman et al., 2011).

25.3.5.4 FPD and PFPD
In FPD, a sample is burned in a hydrogen/air flame to produce
molecular products. The molecular product is then retained from
background emissions by narrow-bandpass wavelength-selective
filters and is detected by a photomultiplier and then amplified
(Hajslova and Cajka, 2008). PFPD is very similar to FPD. Flame
is performed discontinuously in thePFPD (Qian, 2010).

25.3.5.5 MS Detector
Gas chromatography–mass spectrometry (GC–MS) separates
chemical mixtures into individual components (using a gas chromatograph) and identifies/quantifies the components at a molecular level (using an MS detector). It is one of the most accurate and
efficient tools for analyzing volatile organic samples (Guo and
Lankmayr, 2012). One of the advantages of GC–MS analysis is
the use of MS spectrum library for the identification of unknown
components in complex food matrices. However, GC–MS is
not amenable to the direct analysis of highly polar, thermally
unstable, and high- molecular-weight chemicals. To solve this
problem, a derivatization procedure is often developed (Wang
et al., 2013).

25.4 Chromatographic Separation
A good separation has narrow-based peaks. The more they
broaden, the poorer is the separation and efficiency (Qian, 2010).
A chromatographic analysis can include a chromatogram. It
releases information regarding the heights and the areas of the
resolved peaks in a chromatogram, their molecular identity, and
so on (Blumberg, 2012).
GC separates mixtures by partition of components between a
mobile gas phase and a stationary phase. The length of columns
and degree of temperatures change according to the compounds
separated. GC is used for the analysis of both volatile and nonvolatile compounds. While volatile compounds are analyzed
directly by GC, nonvolatile molecules such as sugars may be
converted into more volatile compounds by a simple derivatization reaction (Gordon, 1990).

25.4.1 Retention Time
The retention time (tR) is termed as the time required for a molecule to pass through a chromatographic column. If a solute is not
retained by the stationary phase and proceeds constantly in the
mobile phase through the chromatographic column, this compound is named as an unretained solute. The time required for
showing this peak is the retention time of an unretained solute
(tM) (Hisil, 2011).
The adjusted retention time (t R′ ) is a better measure of chromatographic retention than tR. It is calculated as
t R = t M + t R′

25.4.2 Capacity Ratio (k)
Capacity ratio is the ratio of the weight of the solute in the stationary phase to the weight in the mobile phase, and is proportional to the time spent by the solute in the stationary phase and
that spent in the mobile phase (Hisil, 2011).

25.3.5.6 Hyphenated GC Techniques
GC is coupled with some detection systems for both identification
and calculation of the quantity. These detection systems are mass
spectrometry, molecular spectroscopy such as Fourier-transform
infrared (FTIR) and nuclear magnetic resonance (NMR) spectroscopy, atomic spectroscopy such as inductively coupled
plasma (ICP)–MS, atomic absorption spectroscopy (AAS), and
atomic emission spectroscopy (AES) (Guo and Lankmayr, 2012).

25.3.6 Recorder/Data-Handling System
Signals from the detector amplifier are digitized as analog or
digital, and stored on a disk allowing enormous convenience in
retrieving and replaying results. So, peak retention times and
peak areas are automatically reported. In addition, software
allows the results to be displayed in an automated manner. All
this can be economically integrated into the total instrument
control and management through computers and is an option on
all chromatographs and a standard feature on most instruments
(Eiceman, 2000).

k =

t R′
tM

25.4.3 Band Broadening
Chromatographic peaks are broadened by the van Deemter
equation:
h = A+

B
xI + C ⋅ u
u

h is the height equivalent to a theoretical plate (HETP). A ⋅ B ⋅ C
are constants for a given column at a given temperature. The constant A is the eddy diffusion term. It is described by the variation
in gas velocity in the porous structure of packed columns. In capillary columns, this constant is 0. B is a term representing longitudinal diffusion of solute molecules through the column. C is
related to the resistance to mass transfer in the column. U means
longitudinal flow velocity in the mobile phase. The theoretical van
Deemter curve is drawn with h and u. These curves found a change
in accordance with carrier gases (Krull and Thompson, 2001).
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25.4.4 Theoretical Plate Numbers (N)
Column efficiency can be defined in terms of the number of theoretical plates. Wb is the width of the peak.
 t 
N = 16  R 
 WB 

2

N is calculated as in the following equation (Hisil, 2011):
t 
N =  R
 σ

2

25.4.5 Effective Plate Number (Neff)
The peak width at half-height (W1/2) is a more accurate and easier
measure than at the beginning or end of a peak. Gaussian curve
W1/2 = 2.35σ, the number of theoretical plates is often defined as
(Hisil, 2011)
 t′ 
N eff = 5.54  R 
 W1 /2 

2

25.4.6 Height Equivalent to a Theoretical Plate
HETP can be called as column efficiency. This is a measure in
millimeters of the column length occupied by one theoretical
plate (Doskey and Cespedes, 2001).
HETP =

L
N

L = Length of the column
N = Theoretical plate numbers (Krull and Thompson,
2001)

25.4.7 Height Equivalent to One Effective Plate
(Heff)
The column length divided by the effective plate number is
H eff =

differ in their selectivity (Gordon, 1990). So, the resolution of a
part of a chromatogram is involving, the analysis time is reducing, or the sensitivity of the analysis is increasing (Hajslova
and Cajka, 2008). In MDGC, a group of compounds that has
not been separated on the first column is arriving in the second column, where differentiation is achieved (Sandra, 2001).
MDGC is capable of isolating small regions of the first column
separation and transferring them to a second column (Marriott
and Shelli, 2002).
If MDGC cannot solve problems, GC × GC or comprehensive MDGC is required. As an alternative to MDGC, a comprehensive design is required, in which, the entire eluent from the
first-dimension column is subjected to reanalysis on a second
column by way of a modulation interface (Ramos and Brinkman,
2009). While one of the GC × GC columns consists of a long,
normal-bore first dimension, the other one is a short, narrowbore second-dimension column (Cordero et al., 2012; Gorovenko
et al., 2014; Peroni and Janssen, 2014). First-dimension capillary
column consists of a 30 m × 0.25 mm i.d. column coated with a
0.25–1.0 m film of a nonpolar stationary phase. Capillary columns of 0.5–5 m in length, 0.1–0.32 mm i.d., and coated with
0.1–0.35 mm films of polar stationary phases are commonly
used in the second dimension. The separation in the second column is very fast (Gorovenko et al., 2014). GC × GC is an effective technique for the analysis of volatile and semivolatile solutes
in a variety of complex samples (Gorovenko et al., 2014). The
number of peaks/compounds detected with GC × GC in complex
samples is higher than MDGC or one-dimensional gas chromatography (1D-GC) (Ramos and Brinkman, 2009). Overall, the
application of MDGC and GC × GC has allowed for advanced
separations of complex samples.

L
N eff

It is also called the height equivalent to one effective plate
(Hisil, 2011).

25.5 Coupled Chromatography
Coupled chromatography is called as multidimensional gas
chromatography (MDGC). This system greatly increases the
separation ability of GC (Schomburg, 1995). This is a technique involving either a combination of two or more different
chromatographic columns (Sandra, 2001) or two detectors that

25.6 Applications of GC
Separation is occurring between a gas-mobile phase and a
liquid-stationary phase in GC (Espinosa et al., 2012). GC is used
for the determination of food compounds that are (semi) volatile
compounds. GC can be successfully adopted in application fields
such as flavor and aroma characterization; study of composition
and authentication of origin; quali-quantitative determination of
volatile compounds from vegetable matrices; essential oils and
various extracts; fat analysis and characterization; and residue
and contaminant determination (Cordero et al., 2012). The current GC methods for several groups of food constituents are summarized in Table 25.5.
After 50 years of commercial GC, the technology and its applications have increased, but there is always a need for higher quality and more practical GC methods in the existing applications.
GC is a highly developed analytical method. GC is generally
used in routine analysis of various mixtures of organic compounds such as fatty acids, amino acids and peptides, steroids,
carbohydrates, and so on. A lot of analytes are analyzed by using
different detectors. In the near future, GC/MS is expected to be
used in the analysis of most samples. The increased selectivity
of MS reduces the need to achieve baseline-resolved separations
as with selective detectors and it will be interesting to see which
of these approaches will become the most widely used in food
applications in the future.
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Table 25.5
Applications of GC in Food
Analyte

Sample

Complex mixtures of odorous substances and
odor-active compounds
Aldehyde
Aldehyde
Aldehyde
Aldehyde
Aldehyde
Aldehyde
Pymetrozine
Polycyclic aromatic hydrocarbons (PAHs)
Esters, terpenoids, aldehydes, alcohols,
ketones, furans, aromatic compounds,
lactones, and acid
Flavors
PCBs
Pesticides
Fatty acids
Flavors
Neutral sugar
Aroma compounds
Methylmercury
Cyclamate
Bisphenol-A, bisphenol-A-dimethacrylate,
bisphenol-A-diglycidyl-ether, phthalic acid,
dibutyl-phthalate, diethyl-phthalate, and
dioctyl-phthalate
Thiamethoxam, triadimenol, and deltamethrin

Detection Method

References

Olfactometric detector

Brattoli et al. (2013)

Beer
Fish
Sunflower oil
Grape pomace distillate
Beef fat
Vegetable oil
Red pepper
Crude oil
Strawberry

MS
MS
MS
MS
Nitrogen–phosphorus detection
NPD
NPD
FID–MS
TOF–MS

Ochiai et al. (2003)
Iglesias et al. (2010)
Stashenko et al. (2004)
Lopez-Vazquez et al. (2012)
Umano and Shibamoto (1987)
Yasuhara et al. (1991)
Jang et al. (2014)
Zhao et al. (2014)
Samykanno et al. (2013)

Essential oils
Food (fish)
Food (vegetabes)
Biological oil
Food extracts
Pitaya
Cape gooseberry (Physalis
peruviana L.) fruits
Marine biota samples

FID
FID
TOF–MS
FID
TOF–MS
FID
MS

Shellie et al. (2002)
Harju and Haglund (2001)
Dalluge et al. (2002)
Western et al. (2002)
Shellie et al. (2001)
Montoya-Arroyo et al. (2014)
Yilmaztekin (2014)

Pyrolysis–atomic fluorescence
spectrometry
ECD
MS

Carrasco and Vassileva (2014)

ECD

Morais et al. (2014)

Foods and beverages
Vegetable cans, baby
bottles, and
microwaveable containers
Pineapple
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26.1 Introduction
The use of capillary electrophoresis (CE) in various kinds of
applications has increased rapidly, because it is suitable for compounds from small ions to macromolecules (up to ~7 MDa) [1–3].
CE has been used for separation, determination, and characterization of the compounds in food, environmental, clinical, and
pharmaceutical matrices [2,4]. CE has not been such a popular

method in food analyses as it is in chemical, genetic, pharmaceutical, and clinical studies [5]. However, it is the only separation
method that has gained positive attention and standardized in
the determination of Creutzfeldt–Jacob disease (CJD) in bovines.
For that reason, CE is also the only accepted method for the final
double checking of the status of the animal CJD [6].
As to the determination of biological macromolecules, CE
works very well due to the separation specificity that may be optimized by both chemical and physical ways for each analyte group
493
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of interest. CE has been used for the detection of amino acids,
vitamins, pharmaceuticals, inorganic and organic compounds and
species, pigments and colorings, surfactants, peptides, proteins,
carbohydrates, deoxyribonucleic acid (DNA), and particles of cells,
bacteria, and viruses [1–3]. The food applications have focused on
milk, kidney, fruit, wine, tea, fish, juice, chicken, vegetable, meat,
cheese, egg, pig, beer, cereal, and soft drink characterization.
CE should be considered first, when dealing with highly polar,
charged, or chiral analytes, because it is a technique with tremendous potential to solve different separation problems. An
example is that CE is extensively used in the comprehensive
characterization of macromolecules in biologic as well as in proteomic and metabolomic studies [5].
Despite many excellent technical reviews found in the literature on CE related to food analysis, there is only a limited
number of specific critical evaluations on the determination of
analytes present in different matrices. CE in real samples and
routinely performed analyses is minor popular. More CE studies
of real samples are needed, because there are not enough applications available about its use routinely. The strong advantage
of CE is that the sample volume needed is very small and the
organic waste is extremely minimal [3]. However, CE is the only
method that is fast enough and has enough separation efficiency
in the analysis on microchips. Therefore, it is assumed that in the
future, it has the highest potential as a real-time-monitoring technique for online analyses of processes. Owing to its selectivity,
it may be a competitor to the two-dimensional (2D) chromatographic separations in the future, even in food process analyses.
To validate CE system to separate charged compounds, the
differences in the electrophoretic mobilities of the compounds
in the applied electric field should be optimized [4,7]. These
mobilities are influenced by differences in charges and sizes of
the compounds [1,4,7,8]. Particles with small sizes and multicharges have large electrophoretic mobilities and large and lesscharged particles have low mobilities [1,9]. The advantage of the
CE technique is that all anionic and cationic compounds can be
separated and detected in a single analysis due to electroosmosis
that is modified in the system.
Detection in CE is based on sensitivity that is in correlation with
concentration, which is influenced by sample preparation or modification of the studied compounds [8]. In addition, the sample volume
in CE is typically only 2% of the whole volume of a capillary [1,9].
The sample volumes in CE are often ca. 1–100 nL [1,9,10]. Owing
to the two above-mentioned facts, sensitivity of the analytes is low,
but sample pretreatment and other actions will improve the sensitivity. When sample concentrations are too high, the samples are
diluted with water, pH-buffering solution, or the electrolyte solution used in the analysis. Care should be taken that the pH of the
original sample does not change too much due to the manipulation.
Compared with other separation methods, the advantages of
CE are analysis quickness, selectivity, good resolution, small
sample size, tiny reagent consumption, small sample loss, small
waste production, and small operating costs [1,2,4,7,8,10]. Large
separation efficiency provides separation for compounds with
small differences in charge/mass ratios [2,7]. In an exemplary
separation, the sample compounds cause narrow peaks in electropherograms and have short analysis times [10].
According to literature, the search made by Science Finder
2013, the scientifically newest articles number based on real
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applications by CE in food monitoring are 101, 72, 39, 2, 69, 113,
and 7 on milk, cheese, egg, beer, red wine, corn, and corn wheat
matrix, respectively [11].
In most reliable process monitoring, CE techniques are used
to control the optimal consumption of reagents, effective production, better exploitability of the raw materials, and improvement
of utility values for external removals. In addition, the development of new products may speed up CE analyses, because the
products can be identified better, the quantity of the products can
be increased, easy processes in quality control are possible, and
process chemicals are to be reusable. Troubleshooting, such as
deposition and chemicals occasional ineffectiveness, is faster to
monitor in CE than in other separation techniques. Noteworthy is
that online monitoring with CE helps to monitor running process
waters and to assure their adequate purity for environment release.

26.2 Short Theory of Capillary Electrophoresis
The principle of electrophoresis is based on the differential
movement of ions and neutral molecules in an electric field. The
pH of the background electrolyte (BGE) is crucial for the full
dissociation of the acidic or/and basic groups of the molecules.
Further, the separation mechanism relies on the differences in
the charge, mass, or mass-to-charge (m/z) ratio of these ions in
a capillary filled with BGE under constant field strength. The
BGE is usually an aqueous electrolyte solution. Under the influence of the electric field, the ions separate into migrating zones
according to their effective electrophoretic mobilities (µeff ). The
separated zones are identified by a detector (in a capillary).

26.3 General Instrumentation
The instrumentation is very simple and the system is easy to use.
The basic setup is illustrated in Figure 26.1. In CE, the separation
is performed in narrow-bore capillaries, typically of 25–75 µm
of inner diameter (ID); the outside (OD) being 350–400 µm. The
total lengths of the capillaries are 10–110 cm. The ends of the
capillary are in impact of a high-voltage supply via two electrodes.
Capillary

Detector

Sample injection

Power
supply
Electrodes
Sample Electrolyte

Electrolyte

Figure 26.1 The movement is performed in a separation capillary that
is electrolyzed via electrode contacts to a high-power supply. The capillary
is a tube that is filled with electrolyte solution. The speed of the movement
(mobility) of the compound depends on the charge and mass of the compound.
(H. Sirén, modified from Heiger, D. N., 1992. High Performance Capillary
Electrophoresis—An Introduction, Hewlett-Packard Company, France.)
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The capillary ends are placed into electrolytes in vials. Usually,
the capillary is filled with an electrolyte solution (BGE) identical to that used in the vials during analysis. The sample is introduced into the capillary by replacing one of the electrolyte vials
with a sample vial (usually at the anode end). The sample may be
injected with either electrokinetic or hydrodynamic modes. After
the electrolyte vial is placed back, the electric field is applied and
the separation is performed. The current in the capillary can be
up to 250 µA [12]. Either online or off-line optical detection can
be made at the cathode end of the capillary. Mostly used detectors
are ultraviolet/visible (UV/VIS) spectrophotometers (wavelength
range between 190 and 600 nm), fluorescence spectrophotometers, conductivity detectors, or mass spectrometers.

26.4 Electroosmosis in Separation
Electroosmosis is quite often needed in a capillary to force all
compounds to move for detection. The strength of electroosmosis
depends on charges of the capillary inner wall, viscosity of the
solution, and temperature. The surface of the capillary is affected
by pH and therefore, electroosmotic flow is intensive in the basic
and neutral BGE solutions but is reduced at pH below 5 [13].
In uncoated synthetic silicon capillaries, the surface has
silanol groups, which are ionized totally at high pH. Electrical
Stern double layer is formed on the anionic silanol surface in
case that part of the cations is stabilized on the impact of the
anions. Part of the cations form a diffusion layer next to the
Stern layer. When voltage is switched on, the diffusion layer is
moved along the capillary. The movement makes electroosmosis flow (μeof ). Electroosmosis is the reason why all compounds
in a capillary move with different velocities to detection [9].
Electroosmosis can be adjusted in many ways. The increase of an
electric field and temperature fasten electroosmosis flow velocity.
When the voltage is decreased, the efficiency and resolution may
be decreased. Increase of voltage increases Joule heating. The
increase of ionic strength and concentration of the electrolyte
solution decreasingly affects the flow of electroosmosis.
Electroosmosis is also adjusted by surfactants, organic modifiers, or using coated capillaries [14–16]. The most practical way
to change electroosmosis is to modify the pH of the electrolyte.
Noteworthy is that the modification procedure influences the ionization and solubility of the studied compounds or has an effect
on their structures. In general, anionic surfactants increase and
cationic surfactants decrease or even change the direction of the
electroosmosis flow. Viscosity changes occur as well.

Resolution of the studied compound is influenced by BGEbuffering chemical, concentration, pH, ionic strength, additional
chemicals such as cyclodextrins, and crown ethers, and also
instrumental parameters such as temperature, injection type, electric field strength, and capillary dimensions [3,13,15,17]. The most
important separation parameter is pH in the aqueous solution,
because pH affects the dissociation of weakly acidic and basic
compounds and zwitterions [18,19]. Ionic strength (I) is used to
adjust efficiency, resolution, and sensitivity of the compounds separation. As mentioned previously, pH and I influence Joule heating, electroosmosis flow, and electrophoretic mobility [19].
The BGE chemicals are ionized and may freely move during separation that is based on diffusion and assistance of the
electric field. The frequently used BGE solutions are made of
phosphate, borate, or citrate salts [20]. The choice of the electrolyte is meaningful, because it has an effect on sample compounds migration [13,19,20]. BGEs being buffering solutions
are needed for repeatable and accurate separations [20]. They
may be modified by surfactants, such as sodium dodecyl sulfate
(SDS) [19]. High electrical resistance of BGE enables the use
of high electric fields in cases, where a small amount of heat is
produced. Owing to the high electric fields used in usual CE
separations, migration times are short and high efficiency may
be obtained [7,20].

26.6 CE Methods in Food Analyses
The versatility of CE comes from many separation mechanisms
that are possible to be generated in CE. The methods (Figure
26.2) used in food analyses are capillary zone electrophoresis
(CZE), capillary isoelectric focusing (CIEF), capillary gel electrophoresis (CGE), capillary isotachophoresis (CITP), and micellar electrokinetic capillary chromatography (MEKC) [4,19]. The
method for the analysis is chosen based on chemical behavior
of the studied compounds (ionization, solubility, structure, and
chemical–physical properties).

26.7 Techniques and Methods
This chapter contains various instructions for using CE in food
analysis. In addition, optimization of CE conditions for separation is listed. The chapter compiles common hints to start method
development for compounds in food samples (Note: Sample pretreatment is needed mainly for solid samples).

26.5 Method Developments

CE

Capillary electrophoretic methods should be optimized for each
compound group separately, before they are routinely used for
various matrices [13]. Commercial standards and reagent kits for
BGE are available for analyzing inorganic ions, metals, organic
acids, and carbohydrates among others. The methods are universal for different matrices and commonly, no special optimization
is needed for a new application. However, most often, the BGE
solutions are laboratory made that mean methods optimization
should be done recently.

CZE
CIEF

MEKC
CITP

CGE

Figure 26.2 Most frequently used CE techniques in food analyses.
CZE, capillary zone electrophoresis; MEKC, micellar electrokinetic capillary chromatography; CIEF, capillary isoelectric focusing; CITP, capillary
isotachophoresis; CGE, capillary gel electrophoresis.
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26.7.1 Capillary
The length of a capillary and the number of separated compounds have a correlation. Usually, chemical parameters should
be first optimized at a standard length of a capillary. When the
separation is suitable, then the capillary is shortened or made
longer. In these cases, it should be remembered that the volume
of the sample needs optimization to get the similar sensitivity
(concentration) of compounds in detection.
When the sample contains 2–10 compounds, the capillary
length of 35–40 cm is enough. But, when the number is 11–50
compounds, the length is 50–60 cm. For 50–80 compounds, it is
70–80 cm and above 80 separated compounds, the length should
be 90–100 cm. When the internal diameter of a capillary is small,
separation efficiency is usually increased. However, in that case,
some problems may arise in sample introduction, especially with
viscous fluids. Noteworthy is that the injection may also be done
from the detector end of the capillary in food analysis.

26.7.2 Electrolyte Solution
The pH of an electrolyte solution has a meaning in the separation of anions and cations in food fluids and beverages. In
general, low pH is the most suitable for cations and high pH is
advantageous for anions. Traditionally, pH of BGEs is between
2 and 12. However, exceptions are carbohydrates that are separated at pH above 13, when direct UV absorption is needed for
detection. Lower pH is used when inorganic or organic cations
are studied without electroosmosis. In food analysis, careful
sample preparation is needed when proteins are present, such
as in milk products.
The pH of an electrolyte solution should be near the pKa value
of the studied compound (pH = pKa ± 2) or it should have an
average pH correlated to the pKas of the studied compounds. If
pKa value is known or it can be estimated, optimization of pH is
started at the value, where the electrolyte pH is the same as the
pKa of studied compounds or the buffering chemical in BGE. In
addition, the BGEs should have low conductivity for not producing high current, which creates Joule heat.
For optimization of the electrolyte, it is suggested to use a capillary, which has a 50 μm i.d. The concentration of the electrolyte should then be between 30 and 100 mM. When the i.d. of
the capillary is 75 μm, concentration of the electrolyte should be
20–50 mM. When the ionic strength of the electrolyte solution
is high, many closely migrated sample compounds can be separated with one method. The electrolytic solution, which has low
ionic strength, can be used efficiently for the separation of a few
compounds. In that case, the analysis time is clearly longer and
the analysis may last even 2 times longer than is desired.

26.8 General Observations of Electrolytes
Used in Food Analyses
The electrolyte solution should be as simple as possible to avoid
interactions of the chemicals, matrix, and the studied compounds
under an electro-activated solution. In addition, too high ionic
strengths and extra heat forming should be avoided by choosing
proper chemicals. Especially, in CZE, the temperature gradient
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activates both zone broadening (Joule heat) and density gradients inside the capillary. In MEKC, the addition of surfactants
(micelles) above their critical micelle concentration (cmc) may
help to keep the studied compounds in the solution, but they
increase the ionic strength and current. Other details in BGE are
as follows:
• Especially, macromolecules are worthy to analyze in
electrolyte solutions containing micelle concentrations
above cmc.
• Micelles are usable to concentrate small amounts of
studied compounds (e.g., herbicides in fruit juices,
water, and food fluids) in “stacking” techniques.
• Water-soluble organic solvents (methanol, ethanol,
and isopropanol at 5%–10% v/v) are used as additives,
because they enable solubility, change viscosity, and
decrease eof flow (μeof ) (i.e., it fastens the analysis).
• Cyclodextrins are used as chiral compounds in separations, because by their addition formed, inclusion
complexes improve separation between hydrophobic
compounds (polar flavonoids, steroids, fatty acids, and
nonionized food additives).
• Metals in electrolyte solutions help separation of
anionic compounds (i.e., organic acids, proteins) in
basic solutions, because metals improve separation efficiency based on complex formation.
• Urea is used at a high concentration (1–7 M) in electrolyte solutions, because it makes the solution viscose
and prevents interactions with the silica capillary wall.
Noteworthy is that it does not change the conductivity of the electrolyte solution, since it is not ionized.
(When urea is used, the electrodes need careful washing to prevent contamination.)
• As to the preparation of borate electrolytes, it should
be remembered that calculating ionic strengths and
concentrations, boric acid at basic conditions (addition
of sodium hydroxide or ammonia) is transformed into
tetraborate. The formation decreases the concentration
of borate in the solution. Therefore, it is not one and
the same, what the starting chemical is in the preparation of the borate solution for pH ranges 8–10, because
the modification influences ionic strength and current.
Second, tetraborate forms complexes with analytes
under basic conditions. When it is the only buffering
chemical, ionic strength and pH will be changed during
analysis.
• Without complex formation, organic and inorganic
anions are detected with indirect techniques, such as
indirect UV. In that case, the electrophoretic mobilities
of analytes and the electrolyte coionic chemical should
be equal to obtain the best sensitivity (Table 26.1).
• In indirect methods (UV, laser induced fluorescence
[LIF], and CCD), the main chemical in the electrolyte
solution used for pH-buffering purposes should have
the same charge as the studied analytes to prevent complex formation or ion-pair formation with the analyte.
In addition, it should have a mobility equal or near the
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Table 26.1

Table 26.2

Selected Compilation of Chromophores in Indirect UV Detection

Advantages and Disadvantages of Modification of Capillaries in CE

UV-Absorbing Chromophores
for Anions

Static Coating

2,3-Pyridinedicarboxylic acid
(2,3-PDC) (pH 9)
Chromates (pH 8)
Polymeta-acrylate (PMA) (pH 7–8)
Molybdate (pH 7)
Benzotriazole (BTA) (pH 6–7)
Vanadate (pH 6.5–5)
Phthalate (pH 6)
Benzoate (pH 4–5)
UV-absorbing chromophores have
been used for separation of the
following anions:
Cl, SO4, SO3, S2O3, NO3, NO2, F,
PO4, CO3, mono- and dicarboxylic
acids, and nonabsorbing anions

UV-Absorbing Chromophores
for Cations
Imidazole (pH 5)
Benzoic acid (BA) (pH 3.5–4.5)
Histidine (pH 3–4)
Gramine (indole alkaloid present in
several plant species) (pH 2–3)
2-Aminopyridine (acid conditions)

UV-absorbing chromophores have
been used for separation of the
following cations:
NH4, K, Ca, Na, Mg, Mn, Co, Fe,
Cd, Cr, Ni, Zn, Cu, Al, Pb, and
nonabsorbing cations

average mobility of the analytes under study. If not so,
a mixture of different buffers should be used to cover
the mobility range in the analysis.
• Protein adsorption is a big problem in food analyses,
when proteins are not precipitated before analyses of
other compounds ionized at neutral or acidic pH. Proteins
contain cationic amine groups and therefore they precipitate on anionic silica (in food analysis of, e.g., milk
products). Addition of 30–60 mM 1,3-diaminopropane
in aqueous solution (+H3NCH2CH2CH2NH3+) to the electrolyte solution may be used to prevent adsorption.
• To prevent interactions with silica, dynamic coatings
are used. Examples of reagents to dynamic coating
are triethanolamine (TEA, pKa = 11.01, 18°C), morpholine (pKa = 8.33, 25°C), and glycine (pKa1 = 2.35,
pKa2 = 9.78, 25°C).
• Interactions with the capillary are also prevented with
commercial and laboratory-made surface modifications. Static coating may be synthetized with silylation
with bind silane (MAPT) (Tables 26.2 and 26.3).

26.8.1 Examples of BGEs Routinely Used in Food
Analyses
Electrolytes are mostly chosen based on the studied compound
group. The following BGEs have proven to be reliable for
• Ammonium analyses: 12 mM glycolic acid, 9 mM pyridine, and 5 mM 18-crown-6-ether (pH 3.6).
• Carbohydrates, sugar alcohols, and disaccharides (e.g., sugars from wine: xylose, fructose, mannose, rhamnose, glucose, galactose, and saccharose):
130 mM NaOH—36 mM Na2HPO4 × 2 H2O (pH 12.6).
• Monosaccharides as their borate complexes: Various
kinds of tetraborate solutions (pH range 8-10). It does
not matter which type of borate compound is used in
the buffer, but the borate concentration is one of the
important parameters (pH range 8–10).

The reagents form a covalent
bond with silica
Capillary surface is made
before analysis by chemical
solutions fixed on the surface
The surface decreases
electroosmosis flow
Stabile phase
Reusable surface

Dynamic Coating
The reagents do not form covalent bonds
with silica
The attachment of the chemical is based
on adsorption
The surface may be made before analysis,
stabilized by voltage switching
Usually, the surface is produced by an
electrolyte solution containing a surface
modifier under an applied electric field
The surface is not stabile, when the
electric field is switched off
Modified with a disposable technique:
before each analysis

Note: The coating is used for minimizing the negative area in the capillary
inner wall, for controlling electroosmosis flow, and for preventing
adsorption of the studied compounds on the surface.

Table 26.3
Advantages and Disadvantages of Modified Capillaries (Capillary
Coating) in CE
Capillary Name/Manufacturer
CElect-Amine/Supelco
eCAP silica capillary/Beckman-Coulter
eCAP silica capillary/Beckman-Coulter
eCAP silica capillary/Beckman-Coulter
Various kinds of coatings/BioRad
PVA/Agilent Technologies

CEP-polymer/Agilent Technologies

Coating
Quaternary amine coating
Neutral coating
Amine coating
PVA coating
For example, neutral capillaries
Polyvinyl alcohol (pH 2.5–9.5)
Cannot be used with
borate-containing electrolytes
Polymer mixtures (pH 2–8)
Cannot be used with
borate-containing electrolytes

• Organic acids (e.g., sulfate, formate, succinate, malate,
tartrate, phosphate, carbonate, acetate, lactate, and
furan-2-carboxylate 2-furoic acid): 20 mM 2,3-PDC,
0.3 mM MMTAH, 30 mg/L Ca2+ and Mg2+, MeOH/
H2O (10:90 v/v), pH 9.0 or 20 mM 2,3-PDC, 1.5 mM
CaCl2 × 2H2O, 0.3 mM OFM-OH, and MeOH: H2O
(10:90 v/v) (pH 9.0).
• Anionic
organic
compounds
(UV-absorbing
compounds):
60 mM
CAPS
(N-cyclohexyl-2aminopropane-sulfonic acid) (made from 0.100 M
N-cyclohexyl-3-aminopropane-sulfonic acid [CAPS]),
40 mM NaOH (made from 0.1 M NaOH), diluted with
H2O to 100 mL (pH 10.7, without pH adjustment).
• Cationic organic compounds (UV absorption needed if
MS is not used): 20–40 mM acetate buffer made from
0.100 M acetic acid by dilution with pure water (pH 4.0).
• Aldehydes (formaldehyde, acetaldehyde, propionaldehyde, and acrolein) with 4-hydrazinobenzoic acid (HBA
with maximum absorbance at 290 nm): 0.040 mol/L
tetraborate electrolyte (pH 9.3).
• Aldehydes (syringaldehyde, vanillin, acetaldehyde,
coniferaldehyde, and sinapaldehyde) from red wine
without derivatization: sodium tetraborate solution
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(pH 9.3). Note: Borate buffer solution is suitable for
many kinds of compounds, because it forms complexes
with various compounds (pH above 9.0)[21].
• Metals (alkali and earth–alkali metals, and heavy metals, e.g., Na, Ca, Mn, Li, Ba, Mg, Cu, and Ni): 12 mM
gluconic acid—9 mM pyridine—5 mM 18-crown-6ether electrolyte solution (pH 3.6).
• Inorganic anions: 2.25 mM 1,2,4,5-benzene tetracarboxylic acid, 6.50 mM sodium hydroxide, 0.75 mM
hexamethonium hydroxide, and 1.60 mM TEA in
Millipore water (pH 7.7).
• Examples of various kinds of electrolytes on other
applications are listed in Table 26.4.
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or electrolyte solution. Note: Too high ionic strength in
the sample disturbs repeatability of the separation. In
addition, peak resolution in the electropherogram may
be poor.
• The screening analyses of the native samples are
needed before reanalyses with modified samples. Note:
Modification is made with (a) dilution, when the concentrations are too high; (b) evaporation of the solution,
when the amounts are too low for detection; (c) new
sample pretreatment with higher volume of the original
sample, or (d) with other techniques (Figure 26.3).

26.9 Detection
26.8.2 Hints to Get Reproducible Separation in Food
Analysis with Capillary Electrophoresis
26.8.2.1 Sample Compounds
• Sample compounds/studied compounds should be completely dissolved and ionized in electrolyte solutions.
• Sample compounds/studied compounds should be
detectable with the detector system used.

26.8.2.2 Electrolytes
• The electrolyte used should have a high relative permittivity (ε ≥ 30).
• Ionic dissociation of electrolytes should be considered
to take place to a large or full extent.
• Electrolytes with ε ≥ 10 are of little use in CE,
because electrolytes are not sufficiently dissociated
for current to flow (such as alcohols that have very low
autoprotolysis).
• Electrolytes should have a low dynamic viscosity (η)
that is strongly temperature dependent.
• Electrolytes should have low vapor pressure.
• Electrolytes should be transparent to UV light if UV
detection is applied.
• Electrolytes should not be inflammable or toxic.
• Electrolytes should be inert toward other chemicals in
the method.

26.8.2.3 Actions for CE Separation
• Particles should be filtrated from the sample solution.
Use either 0.2or 0.45 μm PTFE membranes (disposable
adapters to plastic syringes).
• Cells should be either centrifuged or filtrated from the
matrices, when the compound of interest is in the solution.
• The ionic strength of a sample should be reduced below
0.1 M. Note: An electrolyte solution in the separation
and the sample should have analogy between ionic
strengths.
• When the sample is too concentrated, suitable solvents
for dilution are water, organic solvent (water soluble),

Mainly, the detectors used in food analyses are UV spectrophotometers or photodiode array detectors (direct UV, indirect
UV), conductivity detection (contactless), laser-induced fluorescence detectors (direct, indirect), and mass spectrophotometer
with electrospray modes (ESI-MS). The use of specific composition of the electrolyte enables detection. An example is tetraborate, which increases UV absorption of phenols and enables
to obtain low limit of detection (LOD) values. Detection may
also be enhanced by sample modification with detector-specific
derivatization.
Chemicals in electrolyte solutions are chosen based on the
detection systems used in the analysis. When UV/VIS spectrophotometers are used, the electrolytes should have very low
absorbance at the used wavelength in direct UV or VIS detection.
However, when indirect UV absorbance detection is used (e.g.,
for salts, amino acids, and metals in food), the electrolyte should
contain an absorption-intensive chemical at a moderate concentration level to detect the nonabsorbing sample compounds.
When conductivity detectors (contactless) are in use, electrolytes need to be low conductive and to have very low ionic
strengths to help the sample compounds to generate high detection sensitivity. In mass spectrometric detection, the aqueous
electrolyte solutions should be volatile and they should not have
very high ionic strength. In addition, alkali and earth–alkali
metals in the electrolyte prevent cluster formation that is either
complicating the identification of the compounds studied or
facilitating the identification. In literature, there are applications
informed, where, for example, tetraborate is used as the electrolyte chemical although it is not volatile. Usually, the chemicals used in CE–MS applications are formic acid and acetic acid
at acidic solutions and ammonia or ammonium acetate at basic
solutions. The electrolytes are also modified with organic solvents such as methanol, ethanol, isopropanol, and acetonitrile. It
is very common that UV and MS are online coupled in CE.

26.10 Food Sample Preparation
In CE, the two most important points are preparation of the electrolyte solution and pretreatment of the sample. Both have their
own effect on repeatability of the analysis and keeping resolution between the analytes constant. Electrolyte solution and the
sample in analysis also have effects on sensitivity of the analytes.
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Table 26.4
Selected CE Applications of Food and Beverage during 1995–2013
Sample

Analytes

Sample Pretreatment

CE Details

References

Samples were dissolved in
deionized water and filtered
Dilution and filtration when needed

20 mmol/L SA, 0.2 mmol/L CTAB,
and 40 mmol/L NaOH at pH 12.2

Hydrolyzed into component
monosaccharides with 2.0 M
trifluoroacetic acid at 100°C for
6 h and then labeled with 1-phenyl3-methyl-5-pyrazolone
Dilution, filtration, and LLE

200 mM sodium tetraborate
decahydrate as the buffer at
pH 10.8

[26]

Various CE electrolytes:
1. Ammonium and metals: 12 mM
glycolic acid, 9 mM pyridine, and
5 mM 18-crown-6-ether (pH 3.6)
2. Others: 130 mM NaOH– 36 mM
Na2HPO4 × 2 H2O (pH 12.6), for
example, sugars from wine:
xylose, fructose, mannose,
rhamnose, glucose, galactose,
and saccharose
3. Acids: 20 mM 2,3-PDC,
0.3 mM MMTAH, 30 mg/L Ca2+
and Mg2+, MeOH/H2O 10:90,
pH 9.0, or 20 mM 2,3-PDC,
1.5 mM CaCl2 × 2H2O, 0.3 mM
OFM-OH, and 10:90 MeOH:
H2O, pH 9.0
4. Anionic organic compounds:
60 mM CAPS (made from
0.100 M CAPS), 40 mM 0.1 M
NaOH, dilution with H2O to
100 mL, and pH 10.7 (without
pH adjustment)
5. Aldehydes (syringaldehyde,
vanillin, and acetaldehyde)
tetraborate buffer at
0.040 mol/L, pH 9.3
2,6-dicarboxylic acid (pH 12.2)
containing tetradecyl trihexyl
ammonium hydroxide (TTAH) and
HP basic anion buffer

[31]

Carbohydrates
Honey

Fructose, glucose, and sucrose

Red wine

Monosaccharides d-(–)-fructose,
d(+)-xylose, d(+)-mannose,
d(+)-cellobiose, d-(+)-glucose,
d-(+)-raffinose, d(–)-mannitol,
sorbitol, rhamnose, sucrose,
xylitol, galactose, maltose,
arabinose, ribose, and α-lactose
monohydrate sugars
Glucose and glucuronic acid
Galactose, arabinose, xylose, and
rhamnose

Pumpkin
Cucurbita moschata
Duchesne ex
Poiret
Red wine
Pinot Noir

Monosaccharides, disaccharides,
sugar acids, aldehydes, elements,
inorganic species, metals, organic
acids, pesticides, and ammonium
aldehydes
Organic acids
d-Glucuronic, oxalic, acetic,
propionic, formic, glycolic,
malonic, maleic, citric, l-glutamic,
tartaric, succinic, adipic, ascorbic,
galacturonic, and glyoxylic acid

Soy sauce, sake,
nutritious tonic,
and pineapple

Inorganic and organic compounds,
sugars, organic acids, glucuronic
acid, galacturonic acid, mannose,
rhamnose, glucose, galactose, and
fucose
1,6-dichloro-1,6-dideoxy-β-dfructofuranosyl-4-chloro-4-deoxyα-d-galactopyranose (sucralose)
Enrofloxacin (ENR) and its main
active metabolite, ciprofloxacin
(CIP)

Low-calorie soft
drinks
Bovine milk

Food products

Antioxidants,
nucleotides and purine and
pyrimidine bases

Protein precipitation with
hydrochloride acid followed by
being defatted by centrifugation and
SPE using a hydrophilic–lipophilic
balance cartridge

[36]
[25]

[24,25,28,
29]

3,5-Dinitrobenzoic acid buffer at
pH 12.1

[86]

50 mM phosphoric acid at pH 8.4

[99]

pH 2–12

[78]

(Continued)
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Table 26.4 (Continued)
Selected CE Applications of Food and Beverage during 1995–2013
Sample

Analytes

Sample Pretreatment

CE Details

References

Amino Acids
Transgenic maize,
balsamic sherry,
white wine, and
cider vinegars
Rice vinegar,
Laozao,
and transgenic
soybean
Dietary supplements

a. d-Asp, l-Asp, d-Leu,
		l-Leu, d-Ala, l-Ala, d-Lys, and
l-Lys;
b. d-Ile, l-Ile, d-Tyr, l-Tyr, d-Met,
		l-Met, d-Asn, and l-Asn;
c. d-Glu, l-Glu, d-Thr, l-Thr,
d-Orn, and l-Orn;
d. d-Phe, l-Phe, d-Ser, and l-Ser
		d-His, l-His-dansylated
standard amino acid enantiomers

100 mM boric acid, 5 mM
ammonium acetate, 3 mM Zn(II),
and 6 mM l-Arg, adjusted to pH
8.0 with solid Tris
or
50 mM ammonium hydrogen
carbonate at pH 8.0 with 0.5 mM
3-monodeoxy-3-monoamino-β-CD
as chiral selector

[79–84]

Various compounds
review

Amino acids, biogenic amines,
peptides, proteins, DNAs,
carbohydrates, phenols, polyphenols, pigments, toxins, pesticides,
vitamins, additives, small organic
and inorganic ions, and other
compounds found in foods and
beverages

Various sample pretreatment
techniques

Various BGEs referred

[85]

Fish muscle
samples

Tetracyclines
Tetracycline (TC), oxytetracycline
(OTC), and doxycycline (DC)

Muscle sample was homogenized,
using a PolytronTM
(Germany), at high speed for 3 min
with 3 mL of a mixture of 0.1 M
Na2EDTA, McIlvaine buffer (pH
4.0) (1:2 v/v). The homogenized
probe was washed with acetonitrile
(3 mL)

20 mM boric acid-10 mM
monosodium phosphate (pH 2.7)

[87]

Fruit juices, milk,
yogurt, cheese, red
meat, and chicken
meat

Carnitine

Minimal sample preparation

500 mmol/L acetic acid solution at
pH 2.6 with 0.05% Tween-20

[88]

Foods, food
interactions, and
food processing

Amino acids, biogenic amines,
peptides, proteins, DNAs,
carbohydrates, phenols, polyphenols, pigments, toxins, pesticides,
vitamins, additives, small organic
and inorganic ions, chiral
compounds, and
FITC-derivatized compounds:
d-Arg, l-Arg, l-Pro, d-Pro, d-Asn,
GABA, l-Asn, d-Ser, d-Ala,
l-Ser, l-Ala, d-Glu, l-Glu, d-Asp,
l-Asp

Concentration of amino acids
injected (mM): d,l-Arg (1.06),
d,l-Pro (1.9), GABA (0.65), Asn
(0.77), Ser (0.39), Ala (0.27), Glu
(0.17), and Asp (0.59)

100 mM sodium tetraborate, 30 mM
SDS at pH 9.4 with 20 mM β-CD

[89]

Olive oil

Organic contaminants, such as
antibiotics, pesticides, biological
toxins, and food-borne pathogens

[77]

Organic Acids
Beer

Oxalic acid, fumaric acid,
ketoglutaric acid, mesaconic acid,
malic acid, pyruvic acid, phthalic
acid, benzoic acid, pyroglutamic
acid, SA, 4-aminobenzoic acid,
4-hydroxybenzoic acid, protocatechuic acid, gallic acid, p-coumaric acid, homovanillic acid,
syringic acid, ferulic acid, and
sinapinic acid

50 mM sodium phosphate (pH 8.0),
0.001% HDB, and 25% 2-propanol

[90]

(Continued)
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Table 26.4 (Continued)
Selected CE Applications of Food and Beverage during 1995–2013
Sample

Analytes

Sample Pretreatment

White sugar and
wine

Inorganic anions and organic acids

Filtration

Dairy products

Furosine

0.2 M NaOH, and purifying it by
SPE. The electrophoretic
separation was carried out in an
uncoated capillary maintained at
30°C

Food and beverages

Oxalic acid, citric acid, malic acid,
lactic acid, formic acid, acetic acid,
and pyroglutamatic acid

Dairy products

Oxalic, citric, formic, succinic,
orotic, uric, pyruvic, acetic,
propionic, lactic, and butyric acids

CE Details

References

6.3 mM sodium chromate–2.5 mM
cetyl trimethyl ammonium chloride
and 4% (v/v) acetonitrile
0.1 M phosphate buffer containing
the additive hexadecyl trimethylammonium bromide (HDTAB,
1.2 mM) (pH 7.0)

[91]

5 mM potassium phthalate, 0.5 mM
OFM (pH 7.0)
5 mM Tris (pH 4.18–5.39)
10 mM His (pH 5.84–6.67)
10 mM Tris (pH 7.05–8.01)
5 mM phthalate, 2%–2.5% OFM
(pH 5.6–7)
5 mM phthalate, 0.2–0.6 mM Ca2+,
and 2% OFM (pH 5.6)
100 mM MES, 10 mM Bis–Tris,
and 0.2% PEG (pH 5.2)
3 mM DMA, 3 mM DETA (pH 7.5)
5 mM TMA, 1 mM TTAB (pH 5.5)
10 mM chromate, 2.30 mM CTAB
(pH 11.5)
10 mM chromate, 4 mM OFM, and
10% methanol (pH 8.7–9.2)
20 mM phosphate (pH 8.0)

[93]

[92]

[94]

Antibacterial Agents
Chicken, fish, and
Quinolones
pig

SPE

Fish

Tetracyclines

Extraction

Milk and meat

Sulfonamides

Extraction

Food
Pesticides
Wheat
Orange, lemon,
fruit juice, grape,
tomato, and lettuce

Miscellaneous

30 mM boric acid (pH 9.0) with (a)
0% acetonitrile, (b) 5% acetonitrile, and (c) 10% acetonitrile;
injection, 50 mbar for 8 s;
separation voltage, 20 kV; capillary
temperature, 25°C; and DAD
detection at 280 nm
20 mM boric acid–10 mM
monosodium phosphate, and
concentrated orthophosphoric acid
(adjusted to pH 2.7)
35 mM Na3PO4–H3PO4 (pH 6.5),
25 kV, and 25°C

[95–97]

[87]

[98]
[92,100]

Dithiocarbamates
Fungicides

[101]
[90]

Extraction

Plant Growth Regulators
Potatoes and onion

Maleic hydrazide

Extraction

Cereal, wine, and
beer

Protocatechuic acid, salicylic acid,
p-hydroxybenzoic acid, vanillic
acid, syringic acid, p-coumaric
acid, ferulic acid, and sinapic acid

From cereal samples by sonication
with methanol and from wine and
beer samples by SPE with C18
cartridges

10 mM sodium phosphate with
40 mM cholic acid (pH 7.0)
125 mM boric acid, 49 mM
disodium hydrogen phosphate,
0.002% (w/v) hexadimethrine
bromide, and 2.5 mM
α-cyclodextrin (pH 7.5)

[102]
[103]

(Continued)
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Table 26.4 (Continued)
Selected CE Applications of Food and Beverage during 1995–2013
Sample

Analytes

Sample Pretreatment

Authenticity of
guarana

Catechin and epicatechin

Leaves of
Eucommia
Ulmoides

Quercetin, rutin, quercitrin,
myricetin, flavon, d-C, epicatechin,
protocatechuic acid, ferulic acid,
caffeic acid, and chlorogenic acid

Chili powder

Banned Sudan dyes

The guarana seeds were ground in a
pebble mill (MM
Retsch, Haan, Germany). An
amount of 50 mg was mixed with
5 mL purified water and filtered
through a 0.45 μm regenerated
cellulose syringe filter (IVA). The
extract was used for the capillary
electrophoretic analysis. The same
procedure was applied to guarana
powder extract
Flavonoids and phenolic compounds
were isolated from the dried and
ground olive leaves of Eucommia
Ulmoides by four methods: (1)
Analytes were extracted with a
mixture of boiling water–methanol
(30:70 v/v) for 30 min and
thereafter at ambient temperature
for 12 h. (2) Analytes were
extracted with boiling water alone,
as in step 1. (3) Analytes were
isolated from 3.5 g of leaves by
Soxhlet extraction with acetone–
dichloromethane for 20 h. (4)
Supercritical fluid extraction (SFE)
was applied to 1.0 g of the powder
that had been modified with methanol–water (2:1 v/v). SFE was
applied at 40.5 MPa and 120°C,
with CO2 being used as the
supercritical fluid at a flow rate of
1 mL/min. The extraction was
done for 15 min in the static mode
and then for 25 min in the dynamic
mode. Extracts were collected into
3.5 mL of acetone, and placed in a
7.5 mL glass screw-top vial. All
extracts were filtered and marker
compounds were added to the
filtrate, which was used as the final
sample.
Powder diluted into acetone

Milk
Biological Toxins
Roasted coffee,
corn, and feed
Apple cider

Melamine

Dilution with BGE

Ochratoxin A
Patulin

Silica column and an immunoaffinity cleanup column
Filtration

Corn and feed

Aflatoxins

Corn and peanuts
Meat

Cholera toxin A
Staphylococcus aureus, Listeria
monocytogenes, and Salmonella
spp.

SPE and concentration
(C18 column)

Extraction

CE Details

References

0.1 mol/L borate buffer (pH 8.5)
with 12 mmol/L
(2-hydroxypropyl)-γ-cyclodextrin
as the chiral selector

[104]

30 mM sodium dihydrogen
phosphate and 30 mM disodium
hydrogen phosphate (pH 7.00)
30 mM disodium hydrogen
phosphate (pH 8.85)

[60]

5 mM borate (pH 9.3)–20 mM SDS,
organic solvents (methanol,
ethanol, acetone, and acetonitrile,
18% v/v)
0.125 mol/L acetic acid solution

[105]

[106]

20 mM sodium phosphate (pH 7.00)

[107]

0.2 M sodium tetraborate solution–0.1 M SDS (pH 9.0)
50 mM SDS, 7 mM γ-cyclodextrin,
5% acetonitrile, 10 mM of
NaH2PO4, and 6 mM Na2B4O7
(pH 8.02)

[108]
[109]

[77]
[110]

(Continued)
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Table 26.4 (Continued)
Selected CE Applications of Food and Beverage during 1995–2013
Sample

Analytes

Sample Pretreatment

CE Details
SDS-Gel Molecular Weight
Analysis kit (Beckman Colter Inc.)
contains a hydrophilic polymer
providing a sieving range from
10,000 to 2,25,000 Da
20 mM sodium tetraborate (pH
9.0)–15% acetonitrile

Food

γ-Irradiated food pathogens
protein composition

Bacterial culture was quickly chilled
in an ice/ethanol bath
Cells were harvested by centrifugation for 15 min at 8670 g at 4°C

Poultry feeds, flour
of maize, grain,
cereal, fibrous
biscuit, popcorn,
and rice
Corn and durra

Zeralenone

Extraction

Endocrine-disrupting pesticides

Extraction

Sea urchin and sake

Fat products and
margarine

Various food
materials

20 mmol/L Na2HPO4 + 50 mmol/L
SDS + 5% acetonitrile (pH 9.0)
20 mM PDC and 0.5 mM CTAH

Inorganic anions, organic acids,
amino acids, nucleotides,
carbohydrates, and other anionic
compounds
CAM enantiomers

Extraction

Citrate/MES buffer (6.0), neutral
chiral kit (Analis, Belgium), and
200 mM Tris-borate solution
(pH 8.2)

14 organic acid anions

Solid–liquid extraction (SLE)

20 mM 2,3-pyrazine dicarboxylic
acid (2,3-PDC)–1.5 mM
BaCl2–0.3 mM (OFM-OH)
(pH 8.09)

Repeatability is the most important factor in CE, to get confidence on the identification of compounds.
The significance of sample pretreatment is crucial, since no
method is universally available for all types of materials. Sample
preparation is an essential part of any solid material to get
studied compounds into liquid by extraction. As to chromatographic analyses, the electro-aided separations have different
kinds of guidelines for sample preparation of different matrices.
However, when the compounds studied are known, their isolation from various kinds of matrices is usually similar. Table 26.5
contains selected examples of the most popular methods used in
the preparation of samples for capillary electrophoretic analyses.
Because the samples in CE should be solutions, sample preparation is needed. Most often, the studied food samples are solid
and the compounds are chemically or physically attached on the
solid materials that are often, for example, flour, bread, frozen
food products, fruits, meat, chicken, or fish. From solid materials, the compound isolation to the solvent may be done with
solid–liquid extraction, hydrolysis, maceration, supercritical
fluid extraction, or accelerated solvent extraction method. In
most cases, liquid–liquid extraction (LLE) or solid-phase extraction (SPE) are used as the extraction step to isolate especially
phenol compounds from beverages and alcoholic drinks, such
as wines [22].
Juice from the structure of cells is not released mechanically, while sample preparation is needed. As an example, in
blackberry juice production, the berries are grinded, treated

References
[111]

[112]

[113]

Heli Sirén
and Päivi
Karppinen
Ordior,
Finland,
own
results
Stella
Rovio and
Heli
Sirén,
own
results

enzymatically, and crushed. Thereafter, the aroma compounds
are separated; the juice is brightened and filtered before compression. Commonly, enzymatic treatment is used to decompose pectin. The method increases the recovery of juice and
similarly increases the concentration of antioxidants. Pectin
is a polysaccharide origin from the plant’s nonligneous parts.
When berries ripen enzymes, the hydrolyzing pectin is released
and the structure of berries is weakened. The same enzymes
and pectinases are used for sample preparation. In addition to
enzyme treatment, increased temperatures are used, such as
40°C–65°C. As an example, Ehala et al. [23] have used 50 g
bilberries in their method, which have been extracted into
100 mL of methanol–water (70:30 v/v) solution (cont. 1% HCl
and 20 mg/L ascorbic acid). Flavonoids in the treated liquid
sample were analyzed in CE.
When the sample is solid such as chili powder, manufacturing processes in different countries (product safety, manipulation) can be compared after using a similar sample pretreatment
and determination with CE (Table 26.4). Documentation of the
sample preparation processes must be very specific to rely on
the method and to reuse the procedure for other similar samples.
Colorants used in chili are measured from powder with acetone
by extraction. In that case, the solid material should be as homogeneous as possible to represent the main samples and the solvent
volume should be high enough to prevent saturation. In real sample analyses, the migration of the studied compounds is always
verified by spiking.
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Figure 26.3 Concentration techniques in CE. (Siren, H. Lectures on Capillary Electrophoresis, Ordior, 2005, modified from Zhang, C.X., Thormann, W.
1998. Anal. Chem., 70 (3): 540–548; Xu, Y. et al. 2006. J. Chromatogr. A 1115: 260–266; Macià, A. et al. 2004. Electrophoresis 25 (3): 428–436; Kitagawa,
F., Otsuka, K. 2014. J. Chromatogr. A, 1335: 43–60.)

Table 26.5
Typical Sample-Processing Steps for Food and Beverages before
CE Determination
Pretreatment
Extraction

Cleanup

Concentration

Derivatization

Plant-Derived Food and Beverages
Filtration, dilution, centrifugation, grinding, precipitation, homogenization, freeze drying, pH adjustment,
acid or base hydrolysis, enzymatic treatment, protein
precipitation, and fixation
LLE, SPE, SLE, supercritical fluid/subcritical extraction
(SFE/sub-CE), Soxhlet/Soxtech extraction, ultrasoundassisted extraction (UAE), microwave-assisted
extraction (MAE), or their combinations
SFE, membrane extraction, chromatographic extraction,
distillation, and so on
Solvent evaporation, adsorption, and chromatographic
treatment
Detection-specific complex formation or organic synthesis

26.11 Selected Applications
Processing and storing of food may influence on undesired
changes in its composition. The development of analytical separation methods to measure these modifications of food chemical composition to guarantee the product safety and quality is of
importance. Excessive addition of preservatives such as sorbic
acid (SA), benzoic acid, and their salts may induce allergic contact dermatitis, convulsion, and hives.

26.11.1 Carbohydrates
Carbohydrates are nonionic compounds. In CE, at least, they can
be detected with two methodologies using UV/VIS spectrophotometry, with either direct or indirect UV detection modes. Earlier
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in CE, monosaccharides were usually measured at the very low
195 nm wavelength, but the detection was disturbed with chemicals in BGE in direct UV detection measurements. To enable resolution between the neutral compounds, alkaline borate electrolytes
have become popular for in-line synthesis of borate–saccharide
complexes. In tetraborate electrolyte solution, detection of carbohydrates is considerably improved by the formation of the complexes.
Lately, indirect UV absorption measurements have been developed
to use chromophores such as SA and 2,6-pyridinedicarboxylic acid
(2,6-PDC) in BGE [24]. Since indirect UV methods are not as sensitive as the direct methods, studies on the use of very highly alkaline
sodium phosphate solution have been done with a great success.
The BGE gives excellent sensitivity for ionized sugar acids, monosaccharides, and disaccharides in food analyses [25–28].
Polysaccharides, that is, polymeric carbohydrates are often amorphous (shapeless) and they may not be soluble in water. Especially,
therefore, the basin of the matrix for the food product is important,
since processing degrades polymeric forms to monosaccharides,
sugar acids, and organic acids. In brewing and food industries, the
most important carbohydrates are glucose, fructose, saccharose,
maltose, lactose, raffinose, and stachyose. The origin of glucose in
the foodstuff is hydrolysis of starch and inversion of saccharose.
Saccharose degrades easily to glucose and fructose in acidic conditions and at elevated temperatures. It is the basin from root crops
and fruits. Similarly, fructose is from fruits. Maltose is the harsh
degradation product. Apples contain mannose that is converted into
glucose. Lactose is secreted to milk of mammals. Raffinose and
stachyose are found in seeds of soybeans and legumes [29].

Amp: –0.035294 Au

–0.0340

0.0340

–0.0342

0.0342

–0.0344

0.0344

–0.0346

0.0346

–0.0348

0.0348

–0.0350

0.0350

–0.0352

0.0352

–0.0354

0.0354

–0.0356

0.0356
7.5

10.0
Min

Au

Au

Time: 5.639 min

By monitoring of food processes via carbohydrates, it is important to find out process activity or follow the process pathways
directly. Especially, beverages contain natural and/or artificial sugars (added to the product) that should be within specification or
follow writs for legislation of food products. The composition may
be monitored with various CE techniques (Table 26.4).
Noteworthy is that inorganic ions and organic acids as impurities may influence on the quality of carbohydrates. A CZE
method has been developed and used to a good effect for characterization of the ions and acids in white sugar and wine samples,
which were taken from various stages of the manufacturing processes [30]. Especially, the versatile monitoring possibilities of
wine production with CE should inspire more research groups to
use CE more frequently in multicomponent-screening purposes
[31–33]. Monosaccharides have also been analyzed from plant
fibers [34], beverages [35], and honey samples [36]. In the latter
two studies, the electrolytes differed from those frequently used.
In Reference [35], a mixture of 98 mM NaOH and 120 mM NaCl
solution was used for direct UV detection via the formation of an
absorbing intermediate in the detection window by photooxidation of fructose, glucose, lactose, and sucrose. On the contrary,
in Reference [36], the electrolyte was composed of 20 mmol/L
SA, 0.2 mmol/L CTAB, and 40 mmol/L NaOH (pH 12.2) for
fructose, glucose, and sucrose. Although the electrolytes are not
buffering the BGE solution, they have convinced to give repeatable separation and high intensity for the sugar compounds due
to the full ionization of the molecules. Figures 26.4 and 26.5
show the effect of BGE composition that is shown in analysis

12.5

Figure 26.4 Electropherogram of seven monosaccharides. Compounds from left to right: Glucuronic acid, galacturonic acid, mannose, rhamnose, glucose, galactose, and fucose. Each has a concentration of 100 mg/L. The separation method is based on indirect UV detection using 2,6-pyrazinedicarboxylic
acid as a BGE containing TTAH (pH 12.2). Detection: UV at 350 nm (high resolution) with reference wavelength at 220 nm. Voltage: +30 kV (reverse polarity)
and temperature: 20°C (in cartridge and sample). (Separation of monosaccharides with capillary electrophoresis, Lotta Salminen, Heli Sirén, Stella Rovio,
Kaija Luomanperä, and Pertti Vastamäki, Poster presentation, Finnish Chemical Congress, Helsinki, Finland, 2006, original.)
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Figure 26.5 Profiling of carbohydrates. Electropherogram of sucroce, glucose, and fructose in a commercial juice. The first peak is a system peak. BGE:
36 mM Na2HPO4 ⋅ 2H2O and 130 mM NaOH. Direct UV detection at 270 nm. (Sirén, H., own studies, unpublished data. Related data from Rovio, R. et al.,
2011. Food Chem. 124:1194–1200.)

time. In addition, separation distance has an extraordinary effect
on the analysis time. The prolongation with a few centimeters
may move detection at 45 min, but in the shorter one, it may be
at 15 min. Noteworthy is that usually, the separation efficiency is
better in the longer capillary.
Product specification can be assured by CE separation (Table
26.6). Therefore, prior to analysis the samples may need dilution even to 1:50 or 1:100 v/v. As mentioned in Chapters 7 and
8, the samples may need dilution prior to analysis as the juices
that were diluted to 1:50 or 1:100 v/v. The cognac sample (Table
26.6) was diluted to 1:10 v/v with purified water (Milli-Q water).
The manipulation of the samples was suitable for obtaining separation efficiency and sensitivity enough for the determinations.
Before dilution, the juices were screened as they were to see the
matrix profile and sensitivity.

26.11.1.1 Processing of Drinks
5-Hydroxymethylfurfural (HMF) is formed as an intermediate product during the Maillard reaction from hexose sugars by
Table 26.6
Results of Monosaccharide Content in Some Juices

Juice
Lemon
Orange
Pineapple
Cognac

Sucrose
(mM)

Glucose
(mM)

Fructose
(mM)

Total
(g/L)

Total Sugar
Content in
Product
Specification
(g/L)

Not detected
128
150
4.9

41
149
163
6.4

38
119
116
6.9

14
92
101
4.1

Not given
110
120
Not given

Source: Modified from Stroka, J. et al. 2003. Food Addit. Contam. 20:
524–527.
Note: Separation conditions, 116 kV; detection, 270 nm direct mode;
injection pressure, 0.5 psi for 4 s; capillary, 50/60 cm (Ldet/Ltot); and
separation temperature, 15°C. Electrolyte: 130 mM NaOH–36 mM
Na2HPO4 × 2H2O, pH 12.6.

degradation and caramelization. HMF has been characterized in
heat-processed foods and treated products. It is a common compound in various kinds of plants and bioprocesses (also in woodbased processes). HMF is suggested to be toxic, mutagenic, and
carcinogenic; this is why its concentration should be controlled
to prevent long-term health risks [37,38]. HMF has been determined in foodstuffs with matrices of different nature (breakfast
cereals, toasts, honey, orange juice, apple juice, jam, coffee,
chocolate, and biscuits) at different concentration levels [38]. In
addition to it, lately, melamine has appeared to a problem in milk
production, as it is used as an additive in commercial milk, but
the overdose causes serious health risks for babies [37].

26.11.1.2 Wine Processing
Red wine is a complex fluid containing water, alcohols, acids, carbohydrates, and many organic cyclic compounds. Its authenticity
is important in respect of food quality and safety, since organic
acids and polyphenols give a characteristic taste to wine, and also
smell and therapeutic effects. Different chemicals are used to give a
scientific explanation to sources of taste profile and oral sensation.
Aldoses, ketoses, and alditols are responsible for sweetness, and
amino acids affect both bitterness and sweetness, whereas aliphatic
organic acids and minerals contribute to sour and saline taste [39].
Owing to the complexity of wine, analytical approaches that
simultaneously monitor as many compounds as possible provide
new insights into the chemical composition of wines [40].
Wine origin is distinguished by organic acids, carbohydrates, and
phenol compounds, and also, for example, by mineral composition,
amino acids, and biogenic amines. Furthermore, the knowledge of
carbohydrate and element compositions in wines is important for
persons suffering sicknesses, such as diabetes and sulfur allergy.
The alkaline aqueous solution induces ionization, mutarotation, enolization, and formation of enediolate anions of carbohydrates. The pH of the electrolyte solution used was 12.6, which
means that all the studied carbohydrates were ionized [33]. The
ionization of aldoses occurs on the hydroxyl group of C(1), which
has a pKa value of 12.3. Ketoses are ionized in alkaline solutions
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26.11.2 Organic Acids
26.11.2.1 Wine Processing
Pinot Noir red wines can be profiled by the determination of
organic acids in the wines (red wines from Patagonia [Pinot
Noir Reserva del Fin del Mundo, Bodega del Fin del Mundo,
Argentina, Patagonia, 2007] and the other Pinot Noir wine from
Switzerland, du Valais, Cave St Pierre AC Valais, Switzerland,
2007). Three analyte-specific capillary electrophoretic methods
were used, since inorganic cations, inorganic anions, organic
acids, and carbohydrates were studied to fingerprint the wines of
different geographic origin (Figure 26.6). Sample pretreatment
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Figure 26.6 Comparison of total amounts (in gram per liter) of inorganic
ions, organic acids, and carbohydrates in wine samples from Argentina,
New Zealand, Switzerland, France, Tasmania, and Chile. (Modified from
Rovio, R., Sirén, K., Sirén, H., 2011. Food Chem. 124:1194–1200.)

was needed and for CE analyses the samples were diluted at 1:20
v/v with water. (Note: Too big dilution must be avoided to prevent
changes of the wine from original, bottled wine.) Other compounds that could be identified in the electropherogram profile
were phosphate, sulfate, acetate, citrate, malate, succinate, and
tartrate. Lactate and tartrate concentrations were the highest.
The reason was obvious, since tartrate, citrate, and malate come
from the grape, whereas lactate, succinate, and acetate come
from the fermentation process (Figures 26.7 and 26.8). Lactic
acid is the major organic acid in wine and it is thought to have
a great influence on the taste [31,43]. Phosphate concentration
reflects the amount of soil phosphates. Its concentration depends
on the amount and type of fertilizers used on the vineyard. The

w6 20x

Lactic

0.010

Inorg

8

A

via a keto–enol rearrangement. The applicability of the method
is evaluated by analyzing both food and nonfood samples. These
reactions affect the molecules by converting the non-UV-absorbing compound into UV-detectable ones [32,33,35].
Aliphatic and other low-molecular-weight organic acids are
intermediates or final metabolites of many biochemical pathways
by fermentation, ethanol oxidation, as well as the products of
industrial practices. There are many ways to control and to break
fermentation in organically grown wines that influence and change
the even-tempered quality. CE can be used to monitor the natural
and artificial production methods and to find differences between
Pinot Noir red wines from different wine production countries
(Figure 26.5). In many other juices, the profiling of compounds
can be practically made with CE techniques. Tezcan et al. [41,42]
have investigated the composition of carbohydrates in pomegranate juices and Turkish honeys. The fructose and glucose carbohydrates are used to measure fructose-to-glucose ratio, which is
an important fingerprint for detecting adulteration of the products.
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Figure 26.7 Electropherogram of a red wine sample (Wine 6 in Figure 26.8) made with malolactic fermentation with yeast (MLF, diluted with water to
1:20 v/v) for monitoring of organic acids. (From S. Rovio and H. Sirén, unpublished results. See details in Sirén, H. et al. 2011. Arthur S. Peeters (Ed.) Wine,
Types, Production and Heath, Food Science and Technology, Nova Science Publishers, Inc. New York. Chapter 17, ISBN: 978-1-61470-635-9.)
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Figure 26.8 Differences in Pinot Noir red wines produced by comparing total sugar, aldehyde, organic acid, and disaccharide–sugar acid concentrations. Wine 1 natural fermentation, Wine 2 process not informed, Wine 3 biodynamic, without SO2, Wine 4 process not informed, Wine 5 microoxygenation,
Wine 6 MLF with yeast, Wine 7 wild fermentation, Wine 8 cold maceration, and natural fermentation. (Modified from Sirén, H. et al. 2011. Arthur S. Peeters
(Ed.) Wine, Types, Production and Heath, Food Science and Technology, Nova Science Publishers, Inc. New York. Chapter 17, ISBN: 978-1-61470-635-9.)

source of sulfate is sulfite, which is added to wines to prevent
oxidation and to stabilize the chemical composition.

26.11.3 Herbicides
Online preconcentration is one of the aspects of analytical
method development using capillary electrophoretic techniques
[44]. Separation of herbicides with FAEP (field-amplified sample injection and water removal using the EOF pump)–MEKC
method is shown to concentrate the analytes 3000 times compared with normal injection.
Therefore, FAEP method allows the determination of herbicides in aqueous samples at the sub-parts-per-billion level. As
an example, Figure 26.9 shows unpublished data on studies of
drinking water in Lappeenranta city area (South-Eastern part of
Finland, near the Russian border). The study was made by following the instructions of Reference 44.
The results showed that the FAEP concentration with MEKC
separation enabled characterization for the negatively charged
herbicide contaminants at parts-per-trillion level.

26.11.4 Vitamins
Neutral compounds and species cannot be separated by CZE.
Therefore, micellar electrokinetic chromatographic (MEKC)
technique is preferred in the analyses of vitamins in general, since
water-soluble vitamins contain both ionic and neutral compounds.
In MEKC, ions migrate depending on their mobility, while neutral
species are separated by hydrophobic interaction with the micelles.
A good choice for vitamin separation is tetraborate–SDS solution.
The compounds have chromophores and therefore, UV detection
at 220 nm may be used for identification [45].
When only folic acid (B9 vitamin) was measured, SDS was
not needed and CZE in alkaline borate solution containing 10%
methanol (pH 9.0) was used. However, the detection UV wavelength was very low because of the low LOD concentrations

detected. Owing to the fluorescent characteristics of riboflavin
(vitamin B2), vitamin B2 can be studied with LIF detection. The
standard for separation of vitamins B1, B2, B6, and B3 has been
published by Agilent Technology. However, they have not shown
the method in use for real samples. (Note: The analysis and the
separation are very different when optimized only for standards.
Sample analysis needs new optimization. Always use an authentic sample to prove the method [46].) B12 vitamin is identified at
a wavelength of 278 nm. Other vitamins can be measured at 214,
278, 210, 230, and 254 nm (with a photodiode array detector) by
using Analis kit (Analis 2, from Analis, Belgium).
Vitamin C has been the most often analyzed by CE [46].
Thompson et al. [47] developed an MEKC method with a sodium
deoxycholate (SDC) electrolyte to assess l-ascorbic acid in fruits
and vegetables. The total ascorbic and dehydroascorbic acids
were measured after extraction with metaphosphoric acid and
reduction of the dehydro form with 0.2% d,l-dithiothreitol. The
total ascorbic acid was estimated in various plant extracts after
reduction with homocysteine using CZE in phosphate-buffering
electrolyte hexadimetrine bromide. A 200 mM borate electrolyte
(pH 9) was used to measure ascorbic acid isomers in parsley and
mushroom treated with metaphosphoric acid extraction [48–51].
A suitable aqueous method for vitamin measurement is made of
histidine–tartrate buffer (pH 6.5), which was modified by 0.025%
HP-β-CD and 0.1 mM CTAB. The nonaqueous electrolyte needs
high ionic strength and proteins in the solution or the technique
should be microemulsion-modified MEKC method (MEEKC),
which contains 12 mM boric acid (or 3 mM sodium tetraborate),
60 mM sodium cholate, and 12 mM sodium hydroxyl in methanol
(separation temperature is +50°C and voltage is +20 kV) [46].
For instance, CE analysis of different small organic and inorganic
compounds has allowed the classification of wines from different
areas [25], the differentiation of unprocessed and processed coconut waters [52], the differentiation of different varieties of lentils
[53], the detection of adulterations of olive oils with other vegetable
oils such as soy and sunflower oils via CE analysis of trigonelline
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Figure 26.9 Separation of herbicides with FAEP–MEKC method and water removal using the EOF pump. (a) Lappeenranta city drinking water concentration 4 ppt and (b) herbicides standard concentration 20 ppt. Compounds in order: Dichlorprop ja mecoprop; online concentration with water plug (acetonitrile–water) 100 mbar × 0.5 min; sample injection at −10 kV × 1.2 min; and separation at −30 kV. Separation: Electrolyte solution 48 mM boric acid at pH
3.20 (adjusted with phosphoric acid). The solution contains 0.1% (v/v) cellulose. (From H. Sirén, S. Preis, Lappeeranta University of Technology, unpublished
own results. Method modified from Zhu, L.Y., Lee, H.K., 2001. Anal. Chem. 73: 3065–3072.)
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[54], the differentiation of organic goat’s milk from nonorganic
milk through the determination of its hippuric acid content [55], the
monitoring of lactic acid production from sorghum fermentation
[56], and the analysis of different alkaloids in beverages [57].

26.11.5 Flour
CE may be used to characterize glutenin proteins from wheat
and to determine the technological properties of wheat flours
based on a glutenin index. The index can be calculated by CE
from monitoring of protein profile. Furthermore, protein profile
gives data about baking properties of the cereal [58].
Figure 26.10 represents a comparison of Finnish wheat proteins profile and that of Italian wheat. The wheat is used for beer
brewing yielding differences in the final product. In Figure 26.9,
there are profiles of the two different wheat proteins analyzed
with the biological electrolyte (50 mM IDA + PBS–20% acetonitrile–0.05% MHEC [cellulose]).

26.11.5.1 Olive Oil
Protein profiles from olive oil were obtained by Montealegre
et al. [59] by CZE–UV. The developed method was used to carry
out the differences in olive oils. A simple extraction procedure
with cold acetone enabled the isolation of proteins from the lipid
matrix. On the other hand, a precoating polymer using a commercially available linear acrylamide-based polymer solution
was needed to avoid protein adsorption onto the inner capillary
wall and to reduce EOF. In the last decade, olive oils and in particular, the extra virgin oil has been under characterization with
CE because of phenolic compounds. Olive oils contain many
different classes of phenolic compounds and include the simple
phenols (phenolic acids and phenyl ethyl alcohols), secoiridoids,
Time: 0.000 min
Beer11., Chan B
Beer12., Chan B

Finnish
Italian
Figure 26.10 Profiling of wheat proteins in CE. Samples: (Finnish)
wheat grown in Finland, (Italian) wheat grown in Italy. 50 mM IDA (imidodiacetic acid) + PBS (8 g NaCl, 0.2 g KCl, 1.44 g Na2HPO4, and 0.24 g
KH2PO4 in 800 mL of distilled H2O. Adjust the pH to 7.4 with HCl)—20%
acetonitrile—0.05% MHEC (methyl cellulose). Instrumental parameters:
injection 5 s at 0.5 psi, no temperature control, capillary dimensions: 50 μm,
L det/L tot 50/60 cm, and detection at 195, 210, 220, and 380 nm. Profiling from
smaller proteins to larger ones. The molar masses of commercial reference
proteins were between 1000 and 3500 Da (g/mol). (From H. Sirén, unpublished results.)

and lignins. The compounds included 12 phenolic acids, tyrosol,
taxifolin, and oleuropein.
As antioxidants, they inhibit oxidation in fats and, accordingly,
the pharmaceutical, food, polymer, and rubber industries employ
them as additives. Flavonoids seem to protect tissues against the
damage caused by free radicals and possess antiallergenic, antiinflammatory, antiviral (quercetin, rutin), and anticarcinogenic
activities.

26.11.6 Polyphenolic Compounds
Phenolic compounds (Figure 26.11) inhibit the oxidative degradation of food products and are therefore used for this purpose
by the food industry. Activity of anthocyanides depends on pH
and their color varies from blue to red based on the structural
differences. In bilberry, the anthocyanides are delphinide, cyanidine, petunide, peonidin, and malvidine. Usually, they are complexed with galactose, glucose, and arabinose. From flavonols,
quercetin, myricetin, isorhamnetin, and listerine are glucosides,
galactosides, arabinosides, xylosides, and glucuronides [60–63].
All of them have also been isolated from bilberry. Laricitrin is an
O-methylated flavone, which is one of the phenolic compounds
present in red wine (http://en.wikipedia.org/wiki/).

26.11.6.1 Antioxidants
A group of tea phenolics known as catechins (Cs) have been
extensively studied by CE [22,23,61,65,66]. This is because Cs
are usually present in high concentrations in tea and can be
easily extracted into hot water, which is used for CE analysis
without any additional preconcentration. The tea Cs found are
(+)–C, (–)–epicatechin (EC), (–)–gallocatechin (GC), (–)–epigallocatechin (EGC), (–)–catechin gallate (CG), (–)–gallocatechin
gallate (GCG), (–)–epicatechin gallate (ECG), and (–)–epigallocatechin gallate (EGCG) [62–65]. Both CZE and MEKC methods have been used for their separations, but MEKC because of
the micelle SDS, is preferred over CZE because of its greater
resolving power.
In addition, MEKC method has been used in the determination of the above-mentioned tea Cs [61–65], and also caffeine
and ascorbic acid in canned green and black teas. Cs, a few xanthines, and gallic acid have been separated in 10 mM potassium
phosphate–8.3 mM sodium tetraborate– 66.7 mM SDS solution
(pH 7) [64–67]. An MEKC method with SDS and β-cyclodextrin
(β-CD) as a chiral selector enabled the chiral separation of
EGCG, ECG, GCG, EGC, EC, and caffeine in green tea [68,69].
The use of other chiral selectors other than β-CD has also been
studied [65]. More recently [70], the Cs and methylxanthines
quantitatively determined infusions in 24 green teas using a CD–
MEKC method. In this case, hydroxypropyl-β-CD (HP-β-CD)
was the chiral selector and 11 analytes (nine Cs and three xanthines). Using a phosphoric acid buffer (pH 2.9) with 50 mM
SDS, 0.8% sulfated-β-CD and 0.2% triethylamine, and five Cs
(ECG, EGCG, EC, C, and EGC) in green tea samples obtained a
fast separation with low sensitivity.
The main types of polyphenolic compounds found in wine
are hydroxybenzoic and hydroxycinnamic acids, stilbenes, flavones, flavonols, flavanonols, flavanols, and anthocyanins and
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the majority has been determined by CE and in particular CZE
[71–74]. Gil et al. [71] analyzed noncolored phenolic compounds
in a Portuguese red wine by CZE. In total, 11 phenolic compounds were separated by CZE within 15 min using a 100 mM
sodium borate buffer at pH 9.5. This CZE method was also
applied in the subsequent analysis of phenolics in port, white,
and red wines by the same group and in these instances, a similar range of phenolics was detected with comparable analysis
times of within 20 min [70,72,73]. Polyphenols in wine have also
been examined in detail by MEKC [71–85]. Lee et al. [74] have
studied phenolics and glucoraphanin very deeply in Brassica
oleracea. The separation of cis- and trans-resveratrol in wines
has been studied in many laboratories using MEKC with SDS
and SDC as the micellar phase [72–74]. The latter group also
resolved quercetin, C, and gallic acid. Sun et al. [75] developed
an efficient MEKC separation system to determine anticarcinogenic flavonoids in wines.
Flavonoids were first identified in the pigments responsible for
the yellow, orange, and red colors of flowers, and lately also from
fruits, green tea, red wine, green vegetables, seeds, flowers, and
berries.

residue in methanol. For determination of the first migrating
peaks (quercetin and myricetin), the samples were submitted to
SPE in C8 cartridges. More examples of flavonoids are listed in
Table 26.4.

26.11.6.3 Campesterol
Campesterol (CAM, Figure 26.12) is known to lower the overall
cholesterol levels. It is also thought that these plant sterols can
help reduce the risk of certain gastrointestinal cancers. CAM is
identified in a variety of natural foods, such as vegetable oils
(canola and soy oils), margarine, hot peppers, fava beans, such
as Serrano or chili peppers and eggs, Pecans, walnuts and other
kinds of nuts, and potatoes (http://en.wikipedia.org/wiki/).
In CE, steroids are challenging compounds to characterize in
food materials. There are various techniques for the separation
of steroid structure compounds. Addition of micelles in electrolytes of partial-filling techniques of various kinds of modified
electrolyte solutions in the capillary may be used to enhance

26.11.6.2 Flavonoids
Nonaqueous capillary electrophoretic separation of a group of
flavonoids (quercetin, myricetin, C, and EC) and resveratrol in
wine was investigated in methanol at high pH. Malonate BGE
(pH 13.5, ionic strength I = 14.2 mmol/L) provided highly repeatable separations of the analytes. Tests of untreated and coated
(poly[glycidylmethacrylate-co-N-vinylpyrrolidone]) capillaries
showed the analysis to be faster (6.5 vs. 25 min) and the repeatability better in the coated capillaries (40–45 runs). Determination
of the last migrating peaks (EC, resveratrol, and C) was achieved
merely by evaporating the wine samples and reconstituting the

H
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HO
Figure 26.12 CAM enantiomers structure. (From http://en.wikipedia.
org/wiki/.)
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Figure 26.13 Electropherogram of CAM enantiomer separation. Dynamic silica capillary. Polarity normal. Coated neutral capillary (50 μm, L det/L tot
40/51.5 cm, Beckman, USA). Electrolyte solution 200 mM Tris-borate–MHEC (pH 8.0). Temperature 22°C. Analyte concentration 10 μg/mL. UV detection
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sensitivity for UV detection. Other buffers used for separation
when sensitivity is not a big issue are citrate/2-(N-morpholino)
ethanesulfonic acid (MES) buffer at 6.0, chiral kit, and Trisborate (pH 8.2), or Tris-borate–methylhydroxyethylcellulose
(MHEC) (pH 8.0) (Figure 26.12). CAM enantiomers can be
separated with (1) citrate/MES electrolyte at pH 6.0, (2) chiral
kits pursed from Analis, Belgium, or (3) Tris-borate electrolyte
(pH 8.2, Figure 26.13).

mechanism is mainly based on differences in charge-to-mass
ratios. Proteins and peptides are amphoteric; therefore, they are
suited to electrophoretic analysis [77]. CE has some advantages
that are favorable in protein and peptide analyses: They are short
analysis time and minimum consumption of both reagents and
samples [78]. For understanding more about the composition and
function of proteins of organisms, the application of CE in protein
analysis increases and therefore, CE has great potential to become
one of the key tools in proteome research [20].
Several CE-based approaches have been developed for DNA
analysis in food (Figure 26.17a). These applications include, for
example, food authenticity testing and the detection of genetically modified organisms (GMOs).
Monitoring of the milk process and characterization of byproducts has been studied with a CE. Few methods based on the
use of a commercial buffer (Analis, Belgium) can be used. CE is
used for monitoring of proteins and peptide polymers at pH 2.5.
The electrolyte is useful, when the separation capillary is coated
inside with a neutral modifier. The separation methodology is
based on the use of initiator and accelerator solutions to obtain
reproducible separation. When the separation efficiency is good,
no extra pretreatment for the process samples is needed, except
filtration to minimize particles in the milk fluid.
CE is suitable for online measurements (real time). The system
can be used for optimization of the best conditions for the reactions to maximize the productive process. In addition, it may be
used for studying smell and taste defects (Figure 26.18) in food
by process monitoring at various critical steps to solve problems.
In addition, the peptide, phenolic sieves, and so on may be useful
in automatic quality control.

26.11.7 Organic Acids and Carbohydrates in Juices
Migration order of organic acids is oxalic acid, formic acid, lactic acid, malonic acid, maleic acid, succinic acid, malic acid,
acetic acid, citric acid, and glycolic acid (Figure 26.14). When
choosing the electrolyte composition, compromises to the buffering chemicals are to be made. The addition of metal salt to
the BGE effects on the late separating compounds by improving
their baseline separation, but then unfortunately the first coming
compounds have low separation efficiency. However, to separate
acids and carbohydrates in vegetable juices very alkaline phosphate BGE is needed. The BGE with high ionic strength is suitable also for conductivity detection (Figures 26.15 and 26.16).

26.11.8 Proteins and Peptides
Protein and peptide analyses are routinely performed using
reversed-phase liquid chromatography. The proteins separation is
based on hydrophobicity differences between peptides or proteins
(Figures 26.17 and 26.18). Recently, CE has increasingly been
used for protein and peptide analysis [77]. In CZE, the separation
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Figure 26.14 Electropherogram of organic acids standard for monitoring of commercial juices. Separation in 20 mM 2,3-PDC–1.5 mM CaCl2 × 2H2O–
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Figure 26.17 Separation of (a) plant DNA and (b) wheat proteins with CE. UV detection: BGE in (a) glutamic acid (pH 6.5) and (b) phosphate-
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Figure 26.18 Electropherogram separation of peptide trimers with CE. Peptides processed from milk during cheese production. UV detection at 214 nm.
VPP (valine-proline-proline) and IPP (isoleucine-proline-proline) calibrations made at a concentration range of 8–80 μg/mL (VPP: y = 208.53 × −361.42;
IPP: y = 212.62 × + 141.74). On the basis of calibrations, the amount of VPP is 18.1 ppm and that of IPP is 11.9 ppm; neutral capillary; commercial pH 2.5
electrolyte solution (Analis, Belgium). (From H. Sirén, P. Karppinen, unpublished results.)
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26.12 Concluding Remarks
In this chapter, a brief overview on the versatile capabilities of
CE in the characterization of food and beverages is compiled. In
addition, some methodologies to screening of the products after
isolation of the main compounds profiling the original product
are presented. This chapter does not give very detailed information on procedures used for the CE separations, but gives directions to use the electro-aided system with suitable modification
of the electrolytes for automated measurements. It contains a
table on selected food applications published in literature.
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27.1 Introduction
Electrophoresis separates charged molecules by using an electric
field. Thus, during the separation, charged molecules of different
sizes, in an electric field, will migrate at different velocities and
thus will be separated. Electrophoresis can be divided into two
types: (a) free solution electrophoresis (capillary electrophoresis)
and (b) supporting medium (e.g., paper, gel, and film) electrophoresis. This chapter will focus only on isoelectro-focusing (IEF)
electrophoresis, gel electrophoresis, and Western blot analysis.
The use and applications of these bioanalytical tools in food
analysis and research will be discussed.

27.1.1 Isoelectro Focusing
27.1.1.1 Principle of the Technique
IEF is a bioanalytical technique that allows the separation of
amphoteric molecules such as the case of proteins, biopolymers,
and other low-molecular-weight substances. It is based on the
relationship between the isoelectric point (pI) of a molecule or
charge (the pI is defined as the pH at which the net charge of a

protein is zero) and the pH of the surrounding media. IEF relies
on the differences in the electric charge of proteins given their
amphoteric character. Depending on the pH of the environment,
proteins will change their charge. Separation is then accomplished by applying an electric current to a pH gradient. Thus, if a
protein is in a pH region below its pI, it will be positively charged
and will migrate toward the cathode. When proteins reach their
pI, they will stop migrating and are said to be “focused.” The
pI besides being a key property of a protein or amphotere, it
also represents a physicochemical constant of a protein given its
amino acid composition and conformation (Stoyanov, 2012).

27.1.1.2 Main Applications
The main application of this bioanalytical technique is for the
separation of complex mixtures of proteins, and as prefractionation and a preparative analytical technique.
The different IEF-existing techniques are classified based on
how the pH gradient is generated: “natural” and “artificial” pH
gradients (Stoyanov, 2012). “Natural” pH gradients due to their
self-organizing capabilities can withstand the action of an electric
current for a long time. There are no main differences between
521
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the pH gradient formed with the carrier ampholytes (CAs) and the
highly nonlinear pH gradients due to electrolysis of salts, bases,
and acids (Stoyanov, 2012). “Artificial” gradients, on the other
hand, can be destroyed if an electric field is applied. Separation
only becomes possible if “focusing” happens faster than the gradient distortion (Stoyanov, 2012). Immobilized pH gradient (IPG)
is a special type of artificial gradient, in which a mixture of concentration gradients of acids and bases provide the desired buffering capacity over a pH range. However, strictly speaking, they can
resist the application of a current indefinitely, and for the formation of the gradient, the electric field is not needed. It would be
more appropriate to refer to IPG as a hybrid IPG–CA pH gradient
since predried strips for reconstitution need 0.1%–0.5% of CAs.
Thanks to the introduction of IPG gels with a plastic backing, the
so-called strips instead of tubes of CAs in the mid-1990s, superior reproducibility, resolution, and loading capacity is possible
(Penque, 2009). For extensive and detailed information on IEF
and IPG technology and its evolution over the years, the reader
is referred to Righetti and Bossi (1997), Görg et al. (1999, 2000,
2009), Gianazza and Righetti (2009), and Stoyanov (2012).
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27.1.1.3 Instrumentation

Figure 27.1 Fractionation of peanut proteins based on liquid-phase IEF
in a Rotofor system. A pH gradient for the pI range 4–6.5 was used and 20
fractions were collected. The aim of the fractionation was to concentrate
the Ara h 2 allergen (pI 5.1–5.2 and molecular weight [MW] 17–20 kDa).
Enrichment of this allergen was observed in fractions 13 and 14 as revealed
by one-dimensional electrophoresis and further confirmed with MS analysis.

In principle, IEF can be performed on a gel strip or on a liquid- phase medium. The procedure itself is very simple. For
liquid- phase IEF separations, the protein sample needs to be
mixed with the desired pH range CA mixture or carrier buffers
in a focusing cell. An electric field is applied to the focusing cell;
thus, proteins will migrate to the position corresponding to their
pI (Issaq et al., 2002). There are several IEF devices/instruments
that can separate a mixture of proteins in a liquid-phase medium:
(i) Rotofor® cell apparatus, (ii) multicompartment electrolyzer
with isoelectric membranes, (iii) recycling IEF (RIEF), and (iv)
free-flow IEF (FFIEF). The Rotofor system either in the micro
or preparative versions, allows to separate proteins based on IEF
by using a focusing cylindrical chamber divided into 10 compartments (one per fraction). After focusing, each fraction can
be independently collected using a vacuum-assisted system (Yao
et al., 1999). Figure 27.1 provides an example of the use of the
liquid-phase IEF in a Rotofor system for the enrichment of certain target proteins.
IPGs appeared in the 1970s as an alternative to the limitations
of CA IEF (Görg et al., 2009). IPG strips of different lengths
(e.g., from 7 to 24 cm) and wide ranges (e.g., IPG 3–12), medium
(e.g., IPG 4–7, 5–8), and ultranarrow or zoom pH ranges (e.g.,
IPG 4.9–5.3) can be casted in an acrylamide gel matrix copolymerized with the pH gradient, which results in completely stable
gradients except for the most alkaline (>12) pH values. The IPG
is obtained by the continuous change in the ratio of Immobilines.
An Immobiline is a weak acid or base defined by its pK value
(Görg et al., 2009). For narrow-range alkaline IPG gels (e.g.,
9–12) to improve the stability of the gel matrix, acrylamide is
substituted by N,N′-dimethyl acrylamide (Görg et al., 1997,
2009). IPG dry strips are commercially available in different formats (e.g., pH ranges and separation length) from different suppliers. Ready-made IPG strips have significantly contributed to
the widespread use of two-dimensional electrophoresis (2-DE) in
proteomics. The protein sample can be applied by “in-gel rehydration” or by “cup loading.” Before IEF, the IPG strips need

to be rehydrated with a buffer containing urea/thiourea, nonionic detergent, a reductant, and small amounts of CAs (Görg
et al., 2009). Sample introduction in the IPG gel strip by “ingel rehydration” instead of “cup loading” is not recommended
for very high molecular weight, alkaline, and hydrophobic proteins. Instead, “active rehydration” is recommended that consists
of applying low voltages during reswelling. For “cup loading”
sample application, the IPG dry strips are first reswollen with
a rehydration buffer and then, 50 µL or more of a sample are
applied via disposable plastic cups onto the surface of the IPG
strips. Samples are applied at the pH extremes; for better results,
application near the anode has proven to be superior in most
cases (Görg et al., 2009).
The IEF-running conditions (voltage, current, and time) are
going to be dependent on the protein sample amount, volume,
and the presence of sample conductivity (e.g., due to the presence
of salts and CAs). In general, it is recommended not to exceed the
voltage of 150 V and 50 µA per IPG strip during the initial phase
(1–2 h) to ensure proper sample entry into the gel. Afterward,
it is possible to reach high voltages up to 12,000 V since salt
ions already have migrated toward the electrodes. Temperature
is very important in IEF to guarantee reproducibility. The total
number of volt hours needed to complete steady-state IEF in IPG
strips will be thus dependent on the pH gradient (wide or narrow),
separation distance, and the total amount of protein loaded onto
the IPG strip (Görg et al., 2009). Further steps such as equilibration of the IPG strip after IEF for subsequent 2-DE analysis is
out of the scope of this section, but for more detailed information
on that aspect, the reader is referred to Choe and Lee (2000) and
Görg et al. (2009). Commercially available IEF performance of
devices for IPG strips have been tested and compared previously
(Choe and Lee, 2000) from different vendors (Biorad—Protean
IEF cell, GE Healthcare—IPGphor, etc.) but results should be
carefully interpreted.
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27.1.1.5 Pros and Cons
One of the main advantages of using liquid-phase IEF is the
possibility to fractionate a protein sample mixture according to
its pI in a nongel medium. This can allow further separation or
analysis by using other separation or identification techniques
such as gel electrophoresis, or MS after the removal of ampholytes from the sample since they interfere with MS analysis. The
disadvantage of liquid-phase IEF is that high concentrations
of neutral proteins when focused at their pI precipitate from
the solution; thus, overlapping between fractions is observed.
Another disadvantage of liquid-phase IEF is that the ampholytes
used to establish the pH gradient are not compatible with subsequent analysis such as electrospray ionization–mass spectrometry (ESI–MS). Hydrophobic proteins are not either completely
solubilized in the starting sample to be loaded for liquid-phase
IEF or they are lost during focusing when they reach their isoelectric pI (Issaq et al., 2002).
The main advantages of using IPG technology are improved
reproducibility in charge separation, greater quantities of protein can be loaded using different approaches (e.g., cup loading or in-gel rehydration), the possibility to focus proteins for a

27.1.2 Gel Electrophoresis
27.1.2.1 Principle of the Technique
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Gel electrophoresis is a bioanalytical technique whereby
charged molecules in a gel matrix are separated by applying an
electric field (Lumpkin et al., 1985). Thus, charged molecules
will migrate toward an opposite charge based on the molecular size (e.g., different size molecules will migrate at a different velocity and thus will be separated) (Figure 27.2). Gel
electrophoresis uses different gelatinous materials as the support matrix (e.g., agarose, acrylamide, cellulose acetate, starch,

Ara h 2

The commercial availability of precast IPG gels from narrow to
broad IPG ranges allows a wide range of choices for gel-based
applications. Commercially available multiple narrow- overlapping IPG strips with extended separation distances allow the resolution of multiple protein species that would otherwise appear
all together in single spots.
Preparative large-scale isoelectric trapping by recursive
electrophoresis in a compartmentalized system has been proposed as a novel idea (North and Vigh, 2011a, b). A preparative
approach based on IEF and termed OFFGEL® electrophoresis
was introduced in 2002 by Ros and colleagues and used extensively (Heller et al., 2005; Michel et al., 2006; Waller et al.,
2008). In this approach, a frame containing several identical
dimension wells is placed over a hydrated IPG gel; thus, the
pH gradient is divided between the wells but connection is not
lost through the whole gel (Tobolkina et al., 2012). A buffered
sample solution is applied on top of the gel in each individual
well and a perpendicular electric field is then applied to the
direction of the flow. Neutral proteins (those with a pI close
to the pH of the gel in contact with the flow chamber) stay in
the solution due to the buffering capacity of the IPG gel, and
they will not be extracted by the applied electric field. On the
other hand, other proteins will be charged when approaching
the IPG gel and are extracted into the gel by the electric field
(Ros et al., 2002). The main beauty of this technique is that
fractions can be easily coupled to other analytical techniques
such as mass spectrometry (MS). Off-gel electrophoresis has
found multiple applications and uses in proteomics and multidimensional separations. Recently, a more sophisticated version
called the segmented field OFFGEL electrophoresis has been
introduced by Tobolkina et al. (2012). Improved protein separation is achieved by introducing a multielectrode setup in the
off-gel electrophoresis approach that helps with a more efficient
application of the electric field.

longer time with less risk for cathodic drift and electroendosmosis, and the possibility to tailor-made pH gradients for a particular group of proteins (Choe and Lee, 2000; Görg et al., 2009)
in terms of different pH ranges from acidic to basic extremes
and in terms of separation distance. Still, the separation of very
alkaline, low-abundant, and very hydrophobic proteins remains
a challenge.
IEF, in the liquid phase or in the gel plays an important role in
protein research. IEF, based on IPGs serves as the first-dimension
separation in 2-DE and as a separate dimension or prefractionation technique as part of the so-called “multidimensional separations” (Stoyanov, 2012). The idea of carrying out a 2-DE with
an inverse sequence now becomes possible with the invention of
the new method of non-sodium dodecyl sulfate (SDS) separation
(Stoyanov, 2009). It is based on the idea of using IEF last, since it
gives higher zone compression (Stoyanov, 2012). In inverse electrophoresis, separation based on the molecular size is carried out
with gels with a high-porosity density and constant immobilized
charge (Stoyanov, 2012).

Ara h 1

27.1.1.4 Recent Advances

7
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Figure 27.2 SDS-PAGE one-dimensional gel electrophoresis of peanut
proteins and 16-min baked cookies incurred with 100,000 peanut proteins/g
matrix. A total of 5 μg proteins were loaded per lane and visualized with
silver staining. A molecular weight standard of 3.5–260 kDa (SDR) was run
in parallel. (Reproduced from Pedreschi, R., Nørgaard, J., Maquet, A. 2012.
Nutrients 4: 132–50, open-access source.)
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etc.). The speed of separation will be influenced by different
factors such as density, pore size, matrix viscosity, temperature,
and buffer strength.

27.1.2.2 Main Applications
The two most common gel media for electrophoresis are agarose
and polyacrylamide. Nucleic acids can be separated either in agarose or polyacrylamide gels. The matrix to be chosen is highly
dependent on the length of the nucleic acids and if the nucleic
acid is single or double stranded. Thus, single-stranded deoxyribonucleic acids (DNAs) (e.g., oligonucleotides) require polyacrylamide while long (>100 bp) double-stranded DNAs require or
are best resolved on agarose gels. Limiting mobility is observed
(molecules longer than 25,000 bp but shorter than 2,000,000 bp
will move at the same rate). To circumvent this limitation, in the
mid-1980s, methods that involved periodic reversal of the polarity in the electrical field were introduced, allowing even the large
molecules to make U turns in the gel and thus could be separated
(Carle et al., 1986). This method is referred to as field inversion gel
electrophoresis (FIGE). The main advantages and disadvantages
of agarose as the gel matrix have been summarized by Barril and
Nates (2012) and are presented in Table 27.1.
Polyacrylamide gels are obtained as a result of polymerization of acrylamide monomers into long chains and cross-linking
the chains with a bifunctional compound (e.g., N,N′-methylene
bisacrylamide). Polymerization is catalyzed by ammonium
persulfate or riboflavin and it is accelerated by N,N,N,N′tetramethylethyldiamine (TEMED). The effective pore size of
the gel determines its sieving properties. As the concentration
of the acrylamide increases, the effective pore size decreases
and thus, the ability to resolve smaller molecules increases. The
effective pore size of polyacrylamide gels is much smaller than
the ones of agarose, being ideal for the separation of nucleic acids
in the size range of oligonucleotides.
SDS polyacrylamide gel electrophoresis (PAGE), better known
as SDS-PAGE (denaturing conditions) is extensively used for protein analysis. Proteins are denatured in a sample buffer containing
urea/thiourea and SDS excess to eliminate the intrinsic charges of
proteins and charge them negatively. Thus, secondary and tertiary
structures of proteins are eliminated and after the reduction of
disulfide bridges between cysteines, the electrophoretic mobility
of proteins is solely dependent on molecular weight. Given the
Table 27.1
Advantages and Disadvantages of Agarose Gel Electrophoresis
Advantages
•
•
•
•

Gel medium—nontoxic–natural
Fast and easy-to-cast gels
Good for separation of large DNA molecules
Samples can be recovered by melting the
gel, enzyme digestion of agarose, or by
using chaotropic salts

Disadvantages
• Agarose is very
costly
• Fuzzy bands
• Low-molecularweight molecules
are poorly separated

Source: From Barril, P., Nates, S. 2012. Gel Electrophoresis—Principles and
Basics. Magdeldin, S. (Ed.), 3–14. InTech: Croatia. Available from:
http://www.intechopen.com/books/gelelectrophoresis-principles-andbasics/introduction-to-agarose-and-polyacrylamide-gel-electrophoresismatrices-with-respect-to-their-detect.

different particle sizes of the separating acrylamide gel, smaller
proteins will move faster than larger molecules. Polyacrylamide
gels of different compositions are largely used for the large-scale
separation of proteins either by one-dimensional electrophoresis
or in gel-based proteomics in the second dimension. The advantages and disadvantages of PAGE have been summarized by
Barril and Nates (2012) and are presented in Table 27.2.
The separation of nucleic acids by agarose and proteins by
PAGE is dependent on the effective maintenance of pH within
the matrix and on the ionic strength of the electrophoresis buffer
used during the separation. Gel electrophoresis in native conditions separates by size and charge (charge/mass) being suitable
for separations of protein complexes in vitro, for example, by
running native in the first dimension and denaturing in the second dimension (Miller et al., 2010). Native one-dimensional electrophoresis makes use of nonionic detergents both in the sample
and in the gel phase. Both unfolding and dissociation of interacting proteins are prevented. The two protocols more extensively
mentioned are clear native electrophoresis (CNE) and blue native
electrophoresis (BNE).
Continuous and discontinuous buffer systems can be used.
For continuous buffer systems, both the identity and concentration of the buffer components are the same in the gel and the
tank. They are easy to prepare but bands tend to be broader and
are poorly resolved in the gels. Discontinuous buffer systems
employ different buffers for the tank and gel, and often two different buffers within the gel. The samples are first “stacked” in
a very narrow zone prior to separation to improve band sharpness and resolution. The gel is divided into an upper “stacking”
gel of a low percentage of acrylamide and low pH (6.8) and a
separating gel with a pH of 8.8 and much smaller pores or a
higher percentage of acrylamide (Barril and Nates, 2012). After
DNA, proteins or carbohydrates are resolved in the different
gel matrices, the different bands obtained need to be visualized
by staining with dyes (e.g., ethydium bromide dye followed by
ultraviolet [UV] visualization for DNA bands, silver staining,
Coomassie blue, fluorescent dyes, etc.) or prior labeling of the
molecules with fluorescent dyes before electrophoresis, and are
later visualized with fluorescent scanners. The commonly used
staining methods have been summarized by Reddy and Raju
(2012) and are presented in Table 27.3. Capture of the different
images for qualitative and quantitative analysis demands special
image analysis software.

Table 27.2
Advantages and Disadvantages of PAGE
Advantages
• The matrix is a stable cross-linked gel
• Sharp bands
• Good for the separation of lowmolecular-weight DNA fragments

Disadvantages
• Toxic and carcinogenic
monomers
• Gels are tedious to prepare
• New gels are needed per
experiment

Source: Barril, P., Nates, S. 2012. Gel Electrophoresis—Principles and Basics.
Magdeldin, S. (Ed.), 3–14. InTech: Croatia. Available from: http://
www.intechopen.com/books/gelelectrophoresis-principles-and-basics/
introduction-to-agarose-and-polyacrylamide-gel-electrophoresismatrices-with-respect-to-their-detect.
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Table 27.3
Common Stains Used for Visualization after Electrophoretic Runs
in Either Agarose or Polyacrylamide Gels
Stain
Amido black
Coomassie blue
Ponceau red (reversible)
Bis-1-anilino-8-naphthalene sulfonate
Nile red (reversible)
SYPRO orange
Fluorescamine (protein treated prior
to electrophoresis)
Silver chloride
SYPRO red
Ethidium bromide

Use
Proteins
Proteins
Proteins
Proteins
Proteins
Proteins
Proteins
Proteins/DNA
Proteins
DNA/RNA

Detection
Limit (ng)
400
200
200
150
20
10
1
1
0.5
10

Source: From Reddy, P., Raju, N. 2012. Gel Electrophoresis—Principles
and Basics. Magdeldin, S. (Ed.), 15–32. InTech: Croatia.

Gel electrophoresis for carbohydrate analysis, also known as
“PACE” is based on the derivatization of the reducing ends of
sugars with a fluorophore and is immediately followed by highvoltage PAGE in thin gels. The simplicity and sensitivity of this
technique make it ideal for the study of the polysaccharide structure or quantity and in the study of enzyme specificity (Goubert
et al., 2003, 2011).

27.1.2.3 Instrumentation
Instrumentation for gel electrophoresis involves: (i) electrophoresis gel apparatus, (ii) power source, (iii) cooling system, (iv)
camera/scanner/visualization system, and (v) image analysis system. Gel electrophoresis apparatus from different suppliers are
offered in different formats. A rough classification can be made
into (i) vertical and (ii) horizontal. Vertical gel electrophoresis
apparatus are generally used for PAGE and horizontal apparatus
are generally used for agarose gels, starch gels, and so on.
The power supply depends on the type of electrophoresis
used and on the gel matrix and composition used. PAGE uses
higher voltages than agarose gel electrophoresis. SDS-PAGE of
proteins is generally run under constant voltage; for many types
of denaturing PAGE, constant power or constant current is used
avoiding excess heat production during the runs that are complemented in many cases with a cooling system to avoid overheating
and reproducible running conditions.

27.1.2.4 Recent Advances
To improve the resolution of special molecules, “very high/very
low molecular weight,” “very acidic/hydrophobic proteins,” and
a series of adapted methods and gel matrices/buffer combinations are used. An active field is the development of new polymeric sieving matrices for DNA (Slater et al., 2002) and protein
electrophoresis. A more refined method for the separation of low
molecular peptides (0.5–10 kDa) based on SDS-PAGE on a shallow gradient of immobilized positive charges (0–10 mM) onto a
minimally sieving polyacrylamide gel matrix composed of 4%
T and 2.5% C has been reported by Zilberstein et al. (2007, 2008).

Advances related to the analysis of membrane proteins deserve
to be mentioned. BNE was introduced by Schäegger and von
Jagow (1991). Membrane proteins dissolved in mild nonionic
surfactants to preserve their enzymatic activity normally do not
bind properly to SDS, but if in a vertical chamber, Coomassie
blue G250 is added to the cathodal buffer under native PAGE
conditions, the dye will compete with the nonionic surfactant
bound to the membrane proteins and will impart a negative
charge to the proteins (Righetti, 2013), allowing their separation.
No denaturation of the protein will happen, and proteins will
migrate according to their charge, size, and shape during BNE.

27.1.2.5 Pros and Cons
Gel electrophoresis has been extensively used for the separation of proteins based on molecular weight and to show purity.
Proteins of similar molecular weight can overlap in the same
band and assessment of purity based only on the gel pattern
might be misleading. High abundant molecules mask detection
or visualization of low-abundant compounds.
SDS-PAGE performs poorly in the low molecular region
(1–10 kDa) not being ideal for the resolution of very-low-molecular-weight proteins and peptides; they run together with the buffer
discontinuity front (Righetti, 2013). Alternatives include the use
of linear porosity gradients such as 5%–20% or 10%–25%, but
these gels are brittle and difficult to handle not allowing recovery of the peptides for further analysis (Zilberstein et al., 2008).
The use of discontinuous gels and buffer systems proposed by
Schägger and Von Jagow (1987) allows better separation in the
range of 3–20 kDa. Thus, the resolving gel is composed of 16%
T and 6% C in a very high-mobility buffer (1 mol/L Tris) and the
cathodal glycine buffer is replaced by tricine (Schägger and Von
Jagow, 1987; Zilberstein et al., 2008).

27.1.2.6 Two-Dimensional Gel Electrophoresis
Two-dimensional (2D) separation is a nice example of coupling two
bioanalytical techniques: IEF and SDS-PAGE. It has found multiple
applications and proteomic-based studies utilize 2-DE to achieve
separation of proteins based on two properties: pI and molecular
weight. The complete workflow is displayed in Figure 27.3 and it
involves several steps such as first-dimension separation or IEF of
proteins, second-dimension separation or SDS-PAGE separation of
proteins, protein staining and visualization, image analysis, data
preprocessing, and statistical analysis to account for differentially
expressed proteins that will be further sent for MS identification.
The first dimension is run on IPG strips and used as the starting point for the second-dimension separation. Before SDSPAGE, second-dimension separation is performed, and proteins
on the IPG strip are equilibrated in an SDS excess to eliminate
the intrinsic charges of proteins. Thus, secondary and tertiary
structures of proteins are eliminated and after the reduction of
disulfide bridges between cysteines, the electrophoretic mobility
of proteins is solely dependent on molecular weight. Given the
different particle sizes of the separating acrylamide gel, smaller
proteins will move faster than larger molecules. A 2D gel containing hundreds to thousands of proteins can be resolved on a
single run as it is displayed in Figure 27.4.
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Figure 27.3 2-DE SDS-PAGE workflow. The different steps are consistently followed in gel-based proteomics applications. In the example provided,
proteins from two different conditions (healthy and brown) were extracted, separated based on IEF and SDS-PAGE, visualized with silver staining, and
analyzed with an image software analysis to assess for quantitative differences; spots of interest are excised, digested, and sent for MS identification.

Once the separation is accomplished, proteins need to be visualized. A wide range of visualization strategies exist for quantitative
analysis of the separated proteins. For extensive and detailed information about the different staining strategies and detection limits
of each visualization technique, the reader is referred to Miller et al.
(2006). Owing to the limitations of classical 2-DE, comparative
analysis in terms of high gel-to-gel variation renders quantitative
5

8

100 kDa

or differential analysis difficult, since technical and biological
variability can be confused with true treatments. To overcome this
limitation, differential gel electrophoresis technology known as
DIGE was developed (Ǘnlü et al., 1997). DIGE circumvents the
inherent variability of classical 2-DE, thus increasing the confidence in terms of detection and quantification of differences in
protein abundance and to reduce the number of gels needed in an
experiment (Alban et al., 2003; Timms and Cramer, 2008; Minden
et al., 2009). Proteins are labeled with different fluorescent dyes
(Cye 3, Cye 5, and Cye 2) before 2-DE. Thus, up to three samples
can be run on a single gel and/or a pooled internal standard can
be introduced, reducing technical variability and allowing focus
on biological variability instead. For more detailed information on
classical 2-DE and DIGE, and the next steps related to image analysis, preprocessing, and statistical analysis, the reader is referred
to Pedreschi (2013). 2-DE is widely applied in food research and it
is one of the pillars of proteomics.

27.1.3 Western Blot
27.1.3.1 Principle of the Technique
15 kDa

Figure 27.4 2-DE. Proteins were separated based on pI on the horizontal
direction and based on MW on the vertical direction. A representative gel
for pear tissue was stored under optimal conditions. Proteins were separated
via 2-DE (24-cm gel, pI 5–8, and 12.5% acrylamide) and the gel was visualized with Sypro Ruby. A total of 40 μg protein was loaded on the gel. The
in-gel rehydration method was used.

Western blot is a widely used bioanalytical technique, in which
proteins are transferred from a gel to a membrane (e.g., nitrocellulose, nylon, or polyvinyl difluoride [PVDF]) and then the
protein(s) of interest can be identified using specific antibodies
for the protein(s) (Burnette, 1981), by N-terminal sequencing or
by MS. Western blotting can be very useful when the primary
antibody, for example, only recognizes nondenatured proteins or
when the enzymatic activity or protein’s biological activity needs
to be retained for further testing on the membrane.
The technique consists of five main steps: (i) separation of the
proteins of interest by gel electrophoresis, (ii) transfer/elution
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of the proteins of interest to a membrane, (iii) saturation of all
binding sites of proteins in the membrane to prevent unspecific
binding of antibodies, (iv) incubation with the primary antibody
against the target protein, and (v) incubation with the secondary
antibody or reactives that act as ligands with the primary antibody bound to the enzyme and that can be visualized. The key
items for a successful Western blot procedure are: (i) complete
elution of the protein of interest from the gel, (ii) adsorption onto
the membrane during transfer, (iii) retention of the target protein
during processing, and (iv) the protein of interest should remain
accessible during processing to be detected.

27.1.3.2 Main Applications
Western blot is mainly used to detect low amounts of proteins
present in complex sample mixtures and/or to monitor protein
expression and yield in purification. In food analysis, multiple
applications of this technique can be found and will be discussed in the last section of this chapter. An important area of
application within the food research domain is for the detection of genetically modified organisms in different crops and
foods (Ahmed, 2002) and in food safety for allergen detection
(Chassaigne et al., 2009).

27.1.3.3 Instrumentation
The selection of the appropriate membrane for protein blotting
is important. The most commonly used membranes in Western
blotting are polyvinylodene fluoride (PVDF) and nitrocellulose. They differ not only in the physical properties but also
on their binding capacity. PVDF membranes in general retain
proteins better, have better physical strength and compatibility,
and can be used for multiple purposes (Kurien and Scofield,
2003). The commercial binding capacity for PVDF membranes
is 100–200 μg/cm2 while for nitrocellulose, it is 80–100 μg/cm2.
Larger pore-size membranes (0.45 μm) are ideal for immunoblotting applications and smaller pore-size membranes (0.2 μm)
are better for low-molecular-weight proteins and peptides immunoblotting and for sequencing applications. PVDF membranes to
be compatible with aqueous systems need to be in at least 50%
methanol, ethanol, or isopropanol.
Polyacrylamide gels of different concentrations are used to
separate the proteins according to specific characteristics. For
example, 10% polyacrylamide gels are good to separate proteins
in the range of 10–150 kDa; 4%–12% Tris-glycine gels work well
in the range of 30–200 kDa; and 10%–20% gradient gels are
appropriate to separate proteins within the range of 6–150 kDa.
For “blotting” or transfer of proteins from the gel to the membrane, thinner gels (<1 mm) are better to facilitate transfer of the
proteins into the membrane. Blotting can be carried out in three
ways: (i) simple diffusion, (ii) vacuum-assisted solvent flow, and
(iii) electrotransfer. Since electrotransfer is the most common
method used and more complete (Kurien and Scofield, 2003), we
will further elaborate this method. There are two electrotransfer
techniques:
1. Tank transfer or wet transfer: In this technique, the gel
and membrane stack is immersed completely in a buffer tank and current is applied.

2. Semidry transfer: The buffer tank is replaced by layers of filter paper soaked in buffer. The plate electrodes
are in direct contact with the filter papers. It is fast and
effective, and it takes approximately 15–45 min, being
the preferred method for blotting 2D gels.
Another key element for successful blotting is the transfer
buffer since it will provide the conductive force and will maintain protein stability. Semidry systems use a three-buffer system (Kyhse-Anderson, 1984) being: (i) anode buffer I: 0.3 M
Tris at pH 10.4, (ii) anode buffer II: 25 mM Tris at pH 10.4, and
(iii) cathode buffer: 25 mM Tris and 40 mM ε-aminocaproic
acid at pH 9.4. Addition of methanol to the transfer buffer
will not only stabilize the dimensions of the gel but will also
strip complexed SDS from the proteins (Mozdzanowski and
Speicher, 1992).
The next step is the assessment of transfer of proteins from
the gel to the blot by visualization techniques. Different dyes
are available (Ponceau S red, Coomassie Brilliant Blue R-250,
etc.) as well as fluorescent blot stains (Sypro Ruby) that provide
different sensitivity (Haugland, 2002). The last step corresponds
to protein identification by immunodetection using a specific
antibody to detect the target protein blotted on the membrane.
This is carried out by using the principle of the specificity of
antibody–protein interaction in a complex sample (Kurien and
Scofield, 2003). The standard immunodetection method includes
several steps: (i) prevents the nonspecific binding of antibodies
by blocking unoccupied membrane sites (e.g., by using bovine
serum albumin [BSA], nonfat milk), (ii) incubation of the membrane with the primary antibody, (iii) removal of any unbound
primary antibody using several washes, (iv) incubation of the
membrane with a secondary antibody that binds to the first antibody, (v) removal of the unbound secondary antibody with several washes, and (vi) incubation of the membrane with a proper
substrate that reacts with the conjugated secondary antibody
to detect the protein of interest. It is important to mention that
the antibodies used besides being specific for the target protein,
they must not be cross-reactive with components of the blocking
buffer. The antibody either mono- or polyclonal should be specific for the target protein and it should be kept in mind if it was
raised for the native or denatured form of the protein of interest.
The last step (vi), detection of the substrate is performed based
on enzyme-linked detection, in which secondary antibodies are
covalently bound to enzymes such as horseradish peroxidase
or alkaline phosphatase and this conjugated enzyme degrades
specific substrates that result in a signal. These substrates can
be chromogenic, chemiluminescent, and fluorescent. The main
advantage of using fluorescent detection is that blots can be reimaged at any time given the stability of the fluorescent signal
and that multiplex detection is feasible.

27.1.3.4 Recent Advances
Different commercially available membranes can be tailored to
specific applications, for example, if target proteins are of high
molecular weight or low molecular weight and if 100% protein capture/binding is necessary. Otter et al. (1987) described
a method to optimize the transfer of proteins lower than
20,000 kDa and higher than 400,000 kDa by supplementing the
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transfer buffer with 0.01% SDS and 20% methanol and by applying the electrical field in two phases.
Advances related to multiplex detection of different protein
targets in a given blot or membrane is feasible thanks to the
introduction of fluorescent detection. A relatively new method
for the detection of proteins from Western blot is the use of MS.
The membranes are first stained with compatible MS dyes and
then, the band of interest is cut off, digested, and the peptides
generated are extracted and submitted to MS analysis (Bunai
et al., 2003). Another approach, referred to as “chemical printing” (Sloane et al., 2002) includes the transfer of proteins from
2D gels to PVDF membranes, visualized and digested directly
onto the spots. The membrane is sprayed with the matrix and
analyzed by matrix-assisted laser desorption ionization–time-offlight mass spectrometry (MALDI–TOF MS) and protein identification is revealed by peptide mass fingerprinting.

27.1.3.5 Pros and Cons
Small peptides, very hydrophobic, tend not to elute from the
membrane as good as more hydrophilic peptides, and this might
be a problem after performing peptide digestions. The addition
of Ca2+ tends to alleviate the problem (McKeon and Lyman,
1991). Also, the sample containing small peptides, can suffer the
problem of too rapid migration of the peptides; thus, the equilibration of the gel in the transfer buffer should be limited.
High-molecular-weight proteins in the absence of SDS might
show solubility issues; thus, the use of small amounts of SDS
(0.05%) in the transfer buffer might be beneficial for this particular type of proteins. A higher blotting time (Erickson et al.,
1982) as well as the use of gels composed of agarose and polyacrylamide containing SDS and urea have been recommended
(Elkon et al., 1984).

27.1.4 Bioanalytical Techniques in Food
Applications: Future Trends
Multiple examples of applications of the different bioanalytical
techniques described in this chapter (e.g., IEF, gel electrophoresis, and Western blot) or combinations (e.g., 2-DE, 2D, and
immunoblotting) can be found in the food domain. Different
applications in key areas of the food domain such as: (i) optimization and monitoring of technological processes, (ii) food
quality and authenticity, (iii) food safety, and (iv) nutrition
have been extensively reported. Roughly, food can be classified as alive or still respiring (e.g., fruits, vegetables) and highly
processed (e.g., tomato paste) products. Several bioanalytical
techniques and combinations (e.g., especially 2-DE) have been
used in very different applications (Pedreschi et al., 2010, 2013;
D’Alessandro and Zolla, 2012) to address different issues and
questions.
IEF of proteins from mechanically recovered chicken meat was
analyzed by OFFGEL electrophoresis and was followed by SDSPAGE plus protein identification by nano liquid chromatography–
tandem mass spectrometry (LC–MS/MS) (Surowiec et al., 2011).
A nice example of the use of the different bioanalytical techniques
one after the other to mention is the study of D’Amici et al. (2008).
A liquid fractionation was first carried out in a MicroRotofor® system for the first-dimension separation of native protein complexes
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based on pI and then, each individual fraction was further separated based on blue native PAGE (nondenaturing conditions). A
third- dimension separation was used by subjecting each band to
the denaturing SDS-PAGE. In food safety, allergen detection is of
key importance. 2-DE combined with Western blot is extensively
used for the detection of allergens in foods (Chassaigne et al.,
2009).
Current and future trends envision miniaturization through
the use of microfluidic and nanofluidic devices in bioanalysis; however, there are certain techniques, which are difficult
to image in miniature (e.g., SDS-PAGE). Micro-/nano fluidic
systems are proposed as a potential technology to address the
current limitations in technology to couple independent onedimensional separations and offer them in a chip-based format
(Tia and Herr, 2009).
Protein analysis on chip systems for food analysis are available and can be used to analyze complex samples in a few minutes without much expertise (Nazarro et al., 2012). In a recent
review presented by Nazarro et al. (2012a,b), several examples
of coupling different bioanalytical techniques on a microchip
complemented with microfluidics have already demonstrated the
successful application in the food domain (e.g., lab on a chip for
pathogen sensing, technological processes, etc.) (Liu and Zhu,
2005; Nazarro et al., 2011, 2012b).
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28.1 Introduction
Differential scanning calorimetry (DSC) is a thermal analysis technique that has found many useful applications in both
pharmaceutical and food research. The technique is used extensively in the engineering of materials and in testing the quality and purity of materials. Some examples of materials studied
by DSC include metals, waxes, soaps, greases, and lubricants.
DSC is used to study, among other things, the resistance of these
materials to environmental stresses and to determine their tolerances to extremes of temperature. In the field of food research,
DSC has found useful application in the study, inter alia, of the
physical and chemical properties of fats, carbohydrates and proteins. The technique provides an effective tool for monitoring
both the thermodynamic and kinetic properties of these food

components in a variety of matrices. Most foods are subjected to
some form of thermal treatment during harvesting, processing
and preparation (e.g., steaming, roasting, pasteurization, sterilization, refrigeration, and freezing). These treatments of ten
result in changes in the functional and physicochemical properties of food, which can have a significant impact on the quality
of the finished product [1].
Monitoring the effect of these processing treatments becomes
important, both for product development and for quality control.
DSC can be used to simulate many heat-processing conditions
encountered in food production and preparation because of its
flexibility. The data obtained from such studies can provide useful
information on the combined effects of different heat-processing
treatments as well as information on the specific conformational
changes resulting from a particular processing step [2].
531

www.ebook777.com

Free ebooks ==> www.ebook777.com
532

Handbook of Food Analysis

In addition to being fast, DSC requires very little time in
sample-preparation and can be applied to both solids and liquids, which makes it a very practical tool in food research.
Applications of the technique in the study of food materials and
other biopolymers are extremely varied and cannot possibly be
reviewed in their entirety in this chapter. This chapter will focus
on its application in food research, and will begin by outlining
the underlying principles of the technique and the basic DSC
equipment design.
For in-depth information on DSC, the reader is directed to
Reference 3. The reader is also invited to look at References 4–6
for information on different DSC instruments.

Amplifier
Transducer
Sample:
reference

Computer/printer:
–Temperature control
–Data handling/storage

Furnace
Cooling unit

Data output

Figure 28.1 Schematic diagram of a differential scanning calorimeter.

28.2 Basic Principles and Instrumentation
Differential scanning calorimetry is a material characterization
technique that measures the temperatures and heat-flows associated with the thermal transitions of materials. The basic principle
of the technique is the measurement of the difference in energy
inputs into a substance of interest and a reference material while
the substance and reference material are subjected to a controlled
temperature program [7]. Changes in the physical or chemical state
of materials, when heated or cooled, generally result in a change in
the energy level. These transitions can be endothermic (in which
case energy is absorbed) or exothermic (in which case energy is
released). An example of an endothermic reaction is the melting of
ice. When ice melts, energy is absorbed from the environment to
convert ice crystals into water. Another example is the boiling of
water, during which energy is absorbed to break hydrogen bonds
holding water molecules in the liquid state into the gaseous phase.
Freezing of water, on the other hand, is an exothermic reaction.
The thermal transitions that occur in food systems and which
are measurable by DSC, include, among others, melting, crystallization, glass-transition, gelatinization and denaturation. DSC
measurements of these transitions can be either qualitative in
nature (e.g., identification and characterization of a substance
from its thermal “fingerprint”) or quantitative (e.g., heat of transition, extent of overall reaction and thermokinetic parameters) [8].
A schematic of a modern DSC apparatus is presented in Figure
28.1. The principal components consist of a furnace that is controlled by a temperature controller in which a sample and an
inert reference are heated or cooled, a transducer, an amplifier,
and a data storage/data analysis system. During DSC analysis,

Sample

the substance of interest and the inert reference are heated at a
programed heating rate under similar controlled conditions of
time, temperature, and pressure. Thermally induced changes in
the sample result in a differential heat-flow to the sample and
the reference. DSC determines this differential and allows these
transitions to be observed.
There are two basic types of DSC instruments currently available on the market. These are the Heat Flux DSC and the Power
Compensation DSC. A schematic of the two designs is presented
in Figure 28.2. The main difference between these two models
is in the type of furnace used. In the Heat Flux design, a single
furnace is used to heat both the sample and the reference. The
sample and the reference sit on raised platforms formed from
a constantan (alloy of copper and nickel) disk which allows
for heat transfer between the samples and the heating block.
Thermocouples placed on the underside of the raised platforms
measure the temperature differential between the sample and the
reference as both are heated or cooled. The differential heat-flow
is then calculated using the following equation:
ΔQ = (Ts − Tr)/RD = ΔT/RD

where ΔQ is heat-flow, Ts is the temperature of the sample, Tr is
the temperature of the reference, ΔT is the temperature differential between the reference and sample, and RD is the thermal
resistance of the constantan disk.
In the Power Compensation design, two separate calorimeters (furnaces) are used, one to heat the sample, and the other to
heat the reference. The sample and reference are each placed in
their separate calorimeters and both are maintained in an equilibrium state. Each one of the calorimeters has its own heating

Reference
Sample

Heat Flux DSC cell design
Figure 28.2

(28.1)

Reference

Power Compensation DSC system design

Schematic diagram of the Heat Flux DSC cell design and the Power Compensation DSC system design.
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element and is self-contained. When the sample and reference are
heated, energy is added or removed to one or both of the calorimeters depending on the type of transition occurring in the
sample (i.e., endothermic or exothermic). This is done in order
to compensate for the energy change induced by the transitions
occurring in the sample and to maintain the system in a state of
equilibrium. The amount of energy or power added or removed is
directly proportional to the energy involved in the transition. The
Power Compensation DSC thus measures the direct energy flow
required to maintain the two furnaces in equilibrium. The design
is, therefore, fundamentally different from the Heat Flux model
in which the temperature differential between the sample and the
reference is measured and then converted into heat flow. The Heat
Flux DSC is the more popular of the two techniques. Its advantages include improved baseline flatness as a result of the large
mass furnace, higher sensitivity and cell durability. Advantages
of the Power Compensation DSC models include better resolution
of closely occurring transitions and faster cooling rates as a result
of the smaller masses of the furnaces used (usually about 1 g).
During DSC measurements, the temperature differential (for
heat-flux designs) or the energy differential (for power compensation designs) registered by the transducer (a thermocouple)
causes the transducer to generate a voltage that is subsequently
amplified and stored in the computer for further analysis. A
printer or recorder attached to the computer allows the DSC thermogram to be printed. The program used for heating or cooling
of samples is controlled by a temperature controller and software. An interface between the DSC module and the controller
allows for communication. All DSC instruments have hook-ups
attached for purging gas and for cooling. In addition, many
DSC instruments have additional components and accessories
for specific measurements. One example is the pressure DSC
cell, which is similar to a conventional DSC setup except that
it is enclosed in a steel cylinder on a separate base which allows
high pressures to be generated in the unit. This type of cell is
ideal for conducting experiments requiring high pressures. Other
DSC equipment on the market include the differential scanning
microcalorimeters. These are ordinary DSC machines designed
to measure thermal properties of solutions at very low concentrations. Typical concentrations used for these instruments can
range as low as 0.1 mg/mL compared to 300 mg/mL or more for
conventional DSC systems.
A major advancement in DSC design is the T0 technology. The
technology is based on an expanded principle of the Heat Flux
design, which makes it possible for the newer instruments to
compensate for thermal resistance and heat-capacity imbalances
as well as heating-rate differences of the sample and reference
sections of the instrument. Differences in the distribution and
flow of heat to the sample and reference can result from variations in the capacitance and mass of the sensors used in the reference side of the equipment and the sample side, and also in the
capacitance and the mass of the sample and reference pans. In this
advancement, three new mathematical terms are introduced in
the calculation of heat-flow to compensate for thermal-resistance
imbalance, heat-capacity imbalance and heating-rate-difference
imbalance. To obtain these parameters, a specially designed sensor is used, which consists of a constantan base with separate
raised sample and reference platforms. The temperatures of the
sample and reference are measured by thermocouples placed
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T0 cell thermal network model.

under each platform. An additional thermocouple (T0) is added
to the sensor unit, which measures the temperature of the sensor base, and also functions as a temperature-control mechanism
for the furnace. This third thermocouple allows the sensor to
accurately measure differences in thermal flow to the sample
and reference sides of the instrument. A schematic of the T0 cell
thermal network is shown in Figure 28.3. The differential heatflow equation for the T0 technology is modified from Equation
(28.1) as follows:
ΔQ = ΔT/RD + A + B + C

(28.2)

where A is the thermal resistance imbalance = ΔT0(1/Rs − l/Rr), B
is the heat-capacity imbalance = (Cr − Cs) dTs/dτ, C is the heating-rate imbalance = −CrdΔT/dτ, ΔT0 is the difference between
the temperature of the T0 sensor control temperature (T0) and the
sample, Rs is the sample-side thermal resistance, Rr is the reference-side thermal resistance, Cs is the capacitance of the sensor
on the sample side, Cr is the capacitance of the sensor on the reference side, Ts is the temperature of the sample, and ΔT is the difference between the temperature of the sample and the reference.
In general, the thermal-resistance and heat-capacity imbalance help to improve baseline flatness, while the heating-rate
difference improves resolution as well as performance of the
instrument.

28.3 Sample Preparation
Samples for DSC measurements are placed in DSC pans prior to
analysis. For most DSC analyses standard (non-hermetic) DSC
pans are used. Hermetic or open pans may also be used sometimes. Non-hermetic pans are ideal for analysis of non-volatile
materials, while hermetically sealed pans are usually recommended for volatile liquids, sublimable materials, and solutions
to be heated above 100°C. The hermetic DSC pans have an
air-tight seal which resists high internal pressures. Open DSC
pans are used in cases where contact with the cell atmosphere
is desired (e.g., for oxidation stability tests). Most DSC pans are
made from aluminum. Other metals (e.g., platinum, copper, and
gold) are also sometimes used, especially in cases where aluminum could react with the sample material or when samples
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28.4 DSC Operation
Prior to analysis, the sample and reference pans are placed on
their respective platforms in the furnace, and the DSC unit is
closed (Figure 28.2). Pans must be well positioned in the DSC
cell to ensure good contact between the bottom of the pans and
the dimples on the raised platforms. The sample and reference
are then heated or cooled under specified isothermal or temperature ramping conditions. For isothermal analysis, the sample and
reference are maintained at a constant temperature for specified
periods. For temperature ramps, the sample and reference are
heated or cooled from one temperature to the other at a specified
linear heating or cooling rate. Most DSC systems allow for heating rates from as low as 0.1°C/min to 150°C/min and higher. The
majority of DSC runs are, however, performed within the 0.5–
20°C/min range. In general, faster heating rates improve sensitivity but decrease resolution. The reverse holds true for slower
heating rates. The temperature range for most DSC equipment is
−180–725°C.
New developments in DSC analysis are the use of the temperature-modulated DSC technique and the step-scan technique.
The major difference between these and conventional techniques
is the use of a different heating regime for heating or cooling of
samples. In these techniques, a sinusoidal modulation is overlaid on the conventional linear heating or cooling rates to give
a net average sample temperature that changes continuously
with time but in a non-linear fashion. Fourier transform analysis
allows the data obtained to be separated into two components:
heat-capacity related heat-flow and kinetic heat-flow. The heatcapacity heat-flow allows more accurate determination of reversible events such as glass-transition and crystalline-melting, while

the kinetic component allows detection of non-reversing events
such as evaporation and decomposition of materials. For detailed
information on the use of these techniques in the analysis of food
materials, the reader is referred to Micard and Guilbert [9], Cuq
and Icard [10], and Lai and Lii [11].
During analysis, the DSC apparatus is purged with helium.
Other gases are sometimes used, especially during experiments where a reaction between the purge-gas and the sample
is required. The purge-gas is preferably admitted to the sample
chamber via an orifice in the heating block, which allows the
temperature to be stabilized before entering the sample chamber. This results in a more uniform environment, improved sensitivity, and a flatter baseline. Cooling is usually done with liquid
nitrogen or with a liquid-air cooling systems. DSC equipment is
usually calibrated for baseline, temperature, and heat-flow prior
to analysis. These calibrations are necessary to compensate for
the aging of the unit and changes in experimental conditions
(e.g., type of DSC pan, purge-gas, changes in temperature range
and speed). Baseline calibrations are performed by heating the
empty DSC cell over a broad temperature range. The resulting curve is used to correct for imbalances in cell heat-flow
between the sample and reference positions. Calibrations are
performed using pure metals with known melting points and
heats of fusion (ΔHfusion). Indium is a frequently used metal for
DSC calibration. It has a melting point of 156.4°C and a ΔHfusion
of 28.4 J/g. For modulated differential scanning calorimetry
(MDSC) experiments, heat-capacity calibrations are also performed in addition to the other calibrations mentioned above.
Heat-capacity calibrations are performed using a sample with
known heat capacity, e.g., sapphire. Conditions used for calibration (purge-gas, pan type, heating rate, modulation conditions, i.e., amplitude and period) must always be the same as
for the sample analysis.

28.5 Data Analysis and Interpretation
A typical DSC thermogram is shown in Figure 28.4. Several
parameters can be derived from this thermogram, which can
be useful for characterizing a sample’s thermal behavior. These
Slope a

Ts
b

Heat flow

are to be heated beyond levels recommended for aluminum pans
(−180–600°C). Graphite is used when alloying or some other
undesirable metal-sample interactions might occur.
For effective heat transfer and to minimize thermal gradients, samples for DSC analysis must be placed in the DSC pans
in such a way as to have maximum contact with the pan. It is,
therefore, recommended that samples be prepared in a flat form
in order to ensure the best possible contact with the test-pan bottom surface. For solid material, the samples may be ground or
minced before transferring them into the sample pan. When this
is not possible, the flattest portion of the sample is placed in contact with the bottom of the pan to maximize contact. For semisolids as well as highly viscous materials, the samples can be
spread evenly into the sample pans. Liquids, on the other hand,
can be measured directly into the sample pan. Efficient blending
or mixing of samples prior to analysis is critical for obtaining
homogeneous samples for analysis. This helps to improve reproducibility and accuracy during analysis. For most DSC analyses, a sample size of between 5 and 25 mg is used. Specialized
encapsulating units are available with most DSC equipment
for sealing of the DSC pans once filled. A reference pan must
always be used for DSC measurements. This pan is similar to
the sample pan in the type of metal used and in pan weight. For
most DSC studies, an empty pan is used as reference. Reference
pans may, however, be filled with an inert material (e.g., water
or buffer used in preparing sample).
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Figure 28.4 Schematic of a typical DSC thermogram.
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where R is the universal gas constant, TD is the midpoint temperature of transition, ΔCp is heat capacity, and Qd is total enthalpy.
Enthalpy measurements are expressed as calories or joules per
gram and are obtained by integration of the area underneath the
DSC heat-flow curve.

Heat flow

T0 DSC
Convention DSC

28.5.4 Width at Half-Peak-Height
Temperature
Figure 28.5 Comparison of the resolution of a conventional DSC thermogram and a T0 thermogram.

include the onset temperature of transition (Ts), the maximum
temperature of the transition (Tm, Tp, Tmax, or Td), the enthalpy of
transition (ΔH), the width of the peak at half-peak height (Tw or
T1/2) and heat capacity (Cp). From these parameters, important
information such as temperature of denaturation, glass-transition
temperature, gelatinization temperature, cooperativity of unfolding, percentage denaturation, and percentage purity of a material
can be determined. These parameters are further defined below.

The width of the DSC peak at half-peak height has been used
extensively as an estimate of the cooperativity of a transition
[1,12]. A narrow transition (low Tw value) is indicative of a highly
cooperative transition. Peak width may also sometimes be used
to determine the purity of a food material. Broadening of the
peak width in comparison with that obtained for pure samples
may be used to detect impurities or transitions occurring in very
close proximity to one another (i.e., overlapping transitions).

28.5.5 Heat Capacity
Heat capacity is measured in joules per gram per degree Celsius
(J/g/°C), based on the definition for specific heat capacity, which
is the amount of heat required to raise or lower the temperature
of 1 g of material by 1°C. It is defined by the following equation:
Cp = dH/dT

28.5.1 Onset Temperature
The onset temperature of transition (Ts) is calculated as the temperature at which the slope of the baseline (slope a in Figure
28.4) intersects with the tangent of the curve leading to the peak
of the transition (slope b). This temperature defines the beginning in the change of state of the material under study, and is not
normally concentration dependent. Ts is most easily determined
for sharp transitions and in thermograms with a stable baseline.

28.5.2 Peak Temperature of Denaturation

(28.4)

where Cp is heat capacity (J/g/°C), dH is the change in heat ab
sorbed or enthalpy (J/g), and dT is the change in temperature (°C).
Heat-capacity measurements provide information on thermodynamic properties and can be used to determine the physical
properties of materials as a function of temperature. In conventional DSC, heat capacity is calculated from the difference in
heat-flow between the blank (an empty pan) and the sample by
using the following equation:
Cp = K Cp × [(heat flowsample − heat flow blank ) /(heating rate)]

The peak temperature of transition (Tm, Tp, Tmax, or Td) is often the
most important parameter in DSC measurements, and represents
the maximum temperature of a given transition. Theoretically,
this temperature defines the end of the transition. Under ideal
DSC conditions, the thermogram should have a sharp drop from
the peak to the baseline (Figure 28.5) immediately following
this transition. This drop is not normally achieved as a result of
imbalances in most DSC equipment. The T0 technology allows
for some of these imbalances to be corrected and, thus, yields
thermograms that come closer to these ideal conditions (Figure
28.5). Tm is both concentration- and heating-rate dependent. The
conditions used for analysis must, therefore, be taken into consideration during data interpretation. Some workers determine
Tm at zero heating-rate by plotting a graph of Tm as a function of
the heating rate.

(28.5)
where KCp is the calibration constant.
It is also possible to calculate the heat capacity of a sample
by comparing the differences in heat-flow to the sample when
heated at two different heating rates. The equation for heat
capacity in this case is as follows:
Cp = K Cp × [(heat flow at HR1 − heat flow at HR 2 ) / (HR 2 − HR1 )]
(28.6)
where HR1 is the first heating rate and HR2 is the second. This
principle is used for heat-capacity calculations during MDSC
analysis.

28.5.6 Reaction Kinetics

The change in enthalpy (ΔH) is defined as the total amount of
energy required for a transition to occur and is derived from the
Van’t Hoff equation using the following equation:

In addition to the above measurements, the kinetic parameters of
a transition (i.e., activation energy (E), preexponential term (Z),
rate constant (k), and reaction order (n)) can be determined by
DSC. The basic equation for rate of change of a species (A) with
time (t) can be written as

∆H = 4RTD2 (∆ p /Qd )

± dA /dt = k ⋅ A′′

28.5.3 Enthalpy

(28.3)
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where k is the rate constant in s−1, and n is the apparent reaction
order. The temperature dependence of the rate constant is determined from the Arrhenius equation:
k = Ze − Ea /RT
where Z is the preexponential factor in s−1 and Ea is the activation
energy in J/mol.
Software programs provided with many DSC instruments calculate k automatically and many of the abovementioned parameters. The conditions used for analysis can influence some of these
parameters and they must, therefore, be carefully selected before
proceeding with analysis.

For these studies, protein samples are heated in the DSC apparatus through several heat–cool cycles and changes in the enthalpy
of denaturation are determined.

28.6.1.3 Effect of Environmental Conditions
DSC can also be used to study changes that occur in the molecular structure of proteins under different environmental conditions (pH, solvents, high pressure, etc.). These changes can
provide specific information on the physical and chemical forces
required for the stabilization of protein native structure.

28.6.1.4 Fingerprinting

28.6 Application in Food Analysis
28.6.1 Proteins
28.6.1.1 Denaturation
The thermally induced process exhibited by most proteins and
detectable by DSC is the conformational change resulting from
the disruption of native structure (i.e., denaturation). The native
structure of proteins is maintained by a delicate balance of chaininteraction energies involving electrostatic interactions, hydrogen
bonds, hydrophobic interactions, and disulfide bonds. Thermal
transitions that occur in proteins when heat is applied result
in unfolding (denaturation) of the protein molecule. The DSC
denaturation curve obtained when proteins are heated directly
results from the thermal changes associated with the breakdown
of the bonds involved in stabilizing the native protein structure
[13]. The break-up of hydrophobic interactions, as an example,
is an exothermic process, which lowers the observed enthalpy.
The break-up of electrostatic interactions, van der Waals’ interactions, and hydrogen bonds, on the other hand, are endothermic. The overall enthalpy of protein denaturation is thus a sum
of the net energy uptake from these processes, and is routinely
observed to be either endothermic or athermic [13].
When proteins unfold, reactive groups that were previously
hidden in the interior regions of the molecular structure (e.g.,
hydrophobic groups) also become exposed. Reactions between
these reactive groups and other regions of the protein result in
aggregation of the protein molecules. This process is exothermic [14]. Most DSC measurements are unable to distinguish
between denaturation and aggregation as a result of the high
protein concentrations (5%–20%, w/v) and fast heating rates
(2°C–10°C/min) used during analysis. Enthalpy values calculated from the area under the DSC transition peak for most
protein studies, therefore, represent the total thermal energy
change involved in both denaturation and aggregation. To separate these two processes, very dilute protein solutions must be
used for the analysis. These types of measurements are best
made with a microcalorimeter.

28.6.1.2 Reversibility
Protein denaturation can be either reversible or irreversible. This
characteristic can be of significant importance in food processing
and in pharmaceutical and medical applications. DSC provides a
useful tool for studying the reversibility of protein denaturation.

Nomura et al. [15] used DSC to study differences in the thermal
behavior of collagen protein gels made from shark and pig skins.

28.6.2 Carbohydrates
28.6.2.1 Gelatinization
DSC has also proved to be an extremely useful tool for studying the behavior of carbohydrates. Thermal properties of many
monosaccharides (e.g., arabinose, xylose, ribose, fructose, and
glucose), oligosaccharides (e.g., cellobiose and raffinose), and
polysaccharides (e.g., inulin, pullulan, carrageenan, and cellulose) have been studied by this technique [8]. The carbohydrate
most studied by DSC, however, is starch, the most abundant carbohydrate reserve in plants.
For the thermal analysis of gelatinization of rice flour ten
milligram of rice flour was put into the aluminum container
and added 15 µL of 20 mM HEPES–NaOH buffer (pH 7.0) or
20 mM of malonic acid–NaOH buffer (pH 5.2). Each container
was sealed up tightly and left to stand at 20°C for 1 h before the
measurement. The samples were heated at the rate of 7.3°C/min.
The onset, peak and conclusion temperatures and endothermic
enthalpy of gelatinization were measured [16].
Physicochemical, thermal, and pasting properties of starches
separated from different potato cultivars grown at different locations were studied [17].
Thermal properties of potato starches were analyzed using
a DSC model as described by Singh [17,18]. The gelatinization
temperature parameters: onset temperature (To); peak temperature (Tp); conclusion temperature (Tc); enthalpy of gelatinization
(ΔHgel) and gelatinization temperature range (R) were calculated.

28.6.2.2 Retrogradation
Starch gels, prepared by cooling concentrated aqueous dispersions of gelatinized starch, can undergo changes in their rheological properties, crystallinity, and water-holding capacity on aging
[8]. The phenomenon, known as retrogradation, results in the
recrystallization of starch molecules and the exclusion of water.
Retrogradation of starch has a marked impact on the quality and
acceptability of food products. Staling of baked goods during storage has been attributed partly to the retrogradation of starch [19].
Gelatinization and retrogradation properties of potato dry matter
and isolated starches in the presence of excess water were measured
using a differential scanning calorimeter. Potato starch and dry
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matter (12 mg, dry weight) were weighed into a high volume pan
with 28 μL of distilled water to give a moisture content of 70%. The
sample pan was sealed, equilibrated to room temperature for 2 h,
and then heated from 5°C to 180°C at a heating rate of 10°C/min. In
the initial heating, gelatinization was observed. After initial heating
to 180°C, the sample pan was cooled to 5°C. Once the temperature
reached 5°C, the sample was immediately removed from the DSC
and stored at 4°C for 14 days. The stored sample pan was heated
from 5°C to 180°C at a rate of 10°C/min to measure the properties
of retrogradation. The instrument was calibrated using indium and
an empty pan was used as a reference. The onset (To), peak (Tp) and
conclusion (Tc) temperatures and gelatinization enthalpy (ΔH) were
determined from the DSC thermograms. The reported values were
the means of duplicate measurements [20].
The effect of genetic modification and storage on the physicochemical properties of potato dry matter and acrylamide content
of potato chips was studied by Pinhero [21].
Thermal analyses were performed using a differential scanning
calorimeter equipped with a refrigerated cooling system (RCS)
for gelatinization and retrogradation of potato dry matter [21,22]
For gelatinization, 12 mg of potato dry matter was weighed into
high-volume pans and distilled water was added to make suspensions with 70% moisture content. The pan was sealed and
equilibrated at least 4 h at room temperature and scanned from
5°C to 180°C at a rate of 10°C/min. The instrument was calibrated using indium and an empty pan as reference. The onset
temperature (To), peak temperature (Tp), conclusion temperature
(Tc), and enthalpy (ΔH) of phase transitions were measured from
the endotherm of DSC thermograms based on the mass of dry
solid. These characteristics were used to compare gelatinization
properties of potato dry matter. Retrogradation was achieved by
storing the gelatinized sample at 5°C for two weeks. After 14
days, the stored sample was heated from 5°C to 180°C at 10°C/
min. The onset temperature (To), peak temperature (Tp), conclusion temperature (Tc), and enthalpy (ΔH) of phase transitions
were measured from the endotherm of DSC thermograms.

28.6.2.3 Glass-Transition
DSC can also be used to measure the glass-transition of food
materials. Glass-transition is described as the point where hard,
solid, amorphous materials undergo transformation to a soft,
rubbery liquid phase. Starch molecules undergo glass-transition
(Tg) prior to melting [23,24]. This transition of starches is characterized by an incremental change in heat capacity and is strongly
influenced by the amount and type of solvent present [19].

28.6.2.4 Starch Complexes
The functionality of starch can be influenced by the inclusion
of small amounts of non-carbohydrate constituents (lipids, phosphorus, and proteins) [25]. The effects of these molecules can be
monitored by DSC.
Amylose and amylopectin are two components of starch,
which is the major dietary source of carbohydrates and a useful
raw material in various industries [26]. Determination of amylose and amylopectin content is an important aspect in the study
of starch characterization from both a fundamental and applied
point of view. In the last decades, numerous methods have been

developed to estimate amylose and amylopectin contents in
starches, such as differential scanning calorimetry, high-performance size-exclusion chromatography (HPSEC), near-infrared
reflectance spectrophotometry (NIR), thermogravimetric (TG)
method and enzymatic method.

28.6.2.5 Carbohydrate Polymers
Carbohydrate polymers and mixtures of carbohydrates polymers and simple sugars are increasingly used as biodegradable
polymers and as matrices for the encapsulation, stabilization
and release of active ingredients. For these applications, carbohydrates are generally used in the amorphous state. The early
stages of the thermal decomposition of dense matrices of maltodextrin are studied as a function of the molecular weight and the
water content.
Calorimetric measurements were carried out as described previously [27]. The Tg was determined from the onset of the change
in heat-flow observed at the second heating ramp [28].
The glass-transition of amorphous biopolymers is a strongly
decreasing function of the water content and decreases with
decreasing molecular weight.

28.6.3 Fats
28.6.3.1 Polymorphism
In addition to proteins and carbohydrates, DSC has been used
extensively to study the physicochemical properties of fats and
oils. The chemical and physical properties of fats and oils are
directly influenced by their composition of tri-, di-, and monoacylglycerols, fatty-acid chain lengths, and degree of unsaturation. Most fats used in the food industry (e.g., milk fat and cocoa
butter) exist in different polymorphic states. This polymorphic
nature results from the different possibilities of lateral packing
of fatty-acid chains and longitudinal stacking of molecules in
lamellas [29]. Fats undergo phase transitions during heat treatment (melting) and cooling (solidification, crystallization). These
transitions involve the uptake or release of energy and are, thus,
detectable by DSC.

28.6.3.2 Solid Fat Index
An important parameter that influences the behavior of fats during
processing and handling is the solid-to-liquid fat ratio. This ratio,
which is also known as the solid fat index (SFI), is defined as the
percentage of solid fat in a fat sample. SFI values have a direct
impact on the texture of fat-containing foods and can be predicted
by DSC. This is done by measuring the partial areas of the melting
peak of the DSC transition at a specific temperature and is calculated as the ratio of the partial area at the temperature of interest to
that of the total enthalpy of the peak. SFI measured by DSC can be
used to estimate the degree of hydrogenation of a fat.

28.6.3.3 Effect of Other Compounds and Processing
DSC has been used by many workers to study the effect of other
food components and processing conditions on the melting and
crystallization behaviors of fats.
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28.6.4 Various Methods
The state diagram of Deglet Nour dates was developed using
freezing-curve, glass-transition line and maximal-freeze-concentration condition. Freezing points and glass-transition temperature were measured by differential scanning calorimetry as
a function of water content [30].
Sorption isotherms and state diagram of freeze-dried Agaricus
bisporus were developed to further investigate the connection
between the two distinct criteria of food stability. The Tg of A.
bisporus samples at different moisture contents were measured
with differential scanning calorimetry [31].
Cold gelation of whey proteins is a promising method to produce
biopolymeric particles entrapping heat-sensitive nutraceuticals at
ambient conditions. An aqueous phase composed of heat-treated
whey protein isolate (WPI), date palm pit aqueous extract powder,
glucono-d-lactone (GDL) and calcium chloride was microemulsified in a mixture of sunflower oil and sorbitan monooleate.
Samples (5 mg) in order to examine their thermal behavior
were hermetically sealed in aluminum pans and thermally analyzed with a differential scanning calorimeter at temperature
ramp of 0–150°C with rate of 5°C/min. Standard indium was
used for DSC calibration [32].
Acid soluble collagen (ASC) and pepsin soluble collagen (PSC)
from the skin of brownbanded bamboo shark (Chiloscyllium
punctatum) were isolated and characterized [33]. Transition
temperature (Tmax) of ASC and PSC was 34.45°C and 34.52°C,
respectively, as determined by differential scanning colorimetry. Calibration was run using Indium thermogram. The sample (5–10 mg) was accurately weighed into aluminum pans and
sealed. The sample was scanned at 1°C/min over the range of
20°C–50°C using iced water as the cooling medium. An empty
pan was used as the reference. The maximum transition temperature (Tmax) was estimated from the thermogram.
Thermal properties of eighteen monovarietal extra virgin olive
oils from the Apulia region in Italy were evaluated by means of
a modulated adiabatic scanning calorimeter (MASC) and related
to their chemical composition (free acidity, UV absorbance, fatty
acid composition, polyphenol and o-diphenol content, oxidation
status). MASC was used to study oil sample phase-transitions in
a temperature scanning mode by using a tailormade time–temperature protocol [34].
Phenolic compounds of Inca muña (Clinopodium bolivianum)
leaves were characterized and the feasibility of their application
to improve the oxidative stability of soybean oil during frying
was tested.The oxidative stability of soybean oil was determined by DSC. The DSC assay was used to study diverse heatrelated phenomena in materials. Associated changes in enthalpy
were monitored. Since, oxidation is an exothermic process, the
involved heat reaction makes it possible to use DSC to evaluate
the oxidative stability of oils [35].
Oils from two commercial flaxseed hulls extracted by six
procedures were evaluated for physicochemical characteristics.
Thermal oxidation by differential scanning calorimetry revealed
three-step oxidation of flaxseed hull oil with mean onset and
oxidation temperatures at 121 and 150°C–253°C, respectively,
depending on the extraction procedure [36].
Thermal properties of rice starches in the presence of excess
water were measured, using a differential scanning calorimeter.
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Starch (12 mg, db) was weighed into a high-volume pan with
28 mL of distilled water. The sample pan was sealed, equilibrated at room temperature for 12 h, and then heated from 5°C to
180°C at a heating rate of 10°C/min [37].
The influence of the matrix composition and structure on the
capacity of asparaginase to reduce acrylamide formation in biscuits was studied. In particular, formulations differing for water
(10%–20% on total weight) and fat (0%–15% on total weight)
content, fat type (margarine, palm oil) and lipid phase distribution were considered [38]. Heat-flow calibration was achieved
using indium (heat of fusion 28.45 J/g). Temperature calibration was carried out using hexane (m.p. −93.5°C), water (m.p.
0.0°C) and indium (m.p. 156.6°C). Samples were prepared by
carefully weighing 15–20 mg of the sample in 160 μL aluminum DSC pans, closed without hermetic sealing. An empty pan
was used as a reference. Samples were heated under nitrogen
flow (0.5 mL/min) from 20°C to 80°C at 5°C/min. The start and
the end of the melting-transition were taken as on-set (Ton) and
end-set (Tend) points of transition, that are the points at which
the extrapolated baseline intersects the extrapolated tangent of
the calorimetric peak in the transition state. Results were normalized to account for the weight variation of the samples. Total
peak enthalpy was obtained by integration. The enthalpy of
dissolution of two food powders, maltodextrin and skim milk
(SMP), was studied. Calorimetric measurements were carried
out in duplicate starting at an initial temperature that was ca.
40°C below the expected glass-transition and using a heating
rate of 5°C/min [39]. After a first scan, the samples were cooled
at a rate of 25°C/min, and hold at the initial temperature for ca.
10 min. Then, a second heating scan at 5°C/min was run. The
analyses were carried out with approximately 20 mg of sample
in a hermetically sealed aluminum pan. An empty aluminum
pan was used as reference. The Tg was determined from the
onset of the change in heat flow observed in the second heating
ramp to avoid relaxation of the samples. For the SMP sample
equilibrated at RVP of 54.4%, only one heating run (5°C/min)
was applied.
Thermal denaturation of crab muscle proteins was investigated
by monitoring Tmax of transition and denaturation enthalpy. All
samples were scanned at 10°C/min over the range of 0°C–100°C
using differential scanning calorimetry. The system was calibrated using [40] indium.
Thermal transition of shrimp meat was measured using differential scanning calorimetry [41]. The samples (15–20 mg wet
weight) were placed in the DSC hermetic pans, assuring a good
contact between the sample and the pan bottom. An empty hermetic pan was used as a reference. The samples were scanned at
10°C/min over the range 20°C–100°C. Tmax was measured and
the denaturation enthalpies (DH) were estimated by measuring
the area under the DSC transition curve.
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29.1 Introduction
Current trends in food analysis are focused on fast application,
easy to use, and cheap biosensor technologies that are able to
detect various compounds with high sensitivity and selectivity
connected with food quality and safety. The nanoscale systems
are considered as the most promising elements in biosensor construction. These nanostructures have dimensions between 1 and
100 nm (Vaddiraju et al. 2010). Among them, the quantum dots
(QDs), nanoparticles of various origin (metal, polymer), nanowires, carbon and metal oxides (e.g., zinc oxide [ZnO]), nanotubes,
or nanorods, and graphene are among the most investigated. The
materials of nanodimensions possess unique physical properties such as enhanced plasticity (Koch et al. 1999), substantial
changes in thermal (Rieth et al. 2000) and optical properties
(Polman and Atwater 2005), enhanced reactivity and catalytic
properties (Bell 2003), fast electron and ion transport (Kim et al.
2009), as well as specific quantum mechanical properties (Loss
2009). The nanomaterials can be functionalized by various biomolecules such as enzymes, antibodies, nucleic acids, deoxyribonucleic acid/ribonucleic acid (DNA/RNA) aptamers, and bio- or
artificial receptors that make them suitable for the detection of
various substances such as food toxins, bacteria, and other compounds important in food analysis.
The fabrication of nanoscale systems is mostly based on selfassembly (Morris et al. 2005). This process is typical for biological systems such as biomembranes. Examples of biomimetic
self-assembly are supported bilayer lipid membranes (sBLMs)
(Nikolelis et al. 2010; Hianik et al. 2014). Owing to the amphiphilic nature of phospholipids, they spontaneously form lipid
monolayers or bilayers in the aqueous environment. sBLM can

also be functionalized with various biopolymers, which make
them a suitable and biocompatible sensing element in biosensors.
Another example of self-assembly is based on DNA. The complementary single-chain nucleic acid can hybridize. If some ends
of DNA are modified by SH groups, they can be chemisorbed
on a gold surface and form various two-dimensional (2D) structures, the so-called DNA origami (Hansen et al. 2011; Penzo
et al. 2011). Similarly, to these biomolecules also, nanoparticles,
nanowires, and nanotubes can form self-assembly layers at various surfaces (Morris et al. 2005).
In this chapter, several currently used nanoscale systems are
presented together with examples in their application in analytical devices—nanobiosensors—used in food analysis.

29.1.1 Nanoscale Systems Based on Phospholipids
29.1.1.1 Method of Preparation of Supported
Self-Assembled Lipid Films
Supported lipid films can be considered as nanoscale systems
mainly due to their small thickness, which is typically between 2
and 5 nm for lipid monolayers and bilayers, respectively. However,
the lateral dimension can be in a larger scale since several nanometers (sBLMs formed on nanopores) to several millimeters for
sBLMs formed on various supports, such as for example, gold,
platinum, carbon nanotubes (CNTs), graphene, or mica. The
method of preparations, physical properties, and application
in biosensors of sBLM has been recently reviewed by Hianik
et al. (2014). Among the most reproducible method of preparation of sBLM is that based on the formation of a self-assembly
lipid monolayer on a chemisorbed alkanethiol layer at a smooth
gold surface (Nuzzo and Allara 1983). The preparation of the
541
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chemisorbed monolayer requires smoothing and careful cleaning
of the gold surface. The electrode should be then immersed into
the alkanethiol solution (e.g., octadecanethiol in ethanol, concentration typically 1 mM) for at least 24 h. It has been shown that
formation of the alkanethiol self-assembly monolayer (SAM) is a
two-step process. The first step is rather fast (few minutes) consisting of approximately 80%–90% coverage of the surface. The
second step is much slower (up to 20 h) and resulted in complete
surface coverage (Pan et al. 1996). The process of chemisorptions
can be, however, accelerated by application of a positive voltage
(~0.6 V) on a metal electrode relative to the reference Ag/AgCl
electrode (Brett et al. 2003). The lipid monolayer can be then
added by various techniques such as Langmuir–Blodgett method
or liposome fusion. sBLM can be easily functionalized by various bioreceptors. For example, they can be used as a genosensor
by the incorporation of single-stranded DNA (ssDNA) modified
by the hydrophobic chain (Hianik et al. 2000), or by artificial
receptors such are calixarenes (Figure 29.1), which depending on
their structure and chemical modification, allow the detection of
various compounds such as dopamine or cytochrome c (Garaiová
et al. 2012). In the formation of SAM, a certain portion of phospholipids can be biotinylated that allows immobilization on the
surface of the lipid layer, the enzymes, or antibodies conjugated
with avidin or streptavidin. For example, these sBLMs modified
by monoclonal antibodies have been used for development of the
biosensor for the detection of the herbicide 2,4-dichlorophenoxyacetic acid (2,4-D). This herbicide can cause human health problems even at low quantities; therefore, it is desirable to detect this
in low levels for applications in food analysis (Perez-Lopez and
Merkoci 2011). The maximum contaminant level (MCL) established by U.S. Environmental Protection Agency (EPA) of water
for 2,4-D is 70 μg/L (70 ppb). The binding of 2,4-D to the antibodies immobilized at the surface of sBLM resulted in the conformational changes of the complex that affected the mechanical
properties of the lipid film. These changes were measured by
electrostriction method and the herbicide was detected with limit
of detection (LOD) 1 μM (221 ppb). This is not sufficiently sensitive. However, the assay based on liposomes modified by monoclonal antibodies against 2,4-D and the detection of herbicide
binding by measurement of the changes in the ultrasound velocity resulted in much higher sensitivity (1 nM or 0.2 ppb), which is
sufficient for practical applications (Hianik et al. 1999).
In ion-channel switch (ICS) biosensor, the so-called tethered
lipid bilayers (tBLMs) were developed. These membranes contain
special hydrophilic spacers between lipids, ion channels, and the
gold support providing water-filled volume that is necessary for

5 nm

Calixarene

ODT

Figure 29.1 Schematic representation of sBLM at a gold support. The
octadecanethiol (ODT) monolayer is formed by chemisorption. The outer
phospholipid monolayer is modified by artificial receptors—calixarenes.

monitoring the ion flux across the channels incorporated in the
lipid bilayer (Cornell et al. 1997). ICS can be potentially used as
an immuno- or genosensor. For this purpose, the ICS is formed
by gramicidin (GRA). GRA in the lipid membrane folds into the
helix. Two monomers of GRA can form an ionic channel across
the lipid bilayer conducting monovalent cations such as K+ or
Na+. In ICS, the GRA monomers in the monolayer tethered to
a solid support are anchored with a special hydrophilic linker
to the support, while GRAs in the outer monolayer are freely
diffusing. These GRA monomers as well as some of the tethered
lipids can be modified by antibodies or by ssDNA. Without the
target, the membrane is characterized by a certain conductance.
Addition of the target resulted in interaction between antibodies
immobilized at GRA and lipids. This causes disruption of GRA
dimers and as a result, the conductance decreases. In general, the
biosensors based on ICS are rather elegant systems, but have not
been widespread so far.
A new trend in the formation of sBLM consists of the application of micro- or nanoporous materials, such as polycarbonate or
alumina. It is known that the stability of free- standing BLM is
substantially increased with decreasing the aperture diameter and
the annular–septum contact angle. For example, Liu et al. (2009)
used photoresist for formation of the apertures in the range of
10–40 μm that serve for the formation of BLM of phosphatidylcholine. They even succeed in the formation of a nanoaperture in
silicon with a diameter of approximately 660 nm. The BLM was
modified by ionophore dibenzo-18-crown-6; thus, this system
served as an ion-selective electrode for the detection of K+ ions
with a sensitivity of 1 μM and a linear range of 1 μM–0.1 M.
The evidence on BLM formation was based on measurement
of the current induced by GRA. The BLM was stable for tens
of hours. Romer and Steinem (2004) reported the formation of
nano-BLM supported on porous alumina with a pore diameter of
55 and 280 nm. One side of the porous material was coated with
a thin gold layer and then by chemisorption of 1,2-dipalmitoylsn-glycero-3-phosphothioethanol (DPPTE). The hybrid BLM on
the hydrophobic surface has been formed from 1,2-diphytanoylsn-glycero-3-phosphocholin (DPhPC). First, the surface was pretreated with DPhPC dissolved in pentane and dried in nitrogen.
Then, the BLM was formed by painting method. As a solvent,
the n-decane (1% solution) has been used. The formation process
and electrical parameters of BLM were monitored by impedance spectroscopy. The specific capacitance, (0.65 ± 0.2) μF/
cm2 and specific resistance, 1.6 × 108 Ω/cm2 were comparable
to those of conventional BLM. The bilayer nature of BLM has
also been confirmed by incorporation of GRA and alamethicin
into BLMs. The channel formers exhibited typical conductance
states. In addition to polycarbonate filters and porous alumina
also, the photoresistive material can be used for the preparation
of the micropores as a support for the formation of BLM.
A novel robust platform providing the formation of solventfree lipid bilayers over arrays of cylindrical nanopores has been
reported in a paper by Kresak et al. (2009). The nanopores were
milled through thin Si3N4 diaphragms using a focused ion beam.
Nanopore-spanning bilayer lipid membranes (npsBLMs) were
reproducibly formed by directed fusion of giant unilamellar
vesicles (GUVs) to the pore-containing diaphragms. The arrays
of npsBLMs exhibit electrical resistances in the gigaOhm range,
lifetimes of up to several days, and breakdown voltages above
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250 mV. The npsBLMs revealed typical conducting properties for
GRA and alamethicin such as the classical free-standing BLM.
The use of spark-assisted chemical engraving (SACE) to produce glass apertures that are suitable for the formation of artificial bilayer lipid membranes has been described (Sandison et al.
2007). Prior to use, the glass apertures were rendered hydrophobic by a silanization process and were then incorporated into a
simple microfluidic device. Successful BLM formation and the
subsequent acquisition of single-channel recordings are demonstrated. Owing to the simplicity and rapidity of the SACE process,
these glass apertures could be easily integrated into an all-glass
microfluidic system for BLM formation. For other methods of
sBLM preparations using filter support, CNTs, polymers, glassy
carbon (GC), and others, see Hianik et al. (2014). sBLM can also
be stabilized by bacterial S-layers. In addition, these layers can
provide spacious distribution of bioreceptors, which is important
for their proper functioning (Pum et al. 2013).

29.1.1.2 Applications of sBLM in Food Analysis
So far, the usefulness of sBLM has been mostly demonstrated
in the enzyme, affinity, and genosensors (see Hianik et al. 2014)
for a review. Most recent research made attempts to use sBLMbased biosensors for the detection of toxicants and bacteria in
food. Among lipid-based receptors, glycosphingolipids (GSLs)
were particularly used that strongly interact with a number of
protein toxins, such as ricin and botulinum neurotoxin, which are
considered as potential bioterrorism agents. In the paper by Stine
et al. (2005), the comparison of the detection of ricin using antibodies and the GSLs, GM1, and asialoGM1 has been performed
using quartz crystal microbalance (QCM) technique. It was
reported that the GSLs offered more sensitive detection limits in
comparison with antibodies. The LOD for GSLs-based assay was
5 μg/mL, which is 5 times lower than for antibodies (25 μg/mL),
and the linear detection range for GSLs extended to the highest
concentrations tested (100 μg/mL), which was almost an order of
magnitude beyond the saturation point for the antibody sensors.
Phillips et al. (2006) developed nanoscale sBLM- based assay for
the detection of cholera toxin using surface plasmon resonance
(SPR) method. They built up silicate layers with layer-by-layer
(LbL) deposition of poly(allylamine hydrochloride) (PAH) and
sodium silicate, followed by calcination at high temperature.
The silicate films have a thickness ranging from 2 to 15 nm and
were stable in flow cell conditions. The protein binding with
biotin/avidin and ganglioside/cholera toxin systems shows detection limits lower than 1 μg/mL (i.e., nanomolar range), and the
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response reproducibility has been better than 7% relative standard deviation (RSD). Nikoleli et al. (2011) described the electrochemical detection of cholera toxin using a biosensor based on
stabilized lipid films supported on a methacrylate polymer on a
glass fiber filter with incorporated ganglioside GM1. The analyte
contained toxin-induced ion current, which correlated with the
cholera toxin concentration. The sensor was able to detect the
toxin with an LOD of 60 nM.

29.1.2 Carbon and ZnO Nanostructure-Based
Devices
29.1.2.1 Application of Carbon Nanotubes
Since their discovery by Iijima (1991), the CNTs have been
extensively investigated and their application in the fabrication of
nanoscale devices has been growing rapidly (Allen et al. 2007).
The structure of CNTs represents the graphene sheet rolled up
into a nanoscale tube, alone or with additional tubes. Depending
on the number of layers, single-wall (SWCNTs) and multiwall
carbon nanotubes (MWCNTs) are defined. Their ends are normally capped with fullerene-like semispheres, mainly with pentagon defects. The conditions of CNTs synthesis, mainly the
nature of catalysts, temperature, and carbon source determine
the number of graphene layers and formation of SWCNTs or
MWCNTs.
CNTs are well suited for the immobilization of biopolymers
by noncovalent and covalent binding. CNTs together with conducting polymers, polysaccharides, or polycations can form composite materials that provide an improved immobilization matrix
and electrical properties for the detection of DNA hybridization,
damage, or for immobilization of DNA or RNA aptamers, antibodies, or enzymes (Ahammad et al. 2009; Hianik and Evtugyn
2010). The CNT nanodimensions together with a large surface
area have a high advantage for the preparation of a miniaturized biosensor. Moreover, they can be integrated into the field
effect transistor (FET) and can improve their properties (Star
et al. 2003).
The nanosensor based on CNTs can be prepared by physical
adsorption of CNTs (Hianik et al. 2009), or by their covalent binding to the surface. As an example, Figure 29.2 shows MWCNTs
covalently attached to the preactivated GC by 4,4′-diaminoazobenzene (Li et al. 2008). It has been shown that biopolymers do
not link covalently to unmodified CNTs (Daniel et al. 2007).
Therefore, the best way of how to immobilize bioreceptors to
the CNTs is controlled covalent binding, usually through the
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Figure 29.2 The scheme of covalent attachment of MWCNTs to the glassy carbon surface. (From Hianik, T. and Evtugyn, G., 2010. Horizons in DNA
Research, ed. J.R. Chesterton, 1–49. New York, Nova Science Publishers, Inc. With permission.)
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activation of carboxyl groups at the nanotube ends (see Figure
29.2 where the scheme of covalent binding of DNA is shown).
The methods of covalent immobilization of functional molecules
to CNTs have been described in detail by Jiang et al. (2004) and
Daniel et al. (2007). The application of nanostructures, including
CNTs in biosensors for food analysis has been recently reviewed
by Perez-Lopez and Merkoci (2011).
Most recently, Monošík et al. (2013) developed an amperometric biosensor utilizing the bienzymatic composition consisting of
l-glutamate dehydrogenase and diaphorase for the determination
of l-glutamate. Enzymes were immobilized between chitosan
layers onto the surface of planar nanocomposite electrodes consisting of MWCNTs (diameter = 60–100 nm, length = 5–15 μm).
A linear response was obtained from 10 to 3495 μM of l-glutamate in phosphate buffer solution of pH 9.0 with an LOD of
5.4 μM and sensitivity of 28 nA/μM/cm. The biosensor showed a
short response time (within 60 s), good storage (no loss of activity
for at least 3 months), and operational stability (response ability
above 90% after 7 days since its first use). The results obtained
from measurements of the food samples were well correlated
with an assay based on enzymatic–spectrophotometric method.
A similar approach has been used for the detection of glucose
by immobilization onto MWCNTs–chitosan-based nanocomposites of flavin adenine dinucleotide (FAD)-dependent glucose
dehydrogenases with an LOD of 4.15 μM (Monošík et al. 2012a).
By immobilization of l-lactate oxidase and peroxidase onto the
above-mentioned nanocomposite, it has been possible to amperometrically detect the wine marker l-lactic acid with an LOD of
1.6 μM (Monošík et al. 2012b). A similar nanocomposite with an
immobilized multienzyme cascade consisting of glycerol kinase/
creatine kinase/creatinase/sarcosine oxidase/peroxidase between
a chitosan “sandwich” has been useful for the amperometric
detection of glycerol in wine with an LOD of 1.96 μM (Monošík
et al. 2012c).
Antiochia et al. (2013) developed CNTs-based amperometric
biosensor for the detection of fructose in real samples. In this
work, fructose dehydrogenase (FDH) has been immobilized into
a CNT paste electrode. The biosensor showed an LOD for fructose of 1 μM, a large linear range between 0.1 and 5 mM as well
as good sensitivity and reproducibility (RSD = 2.1%), and a fast
response time (4 s). The biosensor was validated in honey, fruit
juices, soft, and energy drinks. The results indicated a very good
agreement with those obtained with a commercial reference kit.
CNTs were used most recently also for the development of biosensors for the detection of pesticides and biotoxins. An acetylcholinesterase (AChE) amperometric biosensor was developed
on polyaniline (PANI) and MWCNTs-modified glassy carbon
electrode (GCE), and was used to detect carbamate pesticides
in fruits and vegetables (apple, broccoli, and cabbage). The biosensor exhibited an LOD of 1.4 and 0.95 μM, respectively, for
carbaryl and methomyl. These detection limits were below the
allowable concentrations set by the European Union (EU) and
Brazilian regulation standards for food samples used in analysis (cabbage, broccoli, and apple). The obtained results were in
agreement with those based on the high-performance liquid chromatography (HPLC) method (Cesarino 2012). Palaniappan et al.
(2013) reported SWCNTs-based FET biosensor for the detection of epsilon toxin produced by Clostridium perfringens with
an LOD of ~2.0 nM that was comparable with enzyme-linked
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immunosorbent assay (ELISA). The FET platform allowed the
detection of a biotoxin in orange juice.

29.1.2.2 ZnO-Based Nanostructures in
Nanoscale Devices
ZnO is another example of a material, which has found increasing attention in the biosensor development in the past decade
(Kamar and Chen 2008; Arya et al. 2012). ZnO is an n-type
semiconductor, which is used in optoelectronics, optics, and
sensor applications due to a wide band gap of 3.37 eV and a
large excitonic binding energy of 60 meV at room temperature.
ZnO shows some advantages, that is, high specific surface area,
chemical and electrochemical stability, nontoxicity, and variation of the morphology and size of the particles depending on the
synthesis conditions. A high isoelectric point (IEP = 9.5) makes
ZnO appropriate for electrostatic adsorption of the proteins and
nucleic acids. At certain conditions, the nanotubes or nanorods
of ZnO can be formed at various surfaces such as gold (Elias
et al. 2008). The scanning electron microscope (SEM) image of
nanorods at the gold surface is presented in Figure 29.3.
Various enzyme sensors based on ZnO-supporting layers have
been described. Most of them were devoted to the determination
of enzyme substrates. For example, most recently, Zhao et al.
(2013) reported an amperometric biosensor based on mesoporous multiwall ZnO nanotubes with an immobilized glucose oxidase. The sensor was characterized by high sensitivity (47.2 µA/
mM/cm), fast response (<2 s), and the low apparent Michalis–
Menten constant KM = 1.09 mM. Several biosensors for the
detection of cholesterol were reported as well using cholesterol
oxidase (ChOx) immobilized on ZnO nanostructure matrix. In
particular, ChOx was immobilized on vertically aligned ZnO
nanorods (ZnO NRs) between the source and drain of the FET
device. The FET sensor provided a real-time response toward
a wide range of cholesterol concentration (0.001–45 mM) with
high sensitivity (10 µA/cm/mM) and selectivity. The sensor was
validated in the human serum and in the freshly drawn blood
sample (Ahmad et al. 2013). Gupta et al. (2013) constructed a
cholesterol-sensitive biosensor by means of immobilization

Figure 29.3 SEM images of the ZnO NRs at the gold surface. (From
Evtugyn, G. et al. 2013a. Electroanalysis 25:1855–63. With permission.)
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of ChOx on MWCNT and ZnO nanoparticles. The squarewave voltammetry in combination with flow-injection analysis
allowed the detection of cholesterol with an LOD of 0.05 nM and
a linear range from 0.2 to 60.0 nM with a response time faster
than 8 s. The same laboratory reported a cholesterol biosensor
in which ChOx was immobilized on ZnO thin films grown by
pulsed laser deposition on indium-tin-oxide (ITO)-coated corning glass (Batra et al. 2013). In this work the cyclic voltammetry
was used for the detection of cholesterol in the range 0.25–5 mg/
mL with a negligible interference with other compounds in a
blood serum. A relatively low value of KM = 1.92 mM suggests
an enhanced enzyme affinity to cholesterol. The shelf life of
the biosensor was 12 weeks. Potentiometric ZnO nanotubebased ChOx biosensor for the detection of cholesterol has been
recently reported by Psychoyios et al. (2013) and that based on
supported lipid films deposited on a graphene has been most
recently published by Nikoleli et al. (2013). This sensor allowed
the detection of cholesterol with an LOD of 0.1 μM.
DNA sensors based on ZnO supports are rather new and only
a few examples have been reported recently. Electrostatic immobilization of DNA probe specific to Mycobacterium tuberculosis on the ZnO at the surface of ITO electrode was described
by Das et al. (2010). Increased sensitivity of the detection of
the target DNA sequence in the range from 1 μM to 1 pM was
referred to the enhanced working surface of the transducer.
The Trichoderma harzianum sequence was detected with an
Au electrode modified with ZnO and chitosan implemented
in the ionic liquid and with a specific DNA probe (Siddiquee
et al. 2012). The electrochemical signal of methylene blue (MB)
as the hybridization indicator was changed in the range from
0.1 mM to 1 aM of the target sequence. The same indicator was
applied for the detection of the sequences specific to PAT and
NOS genes by the biosensor based on ZnO–MWCNTs–chitosan-hybrid membrane (Zhang et al. 2008). Pencil graphite electrode was consecutively modified with poly(vinylferrocenium),
ZnO, and DNA probe related to Hepatitis B virus (Yumak et al.
2011). The hybridization was recorded by the measurement of
the current of guanine oxidation. The complementary interaction was distinguished from a single mismatch and noncomplementary sequences.
In our most recent work, we reported ZnO-based nanorods
biosensor using DNA aptamers as receptors for the high sensitive detection of thrombin with an LOD of 3 pM (Evtugyn et al.
2013a). Thus, the ZnO nanostructure can be advantageously used
for the fabrication of nanoscale devices.

29.1.3 Nanostructured Composites in Fabrication
of Biosensing Devices
In the preparation of nanoscale devices for biosensing applications, it is important to optimize not only the method of immobilization of bioreceptors, but also to provide certain physical
properties of the surface allowing amplified signal detection. For
receptor immobilization, a sufficient surface density is not only
important, but also an optimal space between biomolecules. This
is necessary for providing sufficient conformational flexibility
of bioreceptors. For example, DNA or RNA aptamers that are
being frequently used in biosensing fold into a three-dimensional
(3D) structure, creating a binding site for the ligand (Hianik and

Wang 2009). However, a too high surface density of aptamers
may not allow their proper folding. For the purpose of an optimal
aptamer immobilization, several methods were proposed. For
example, the aptamers can be immobilized on the calixarenes
(Evtugyn et al. 2012), or on DNA tetrahedrons—special structures composed of several ssDNA, also known as DNA origami
(Saaem and LaBean 2013; Smith et al. 2013).
The amplified detection of the signal is important especially for electrochemical biosensors. For this purpose, QDs,
metal and polymer nanoparticles, or lipid vesicles can be used
(Bally and Vörös 2009). The nanoparticles in combination with
nanostructures such as CNTs can create a suitable nanoscale
device for the sensing application. An example of a composite layer with immobilized DNA aptamers that sensitive bind
the thrombin is presented in Figure 29.4a. As a support, the
GCE has been used. First, the electron donor–neutral red (NA)
layer has been prepared by electropolymerization. Then, the
specially synthesized thiacalixarene containing a carboxylic
group has been accumulated at the surface. Subsequently, using
EDC/NHS (1-ethyl-3-[3-dimethylaminopropyl] carbodiimide
hydrochloride/N-hydroxysuccinimide) chemistry, the carboxylic groups of thiacalixarenes were activated. This allowed the
covalent attachment of DNA aptamers-contained amino group
at its 3′-terminal. The binding of thrombin to the sensor surface
has been monitored by cyclic voltammetry at the presence of
10 mM K3(Fe[CN]6). First, the amplitude of reduction current of
NR has been measured prior to the addition of thrombin (Figure
29.4b). After 10 min incubation with a certain thrombin concentration, the NR reduction peak was recorded and a relative
decrease in the current was calculated as a measure of a biorecognition event. A decrease in the peak current was observed.
This could be due to the limitation of the flexibility of the macrocycle substituents bearing mediator groups. Owing to the suppression of the electron exchange in the layer, the number and
degree of reduced NR molecules near the electrode increases
and the reduction current decreases. This procedure allowed
the detection of thrombin with a high sensitivity (LOD 50 pM)
and in a wide concentration range of 0.1–50 nM (Evtugyn et al.
2012). A similar approach has been recently applied also for the
electrochemical detection of mycotoxin ochratoxin A (OTA)
(Evtugyn et al. 2013b). In this work, NA layer has been prepared by electropolymerization at the gold surface. This surface
has been further modified by silver nanoparticles obtained by
chemical reduction with the macrocyclic ligand bearing catechol fragments. Thiolated aptamers against OTA were covalently attached to silver nanoparticles via Ag–S bonding. The
interaction with OTA induced the conformational switch of the
aptamer, which caused an increase of the charge transfer resistance measured by electrochemical impedance spectroscopy
(EIS) in the presence of ferricyanide ions. The LOD achieved
(50 pM) was comparable to other electrochemical aptasensors
employing a sophisticated assembling technique and enzyme
amplification of the signal. The aptasensor was validated in
spiked beer samples.
The nanoscale devices containing chitosan CNTs or ZnO nanotube composites have been mentioned in the previous section.
Except chitosan nanoparticles, poly(amidoamine) dendrimers
(PAMAM) were also used in the preparation of nanocomposite-sensing layers. An example of such a nanoscale device is
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Figure 29.4 (a) The scheme of the aptasensor assembling by means of an electropolymerized layer of NR at GCE and thiacalixarenes. (b) Principles of
amperometric detection of thrombin. (From Evtugyn, G. et al. 2012. Electroanalysis 24:91–100. With permission.)

presented in Figure 29.5 (Miodek et al. 2013). The MWCNTs
are physically adsorbed at the gold surface. After activation with
NHS (MWCNTs–COONHS) and after activation of the carboxyl
groups of MWCNTs by a mixture of EDC, further modification of NHS was possible. This consisted of immobilization of
PAMAM and subsequently, the redox marker ferrocene modified
by two phthalimido groups Fc(NHP)2 was covalently attached
to the PAMAM G4 by the amide link. The next step was the
covalent bonding of biotin hydrazide on the surface followed by
immobilization of streptavidin. Finally, the biotinylated DNA
aptamers sensitive to cellular prions (PrPC) were immobilized
at the surface of the streptavidin layer. We demonstrated that the
interaction between aptamers and prion proteins leads to variation in the electrochemical signal of the ferrocenyl group. High
sensitivity with a detection limit of 0.5 pM and a wide linear
range of detection from 1 pM to 10 µM has been demonstrated.
Detection of PrPC in spiked blood plasma has been achieved and
demonstrated a recovery of 85%.
Most recently, other nanocomposite layers for biosensing applications in food analysis were also reported. For example, Devi
et al. (2011) reported the development of ZnO nanoparticle–polypyrrole composite layer with the physically adsorbed xanthine
oxidase for the detection of xanthine. Xanthine (3,7-dihydropurine-2,6-dione) is generated from guanine by guanine deaminase and from hypoxanthine by xanthine oxidase and is present
in most body tissues and fluids. Determination of xanthine in
blood and tissue is important for diagnosis of various diseases
such as hyperuricemia, gout, xanthinuria, and renal failure.

The biosensor exhibited linearity from 0.8 to 40 μM for xanthine with a detection limit of 0.8 μM. The biosensor measured
xanthine in fish meat. The combination of enzyme and electrocatalytic activity of nanocomposite layers based on reduced
graphene oxide (RGO) sheets with conducting polypyrrole graft
copolymer, poly(styrenesulfonic acid-g-pyrrole) (PSSA-g-PPY)
has been used for amperometric detection of hypoxanthine—the
metabolite of adenine degradation, which is mainly accumulated in biological tissues. The determination of hypoxanthine
is very important for the quality control of fish products in food
industries. The biosensor detected hypoxanthine with an LOD of
10 nM. The assay has been applied to a fish product and was in
good agreement with reference values of this metabolite (Zhang
et al. 2010).
The electrochemical fructose nanocomposite enzymeless sensor was reported by Zhou et al. (2013). They immobilized highly
dispersed CuO–Cu nanocomposites on graphene that was noncovalently functionalized by sodium dodecyl benzene sulfonate
(SDBS). SDBS is an anionic surfactant that can enhance the stability of carbon materials in water. This is due to π-like stacking
of the additional benzene rings in SDBS that create the binding
and surface coverage of surfactant molecules to graphite. The
nanocomposite layer served as a catalyst for electrooxidation of
fructose. The amperometric detection of fructose has been possible in a wide linear range of 3 μM to 1 mM.
Nanocomposites were used for the development of several sensors for the detection of pesticides and other toxins. Chauhan
and Pundir (2012) described a method for the construction of an
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Figure 29.5 Schematic representation of a biosensor based on MWCNTs–PAMAM–Fc–biotin–strepatavidin and an aptamer. (From Miodek, A. et al.
2013. Anal. Chem. 85:7704–12. With permission.)

electrochemical biosensor for the detection of pesticides malathion,
chlorpyrifos, monocrotophos, and endosulfan based on the covalent
immobilization of AChE on iron oxide nanoparticles (Fe3O4NPs)decorated carboxylated MWCNTs electrodeposited onto ITOcoated glass plate. The LOD for all pesticides was 0.1 nM. The
biosensor was employed for the determination of pesticides in environmental and food samples and the results of detection were in
good agreement with those performed by standard analytical methods such as gas chromatography and mass spectrometry.
The nanocomposite-sensing film was also prepared for the
detection of the insecticide methyl parathion, which is still

widely used in agriculture. The sensing layer, prepared on GCE
has been formed from gold nanoparticles (AuNPs) on silica particles mixed with MWCNTs and with covalent immobilization of
methyl parathion hydrolase (MPH). MPH has been found in several bacteria. This enzyme catalyzes hydrolysis of methyl parathion and produces dimethyl phosphate and 4-nitrophenol with a
high turnover rate. 4-Nitrophenol can be irreversibly reduced at
the electrode to 4-aminophenol, which is then oxidized to quinoneimine. The well-resolved reduction peak of quinoneimine
measured by square-wave voltammetry can be used for analytical purposes, as its amplitude is proportional to the concentration
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of methyl parathion in the range from 1 ng/mL to 5.0 μg/mL with
an LOD of 0.3 ng/mL. The biosensor was successfully validated
in spiked garlic samples (Chen et al. 2011).

29.1.4 LbL Technology in Nanoscale Devices
Covalent binding based on linking to the terminal functional
groups of biopolymers provides extended stability of the surface biolayer. At the same time, the rigid structure of the surface layer can affect the native structure of receptors and restrict
the conformational changes required for the effective binding
of large-scale molecules, for example, complementary DNA
oligonucleotides or proteins (Cosnier and Mailley 2008). The
flexibility of the DNA layer can be, however, achieved by longchain spacers that spatially separate DNA-binding sites from the
interface of a transducer. However, this procedure requires more
sophisticated chemistry for the functionalization of the DNA
probes and their attachment to the surface.
The use of noncovalent multipoint interactions for the immobilization of DNA provides wide opportunities for creating surface layers, mimicking the natural conditions of DNA function
as well as some cell component features (biological membranes,
vesicles, ion channels, etc.) (Decher 1997). Mild conditions of
immobilization and the protecting ability of polyionic layer
components make it possible to establish the operational stability of the DNA sensors, extended lifetime, and improved conditions of signal measurements. In addition, the formation of DNA
complexes allows implementing additives that can both generate
an analytical signal and alter the reaction of DNA with a target
analyte. For these reasons, noncovalent inclusion of DNA in the
surface layer due to electrostatic and/or hydrophobic interactions
becomes rather popular in the DNA sensor design. The LbL technology is the possible alternative in the fabrication of nanoscale
devices. The achievements in LbL focused on the DNA sensor
were recently reviewed by Evtugyn and Hianik (2011). Here, we
briefly describe the main principles of LbL and include recent
examples of application of this technique in the food assay.
One of the first applications of LbL techniques was described
by Iler (1966) who reported the consecutive loading of oppositely
charged colloid particles of silica and alumina on a glass. This
allowed to build the film of uniform thickness. This process was
easily controlled by recording interference colors of the films. It
has been mentioned that similar techniques could be applied to
the other particles able to stabilize layers by electrostatic interactions, for example, polyvalent cations, surfactants, and even
proteins. This prophecy was fulfilled within several decades.
In the early 1980s, J. Sagiv suggested stepwise deposition of
organic structures by combination of sol–gel immobilization and
cross-linking by etherification (Netzer and Sagiv 1983). Later,
the electrostatic assembling of polyionic components was reestablished by Lvov et al. (1993). In this work also, the concept
of polyelectrolyte self-assembling has been formulated. In 1995,
the LbL assembling was applied for the immobilization of proteins in polyelectrolyte-based multilayers (Lvov et al. 1995). This
was followed by the use of DNA as a negatively charged component of polyelectrolyte complexes (Sukhorukov et al. 1996).
Native DNA, polyuridylic, and polyadenylic acids were interlaid with polyallylamine, polyethylenimine (PEI), polylysine, or
polyarginine. The DNA involved in the complex preserved its
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ability to interact with some dyes used for the control of layer
self-assembling.
Currently, the LbL assemblies involve a wide variety of components both forming charged interlays and being implemented
in them, for example, dispersed metals, CNTs, nanoparticles of
metal oxides, silica, bacteria, and so on. Even though many of
the current protocols of LbL assembling are far from initially
described polyelectrolyte complexes on a solid support, the term
“LbL assembling” assumes two main distinctive features, that is,
(a) step-by-step addition of components that self-assemble onto
a support, or template, and (b) partial or full spatial separation
of the layers in the final assembly allowing the stepwise control
of multilayer thickness and some of its characteristics such as
charge or optical transparency (Zhang et al. 2007).
The interest to LbL protocol of multilayer formation is supported by numerous applications of appropriate products in biosensors, drug delivery, and DNA release systems. The following
advantages of LbL over other techniques of multilayer assembling are commonly mentioned (Zhang et al. 2007):
a. No complicated equipment is required.
b. Diverse “building blocks” can be used to obtain a variety of the LbL constructs.
c. Mild requirements to the features of the support, for
example, size, shape, and curvature.
The LbL immobilization techniques are a versatile tool for
development of the systems that can differ in dimensions and
application but are uniform in the protocol of assembling and
characteristics. This simplifies scaling problems commonly
appeared for other immobilization approaches and makes interpreting the results easier obtained with such films.
LbL technology is rather effective in the preparation of nanocomposite layers composed of nanoparticles and other nanostructures, for example, CNTs. The introduction of nanoparticles of
noble metals, CNTs, silica, as well as dendrimers in the assembly
of polyelectrolyte layers seems to be one of the most important
improvements of the classical self-assembling procedures in the
past decade. The use of nanoparticles with covalently attached
DNA makes it possible to sufficiently increase its specific concentration in the sensing layer. It is important that contrary to
direct binding to the transducer surface, the use of nanoparticles much less affects the accessibility of the DNA-binding sites
toward target analytes. To some extent, this also increases the
interface area of oppositely charged layers and hence electrostatic interactions followed by improved stability of the surface
coating. However, the use of metal nanoparticles can be less
effective because of the rather low own charge of the particle
core. CNTs after their oxidative treatment take a negative charge
of the terminal carboxylate groups and sidewall defects, which
can be increased by appropriately linking anionic substances
such as DNA oligonucleotides. This allows implementation of
CNTs in the LbL assemblies as a polyanionic component without
an additional career. The coatings consisting of Au nanoparticles
are more often involved in the multilayer obtained by routine
protocols in between charged components. They are also used
as anchoring elements for LbL assembling of the layers linked
with thiolated groups (Figure 29.6). Thus, multilayers of carbon
nanotubes interlaid with Au nanoparticles and poly-l-lysine (PLL)
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Figure 29.6 The formation of LbL hybrid layers of DNA sensor based on alternating binding of thiolated carbon nanotubes with Au nanoparticles. (From
Evtugyn, G. and Hianik, T. Curr. Anal. Chem. 7, 8, 2011. With permission.)

were described for the detection of complementary DNA oligonucleotides (Du et al. 2009; Zhang et al. 2009). Up to eight layers
were obtained prior to covalent binding of thiolated DNA probe
to the upper nanoparticles. The behavior of the sensor was quite
stable during 3 weeks storage at 4°C.
SWCNTs are able to form complexes with DNA molecules due
to hydrophobic interactions with the sidewalls (DNA-wrapped
carbon SWCNTs). They can also be implemented in the LbL
multilayer by a conventional approach (He and Bayachou 2005).
Thus, consecutive mixing of polydiallyldimethylammonium
(PDDA) with preoxidized SWCNTs followed by the addition of
DNA resulted in spontaneous formation of aggregates isolated by
ultrafiltration. Although the SWCNTs tend to self-aggregation,
the formation of multilayered polyelectrolyte coatings resulted
in sufficient increase of the aggregates, which were easily separated from the rest of the reagents and deposited onto the GCE.
The DNA sensor showed an electrocatalytic response in the presence of Ru(II) bipyridine complex referred to the guanine oxidation. Ferrite nanoparticles were used for electrostatic assembling
of alternate layers of PLL and plasmid DNA (He et al. 2008).
The assembling was performed in the pores of the conventional
polycarbonate filter followed by adsorption of magnetic ferrite
nanoparticles. As a result, magnetic nanotubes were obtained
and recommended for bioseparation and drug-delivery systems.
LbL has been shown as a useful tool for the fabrication of biosensors in the food assay. In this respect, the DNA biosensors can be

used for the detection of pathogens by means of hybridization of
DNA, or toxicants that caused DNA damage. Recently, the LbLbased DNA biosensors were reviewed by Evtugyn and Hianik
(2011). Except DNA sensors, the LbL technology is also well suited
for the fabrication of enzyme (Mantha et al. 2010) and affinity nanobiosensors (Li et al. 2012). For example, Zheng et al. (2011) reported
a high sensitive enzyme biosensor for the detection of organophosphorus pesticides (OPs) paraoxon and parathion in vegetables and
fruits. For this purpose, the optical transducer based on CdTe semiconductor QDs has been integrated with AChE by LbL assembly.
First, the PAH and QD multilayers were deposited on a glass or
quartz surface followed by deposition of three layers of PAH/PSS
(sodium polystyrene sulfonate). Finally, PAH/AChE multilayers
were deposited on top of the (PAH/CdTe) × (PAH/PSS)3. The end
layer would contact and react with OPs and acetylthiocholine in the
solution. The detection of OPs was performed by measuring luminiscence quenching. When the enzyme substrate—the acetylthiocholine is added, it is degraded by AChE and yielded to acetate and
thiocholine. The latter compound acts as donors for the holes generated in the valence band of CdTe QDs upon photoexcitation, and
thus quenches photoluminiscence (PL) of QDs. Introduction of OPs
in solution resulted in their binding to the AChE and in decrease
the enzyme activity. This leads to the decrease of the thiocholine
production and as a result in less PL quenching. This approach
allowed detection of paraoxon and parathion at concentrations as
low as 10.5 pM and 4.47 pM, respectively. This is much better than
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29.1.5 DNA Origami in Nanoscale Devices
The unique structural properties of DNA consisting of hybridization of complementary chains and formation of various superstructures can be considered as one of the most perspective tool
for “bottom-up” nanofabrication technologies at surfaces. The
structural technology of DNA can be used for engineering of
programmable objects with the scale of 10–100 nm (Saaem and
LaBean 2013). The diameter of canonical Watson–Crick doublestranded DNA (dsDNA) is 2 nm and the distance between bases
is 0.34 nm. One turn of dsDNA contains 10.5 base pairs and has
a length of 3.57 nm. The dsDNA is rather rigid with a persistent
length of 50 nm (147 base pairs) (Hagerman 1998). However,
ssDNA is much more flexible with a persistent length of 1 nm
(Tinland et al. 1997). Thanks to the hybridization, the combination of relatively short ssDNA, and allowing to create rather
rigid nanoobjects of various shapes. Such a possibility has been
predicted by Seeman (1982) but it has been only recently realized in several relatively simple objects (Le et al. 2004; Carter
and LaBean 2011). The novel DNA origami technology allows
manipulation with relatively large ssDNA that can be folded and
hybridized with other ssDNA strands forming various 2D and 3D
objects (Woo and Rothemund 2011). This area is growing rapidly
due to the applications of DNA origami in the development of
biosensors and in nanomedicine. Because DNA is not toxic, the
3D objects formed by DNA can be used for targeted delivery
of various drugs (see Michelotti et al. 2012; Saaem and LaBean
2013 for a review). For example, Shih et al. (2004) showed that

a 1.7-kb ssDNA chain could be folded by self-assembling into
the octahedron by the addition of five short ssDNA strands.
Substantial attention has been focused on the pyramid-like DNA
tetrahedron structures (ts-DNA). Owing to the high rigidity,
well-controlled spacing, and high density, the ts-DNA can serve
as a suitable support for the attachment of various bioreceptors
(Rothemund 2006; Wang et al. 2012). In addition, the ts-DNA
in combination with click chemistry allows the preparation of
stable conjugates with other nanostructures such as graphene
oxide, which may be used in biosensing applications (Wang et al.
2012). As an example, Figure 29.7 shows the surface covered by
ts-DNA that contains the DNA aptamers at the top. The ts-DNA
provides certain space allowing the proper folding of aptamers.
The approach based on ts-DNA has been approved in the development of an electrochemical DNA biosensor for the detection
of Hg2+ ions (Bu et al. 2011). In this work, ts-DNA modified
by thymine strand at the top of the pyramid has been prepared
and chemisorbed at the gold surface. The detection of Hg2+
ions was performed by differential pulse voltammetry (DPV).
Currently, in a solution of an additional strand composed of T5–
G5, the T–Hg2+ –T complexes have been formed. The guanines
were modified by an electrochemical indicator MB. Therefore,
the formation of the above-mentioned complexes resulted in
approaching MB to the gold surface and its reduction at a certain
potential (~−0.21 V vs. Ag/AgCl reference electrode), monitored
by DPV method. The biosensor allowed the high sensitive and
selective detection of mercury ions with an LOD of 0.1 nM. It
has been successfully validated in a real sample of tap, river, and
lake water. The selectivity was approved at the presence of various other ions. The results of detection were in good correlation
with the traditional mass spectroscopy method. The advantage
of ts-DNA as a support for the attachment of a functional oligonucleotide has been approved in experiments where instead of
ts-DNA, an ssDNA was used. About 100 times lower sensitivity
was obtained in the latter case.
The nanofabrication of the surface for biosensing using DNA
origami is currently in the premature stage, but few examples
mentioned above suggest that this approach is very promising in
the fabrication of sensitive biosensors.

5 nm

sensitivity of conventional gas chromatgraphy and mass spectrometry or amperometry methods (0.5 nM). Polyelectrolyte multilayers
also effectively stabilize the AChE against unfolding forces. This
has been approved in testing the AChE activity in a long-term storage. It has been shown that even after a storage period of 35 days,
the immobilized enzymes into polyelectrolyte multilayers retained
all of their bioactivity. High stability of nanocomposite layers
formed by MWCNTs and organophosphorus hydrolase as well as
MWCNTs/DNA alternate layers formed by LbL method has been
demonstrated in paper by Mantha et al. (2010). However, in this
work the electrochemical detection of the paraoxon revealed less
sensitivity with LOD of 70 nM. Thus, the sensitivity of the sensors
based on LbL technology highly depends on bioreceptor used as
well as on the method of signal generation and detection.
Li et al. (2012) recently reported the affinity biosensor for the
amperometric detection of Escherichia coli O157:H7 in food.
The immunosensor was composed of the SAM of the amineterminated alkanethiol 11-amino-1-undecanethiol hydrochloride (AUT) at the gold surface. The –NH2 terminal groups of
SAM served for the immobilization of AuNPs. LbL method was
then used for the preparation of a multilayer film of chitosan–
MWCNTs–SiO2/thionine (CHIT–MWCNTs–SiO2 at THI) nanocomposites. Finally, the E. coli O157:H7 antibody was covalently
bound to the AuNP monolayer and its bioactivity was measured
by ELISA at the presence of a THI mediator. The biosensor
working range was 4.12 × 102–4.12 × 105 colony-forming units
(CFUs)/mL, and the total assay time was <45 min.
Thus the nanocomposite LbL films provide not only optimal
conditions for signal detection, but also substantially improve the
stability of bioreceptors.
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Figure 29.7 The schematic representation of a sensing surface composed
of DNA tetrahedrons with DNA aptamers at the top. DNA aptamers are connected to the tetrahedrons by their supporting chains complementary to the
tetrahedron strain. (Adapted from Wang, Z. et al. 2012. Nanoscale 4:394–9.)
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29.1.6 Future Perspectives
Nanoscale systems are of growing interest in the various fields of
science and technology. The preparation of the structures with a
dimension <100 nm can be achieved by self-assembly. Among
self-assembly structures, the biomimetic surfaces composed of
lipid bilayers are one of the option providing good compatibility
with living systems and allowing the incorporation of various
bioreceptors. Another approach of substantial interest is based
on nanocomposites contained in various nanostructures such as
metal or polymer nanoparticles, carbon or metal oxide nanotubes, and graphene. These nanocomposites provide not only
large surfaces for functionalization by biopolymers, but due to
the special physical properties such as excellent electron conductivity are very useful for the construction of electrochemical biosensors. Preparation of nanocomposite multilayers using
LbL technology allowing in addition substantially stabilizes the
bioreceptors. The so-called click chemistry allows the formation of highly stable conjugates between various nanostructures,
for example, DNA and graphene oxide. Preparation of functionalized surfaces for the biosensor, however, requires an optimal
spacious distribution of bioreceptors. This can be achieved by
DNA origami that represents unique structures with a high perspective in the preparation of nanoscale devices. The combination of DNA origami with the current achievements in the
bioengineering of artificial receptors—DNA/RNA aptamers
and click chemistry promises high success in the development
of new- generation biosensors and drug-delivery systems with a
high impact in the rapid and sensitive food assay as well as in
health diagnosis and therapy.
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30.1 Introduction
A chemical sensor is a device that transforms chemical information, ranging from the concentration of a specific sample component to total composition analysis, into an analytically useful
signal. Chemical sensors usually contain two basic components
connected in series: a chemical recognition element (“receptor”)
and a physicochemical transducer. The biological recognition
system translates the chemical information (i.e., concentration of
the analyte) into a chemical or physical output signal. The transducer (i.e., a physical detection system) serves to transfer the
signal from the output domain of the recognition element to the
electrical, optical, piezoelectric domain, and so on. A biosensor
is a self-contained integrated device which is capable of providing specific quantitative analytical information using a biological
recognition element (e.g., enzymes, antibodies, natural receptors,
cells, etc.) which is retained in direct spatial contact with a transduction element.
Recent advances in the technology of artificial receptors have
prompted a clear distinction between chemical sensors and biosensors. The latter utilize a transduction element of biological origin;
however, since there has not been much development in engineered
molecules, both terms are and can be used in the literature for this
class of devices. The chemical sensors should be clearly distinguished from an analytical system which incorporates additional
separation steps, such as liquid chromatography (LC) or additional
hardware and/or sample processing such as specific reagent introduction, for example, flow injection analysis (FIA).
Biosensors clearly offer advantages in comparison to standard analytical methods, such as minimal sample preparation
and handling, real-time detection, rapid detection of the analytes

of concern, use of nonskilled personnel, and so on. Because of
the importance of the ability of biosensors to be repeatedly calibrated, the term multiple-use biosensor is limited to devices suitable for monitoring both the increase and decrease of the analyte
concentrations. Thus, single-use devices which cannot rapidly
and reproducibly be regenerated should be named single-use
biosensors.
A large class of chemical and biological sensors were based
on the physical characterization of interfaces. More specifically,
electronic (bio)chemical sensing is often related to the characterization of interfaces between ion-based and electron-based
conductive materials by means of electrical variables such as
voltage, current, and charge. Also, recent trends of integrated
electronics that have started a revolution in this field allowing the
shrink of very complex electronic systems into millimeter square
sizes were a follow-up in the literature. This would allow implementing complex and sophisticated instrumentation in cheap and
portable devices for a fast detection of harmful and toxic agents.
The aim of this chapter is to bring into focus this important
research area and advances of biosensors and more specifically to those related to the rapid detection of food toxicants.
The scope is related to provide a comprehensive review of the
research topics most pertinent to the advances of devices that can
be used for the rapid real-time detections of food toxicants such
as microbes, pathogens, toxins, nervous gases such as botunilum toxin, Escherichia coli, Klebsiella pneumonia pneumoniae,
sarin, VX, Listeria monocytogenes, Salmonella, marine biotoxins (such as palitoxins, spirolides, etc.), staphylococcal enterotoxin B, saxitoxin, gonyautoxin (GTX5), francisella spore virus,
Bacillus subtilis, ochratoxin, and even simple chemical compounds. Biosensors have found a large number of applications
555

www.ebook777.com

Free ebooks ==> www.ebook777.com
556
in the area of food analysis. Recent advances include portable
devices for the rapid detection of insecticides, pesticides, food
hormones, toxins, carcinogenic compounds in environment, such
as polycyclic biphenols.
Most reports in the literature suggested that biosensors were
at a precompetitive stage, but highlighted laboratory proof-ofconcept. Currently, we are looking into portable and handheld
biosensors, for example, dynamic DNA and protein arrays for
rapid and accurate detection of pathogens. A few challenges for
toxicants detection had a high sensitivity—detect very small
amounts of pathogens, toxins, and chemical agents, high selectivity—discriminate targets from other materials, massively parallel to detect multiple pathogens, minimize false positive, have
rapid response, no need for sample preparation, and inexpensive.
To have high spatial resolution, time resolution, selectivity, and
sensitivity for chemical and biosensors nanowires (NW) and
potentiometric measurements were used.
Electrochemical systems based on inhibition of acetylcholinesterase (AChE) suggest that the detection of insecticides can be
accomplished with fast speed and sensitivity down to femtomolar
levels. Detection routes using antibodies and DNA provide many
advantages such as high sensitivity of detection, selectivity, and
can be used by nonskilled personnel. Electroanalytical and optical strategies involving exploiting methods based on the use of
immunosensors and genosensors were presented. The combination of screen-printed electrodes with functionalized magnetic
beads constitutes a powerful and efficient strategy for the development of disposable magneto-biosensors for the rapid and ultrasensitive detection of many analytes of bioterrorism significance.
Magnetic micro- and nanoparticles (NPs) have a large active surface area which makes possible for the immobilization of a high
concentration of biomolecules onto the solid phase of the transducer as well as a decrease of matrix effects.
Protein and even cell detections methodologies with interest for various applications were based on nanotechnology (i.e.,
NPs, nanochannels [NCS]). NPs-based immunosensing systems
were offered as excellent screening alternatives to sophisticated
and high cost equipments that require well-prepared professionals for their use, including data treatment, prior obtaining of
final results with interest for further decisions taken in analysis/
screening scenarios.
Development of a sensitive and specific biosensor for rapid
detection of microorganisms and protein toxins often requires
the information on the identity of the analyte of interest. On the
other hand, recent advances in microbiology and biotechnology
have led to the possibility of creating new microorganisms as
well as production of new protein toxins with completely or partially unknown DNA or protein sequences. Thus, rapid identification of microorganisms and protein toxins not only enables the
detection of the biotoxicants but also facilitates the development
of highly portable biosensors for field use.
Biosensors based on DNA aptamers are of growing interest due
to their high sensitivity and selectivity comparable with that of
antibodies. Aptamers can be chemically modified by biotin, thiol,
or amino groups, which allow them to be immobilized on various
solid supports. Aptamers can thus be considered as a valid alternative to antibodies or other biomimetic receptors, for the development of biosensors. The production of aptamers is commonly
performed by the Systematic Evolution of Ligands by Exponential
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Enrichment (SELEX) process, which, starting from large libraries of oligonucleotides, allows the isolation of large amounts of
functional nucleic acids by an iterative process of in vitro selection
and subsequent amplification through polymerase chain reaction
(PCR). Aptamers are suitable for applications based on molecular
recognition as analytical, diagnostic, and therapeutic tools.
Overall, the impact of biosensors for the rapid detection of
chemical and biological agents and other weapons of terrorism
can be realized. This will require focused further experimental
work on the following challenges:
1. High sensitivity—that is, detection of very small
amounts on the order of femtomolar range of pathogens, toxins, and other chemical agents.
2. Highly selective—discriminate target compound from
similar materials.
3. Simultaneous detection of multiple pathogens and
multiple molecular signatures of the same pathogen to
minimize false positive responses.
4. Have rapid response, without sample preparation.
5. Transportable or handheld, inexpensive, robust, and
simple to operate.
6. Real-time monitoring of protein binding to aptamers at
single molecule level.
7. Selectivity of protein detection, that is, selectivity of
human thrombin detection by antithrombin aptamers.

30.2 Classification of Biosensors
Biosensors can be classified according to the type of recognition element (enzymatic, whole cell, or affinity-based biosensor)
used. Enzymes were the first recognition elements included in
biosensors. Enzymatic biosensors measure the selective inhibition or the catalysis of enzymes by a specific target. Enzymatic
biosensors for the detection of contaminants in food samples
have been extensively described in several reviews (Cock et al,
2009; Dzyadevych et al., 2003; Li et al., 2009; Manco et al.,
2009). Another frequently used recognition element, especially
for the monitoring of environmental pollutants, are whole cells
such as bacteria, fungi, yeast, animal, or plant cells. These whole
cell biosensors detect responses of cells after exposure to a
sample, which are related to its toxicity. These (toxic) responses
can be nonspecific, such as DNA damage, heat shock and oxidative stress, or specific to a class of environmental pollutants,
such as metals, organic compounds, and compounds with biological importance (such as nitrate, ammonia, and antibiotics).
More information about the whole cell biosensors for different
food applications can be found in several reviews (Close et al.,
2009; Ding et al., 2008; Harms et al., 2006; Liu et al., 2010a,b;
Ron, 2007; Tecon and van der Meer, 2008; Yagi, 2007). A third
group of recognition elements are the affinity-based recognition
elements; they specifically bind to individual targets or groups
of structurally related targets. Affinity-based sensors are very
sensitive, selective, and versatile since affinity-based recognition
elements can be generated for a wide range of targets.
Antibodies have long been the most popular affinity-based recognition elements. A wide variety of antibody biosensors reported
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for different food applications exists and are summarized and
discussed in several reviews (Byrne et al., 2009; Conroy et al.,
2009; Franek and Hruska, 2005; Gonzalez-Martinez et al., 2007;
Prieto-Simon and Campas, 2009; Ramirez et al., 2009; Skottrup
et al., 2008; Suri et al., 2002; Tokarskyy and Marshall, 2008).
The main advantage of the use of antibodies as recognition elements is their sensitivity and selectivity; however antibodies also
have some limitations for the detection of contaminants in food.
Polyclonal antibodies are relatively cheap, but animals have to
be immunized to obtain them. Moreover, specific antibodies
require isolation and purification. Besides the ethical problems
of the use of animals, it is also difficult to generate antibodies
for toxic compounds or small compounds that cannot elicit an
immune response. Another important disadvantage of polyclonal
antibodies is the nonspecific binding. These disadvantages can
partially be minimized by using monoclonal antibodies, but
hybridoma techniques are very expensive and time-consuming.
Moreover, both poly- and monoclonal antibodies lose their binding properties under unfavorable environmental conditions and
therefore cannot sustain the conditions in which environmental
or food analysis are performed. Recent evolutions in biotechnology, nanotechnology, and surface chemistry, have created the
possibility to develop novel affinity-based recognition elements
that can overcome the limitations of antibodies. Additionally,
there is a growing concern about risk and safety of contaminants
in food and environment from environmental, food, and safety
authorities. These needs and opportunities create the perfect
synergy for the recent development of advanced sensors based
on alternative affinity-molecules. Phages, nucleic acids, and
molecular imprinted polymers (MIPS) are the novel innovative
affinity-based recognition elements that are becoming increasingly important for food sensors, because of their exceptional
characteristics, such as their high affinity and specificity for their
targets, their fast, cheap, and animal-friendly production avoiding batch to batch variations, their stability, and their ease to be
modified.

30.3 Electrochemical Biosensors
During the last 10 years electrochemical techniques of detection
have been gaining the increasing popularity among processing
systems because of their high sensitivity, simplicity, and possibility of miniaturization (Suslu and Altinoz, 2005). These techniques are based on measurements of the difference between the
intensity of electric current flowing through the stationary indicator electrode and the potential of this electrode (Palchett and
Mascini, 2008). Based on the mode of measurements of reaction effects, electrochemical sensors fall into: potentiometric,
amperometric and voltamperometric, and conductometric and
impedimetric.
Owing to the high water solubility of most pesticides, the high
level of toxicity and their use in agriculture, there is a high demand
for developing highly sensitive and selective methods for residue analysis of these pollutants (Valdés et al., 2009). Biosensors
based on the inhibition of the AChE enzyme have been widely
used for the detection of organophosphate (OP) compounds due
to their applications for the detection of its inhibitors including
organophosphate and carbamate pesticides (Castro et al., 2005;

Istamboulie et al., 2007; Lin et al., 2005; Schulze et al., 2005;
Somerset et al., 2006).
Viswanathan et al. (2009) reported an electrochemical biosensor based on AChE immobilized on polyaniline deposited on
vertically assembled single-wall carbon nanotubes (SWCNTs)
wrapped with thiol terminated single strand oligonucleotide
(ssDNA) for the determination of the most commonly used
organophosphorus insecticides in vegetable crops: methyl parathion and chlorpyrifos. The thiol terminated ssDNA–SWCNTs
has been immobilized onto gold surface via Au–S chemical
bonding. With the development of this device they described that
the incorporation of SWCNTs not only provided the conductive
pathways to promote the electron transfer, but also increased
the surface area of flexible three-dimensional conductive supports for AChE enzyme. The methyl parathion and chlorpyrifos
were determined through inhibition of enzyme reaction, so that
the normal AChE activity in presence of an organophosphate
or carbamate pesticide is altered decreasing the response signal
of the biosensor. This decrease can be related to the pesticide
concentration.
The many advantages that OP pesticides detection based on
carbon nanotubes (CNTs)-modified transducer have over the
amperometric biosensing have also been used for developing
biosensors using an organophosphate hydrolase (OPH) biocatalyst for detection of paraoxon, as reported by the Wang’s group
(Prakash-Deo et al., 2005). The CNTs/OPH biosensor was prepared by using a bilayer approach with the OPH layer atop the
CNTs film. The CNTs-modified electrodes greatly improve
anodic detection of the p-nitrophenol (product of the OPH reaction) including higher sensitivity and stability compared with
the bare electrode. The great properties of OPH–CNTs amperometric biosensor decrease its electrocatalytic activity and minimize the surface fouling associated with the oxidation process of
the phenolic compounds (Wang et al., 2003), making of CNTs
a hopeful nanomaterial to control the working potential of the
electrochemical measurements.
Another important OP compound to be detected is parathion.
It is a nonsystemic organophosphorus insecticide and acaricide
with some fumigant action. Despite its moderate toxicity, it is one
of the most studied pesticides and its highest permissible concentration set by the European Union in foods is 0.05 mg kg−1. A
ZrO2/Au nanocomposite film electrode for detection of parathion
has been described by Wang and Li (2008). The sensing performance of the ZrO2/Au nanocomposite film electrode toward
parathion was studied with square wave voltammetry. The nanofilm showed strong affinity to parathion obtaining a limit of
detection (LOD) of 3 ng mL −1 in buffer solution with pH 2.0–7.0.
The novel bioanalytical technique which is used to quantify
acrylamide in foods involves electrochemical biosensors. In this
method analytes are quantitatively determined by using highly
selective bioreceptors whose function is based on natural affinity of biologically active compounds to the substance of interest.
Biosensors are a promising solution to acrylamide quantification
in foods because they offer many advantages over other methods
such as the relatively low price, high sensitivity and selectivity
even in case of samples characterized by the complex matrix
composition, as well as possibility of miniaturization which in
turn enables online uses (Palchett and Mascini, 2008; Tudorache
and Bala, 2007).
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Recent advances in biological methods enabled construction
of a new type of sensors characterized by the high sensitivity
and selectivity which enabled quantification of trace amounts
of acrylamide in samples containing various complex matrices
(Silva et al., 2008). Their examples are potentiometric biosensors
based on ion-selective electrodes which were constructed by them
who used as detectors cells of Pseudomonas aeruginosa displaying the activity of amidase. This enzyme catalyzes hydrolysis of
acrylamide to acrylic acid and ammonium ion. Whole bacterial
cells were immobilized on the surface of a polymer membrane by
cross-linking with glutaraldehyde and then incorporated into the
ammonium ion-selective electrode (Silva et al., 2008).
The most promising approaches to acrylamide quantification
in foods according to Oracz et al. (2011) are electrochemical biosensors and immunoenzymatic tests. In contrast to chromatography and electrophoretic methods they require neither expensive
equipment nor time-consuming sample preparation and allow
for fast screening of numerous samples without the need for
sophisticated apparatuses. Because of many advantages such as
miniaturization, rapid and simple analysis, and high sensitivity
and selectivity, biosensors are thought to replace conventional
methods of acrylamide quantification in food.
Electroanalytical techniques, more specifically voltammetric
techniques, are especially well suited to the analysis of polyphenols. Native electroactivity and their electrochemical oxidation
at moderate potentials has been exploited for their detection.
These characteristics allow selective detection of polyphenols
with good sensitivity, even in very complex samples, such as
wine, and responses are independent of the optical path-length or
sample turbidity. Typical electrochemical sensing of polyphenols
in wines has been carried out using their direct electrochemical
oxidation at carbon-based or metallic electrodes. Alternatively,
their participation in enzymatic processes at electrochemical
biosensors involving polyphenol oxidases (e.g., PPO, tyrosinase,
and laccase oxidase) or peroxidase enzymes, and monitoring the
electrochemical response of the enzymatically generated products, has been exploited.
Sanchez Arribas et al. (2012) examined the potency of electroanalytical techniques for the direct evaluation of antioxidant
activity and total polyphenol content of wines, and the detection
and the quantification of individual polyphenols in these samples. They summarized and critically discussed voltammetric
approaches using carbon-based and metallic electrodes and biosensors, and their coupling to flow systems (e.g., flow-injection
analysis, high-performance liquid chromatography [HPLC] or
capillary electrophoresis) with special attention to contributions
from 2000 to date.
The enzyme is the most critical component of the enzyme
electrode since it provides the selectivity for the sensor and catalyzes the formation of an electroactive product for detection.
Immobilization of enzymes on the electrode surface is a critical step for the successful design of a biosensor. All approaches
try to obtain the highest enzyme loading without losing activity,
minimizing its leaching from the electrode surface to the bulk
solution and inactivation of the layer by radicals generated in the
enzymatic reactions or polymerization of the product formed as
in the case of polyphenols.
Antioxidant detection by means of enzymes mostly relies on
the measurement of the reduction current of the enzymatically
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oxidized antioxidant. Tyrosinase and laccase are Cu containing
oxidases that catalyze the reduction of oxygen to water in the
presence of phenolic compounds. Most methods for phenolic
compounds measure the reduction current of the corresponding quinone formed. The use of a redox mediator along with the
enzyme was also proposed for the detection of catechol on Pt
at +0.65 V (Akyilmaz et al., 2010). Gallic acid (Di Fusco et al.,
2010), caffeic acid (Cortina-Puig et al., 2010), catechol (Zejli
et al., 2008), or rosmarinic acid (Diaconu et al., 2010) among
others have been selected as standards for the assessment of phenolic content in food and environmental samples.
Barroso et al. (2011) revised the electroanalytical approaches
developed for the assessment of the total or individual antioxidant capacity. Four electrochemical sensing approaches have
been identified, based on the direct electrochemical detection of
antioxidant at bare or chemically modified electrodes, and using
enzymatic and DNA-based biosensors.
Amperometric and impedimetric biosensor for detecting trimethylamine (TMA) which represents good parameters for estimating fish freshness was developed by Bourigua et al. (2011).
The biosensor is based on a conducting polypyrrole substituted
with ferrocenyl, where flavin-containing monooxygenase 3
(FMO3) enzyme was immobilized by covalent bonding. FMO3
catalyzes the monooxygenation TMA to trimethylamine oxide
(TMO). For catalysis FMO require flavin adenine (FAD) as a
prosthetic group, NADPH as a cofactor, and molecular oxygen
as cosubstrate. Ferrocenyl group substituted on the polypyrrole
matrix will serve as redox probe for monitoring the response of
the biosensor to TMA. The construction of the biosensor was
characterized by FT-IR, cyclic voltammetry, and impedance
measurements. Detection is done through the analysis of the current of oxidation signal of the ferrocenyl groups and compared
to the measurement of impedance related to the electrical properties of the layers. Amperometric and impedimetric responses
were measured as a function of TMA concentration in range of
0.4–80 μg mL −1 (6.5 μmol L −1–1.5 mmol L −1). Amperometric
measurements show a decrease in current response which is in
correlation with the increase of the charge transfer resistance
demonstrated by impedance. Calibration curve obtained by
impedance spectroscopy shows a high sensitivity with a dynamic
range from 0.4 μg mL −1 to 80 μg mL −1. They demonstrated, using
ferrocene as redox probe for catalytic reaction of FMO3, that
high sensitivity and dynamic range was obtained. The biosensor
was stable during 16 days. The biosensor shows high selectivity
and its sensitivity to TMA in real samples was evaluated using
fish extract after deterioration during storage.
An electrochemical biosensor for detection of fructose in food
samples was developed by Damar and Demirkol (2011) by immobilization of fructose dehydrogenase (FDH) on cysteamine and
poly(amidoamine) dendrimers (PAMAM)-modified gold electrode surface. Electrochemical analysis was carried out by using
hexacyanoferrate (HCF) as a mediator and the response time was
35 s at +300 mV versus Ag/AgCl. Moreover, some parameters
such as pH, enzyme loading, and type of PAMAM (Generations
2, 3, and 4) were investigated. Then, the FDH biosensor was calibrated for fructose in the concentration range of 0.25–5.0 mM.
To evaluate its utility, the FDH biosensor was applied for fructose analysis in real samples. Finally, obtained data were compared with those measured with HPLC as a reference method.
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Neodymium (Nd) substituted bismuth titanate (Bi4−xNdxTi3O12, BNTO-x) nanoplates inlaid one another were prepared
by sol–gel hydrothermal method, which was explored for protein
immobilization and biosensor fabrication by Guo et al. (2012).
Comparative experiments witnessed that Bi3+ ions in bismuth
titanate (Bi4Ti3O12, BTO) were successfully substituted with Nd3+
ions, and the electrochemical properties of the Hb–Chi–BNTO
biosensors closely depended on the Nd3+ ion content. With increasing the Nd3+ doping content, the electrochemical performance
of the Hb–Chi–BNTO-x biosensors showed regularly variable.
Moreover, compared with the Hb–Chi–BTO and other Hb–Chi–
BNTO-x biosensors, the Hb–Chi–BNTO-0.85 biosensor had
more excellent electrochemical and electrocatalytic properties
such as stronger redox peak currents (approximately threefold),
smaller peak-to-peak separation (50 mV), larger heterogeneous
electron transfer rate (14.1 ± 3.8 s−1), higher surface concentration of electroactive redox protein (about 8.16 × 10−11 mol cm−2),
and better reproducibility and stability. The Nd-depended electrochemical properties of the Hb–Chi–BNTO biosensors may
open up a new idea for designing third-generation electrochemical biosensors, and the BNTO-0.85-based biosensor is also
expected to find potential applications in many areas such as
biomedical, food, and environmental detection.
High-performance electrochemical biosensors are essential for
uncovering and understanding the kinetics and thermodynamics of biological redox processes (Ahmadalinezhad and Chen,
2011; Noell and Noell, 2011; Wang et al., 2011), and exploiting their potential applications in medical diagnosis (Shi et al.,
2007), pharmaceutical and environment controls (Moreau et al.,
2008), enzyme biofuel cells (Zafar et al., 2009), and biodetection (Soleymani et al., 2009). To obtain high-performance electrochemical biosensors, it is of key importance to successfully
immobilize a redox protein onto an electrode surface and form
efficient electrical communication between the redox protein and
the electrode while retaining the protein stability and bioactivity (De la Escosura-Muniz and Merkoci, 2010; Lu et al., 2009;
Sandros et al., 2006; Willner et al., 2007).
Various lactose biosensors based on immobilized enzymes
with electrochemical detection have been described in the literature. They belong to three different generations of amperometric
biosensors (Adanyi et al., 1999; Liu et al., 1998; Lourenco et al.,
2003; Ludwig et al., 2010; Rajendran and Irudayaraj, 2002; Safina
et al., 2010; Sharma et al., 2004; Stoica et al., 2006; Tkac et al.,
2000.) Cellobiose dehydrogenase (CDH) based lactose biosensors, belonging to the third generation, showed a much higher
stability and sensitivity for lactose compared to other amperometric biosensors. They utilize direct electron communication
between the redox enzyme and the electrode exemplified by CDH
adsorbed on a solid spectrographic graphite electrode or other
carbon-based electrodes (Ludwig et al., 2010; Safina et al., 2010;
Stoica et al., 2006). A novel method for lactose determination in
milk is proposed by Yakovleva et al. (2012). It is based on oxidation of lactose by CDH from the basidiomycete Phanerochaete
chrysosporium, immobilized in an enzyme reactor. The reactor
was prepared by cross-linking CDH onto aminopropyl-silanized
controlled pore glass (CPG) beads using glutaraldehyde. The
combined biosensor worked in FIA mode and was developed for
simultaneous monitoring of the thermometric signal associated
with the enzymatic oxidation of lactose using p-benzoquinone

as electron acceptor and the electrochemically generated current associated with the oxidation of the hydroquinone formed.
A highly reproducible linear response for lactose was obtained
between 0.05 and 30 mM. For a set of more than 500 samples
an R.S.D. of less than 10% was achieved. The assay time was
ca. 2 min per sample. The sensor was applied for the determination of lactose in dairy milk samples (milk with a fat content of
1.5% or 3% and also “lactose free” milk). No sample preparation
except dilution with buffer was needed. The proposed method is
rapid, suitable for repeated use and allows the possibility to compare results from two different detection methods, thus providing
a built-in quality assurance. Some differences in the response
observed between the methods indicate that the dual approach
can be useful in mechanistic studies of redox enzymes.
Biosensors represent an alternative to a traditional enzymelinked immunosorbent assays (ELISA) giving several important
advantages such as fast response, possibility of miniaturization,
and detection of a number of targets in arrays (Ricci et al., 2007).
Among all biosensors techniques, the electrochemical ones are
the simplest and cheapest. Recently, two highly sensitive Ara
h1 impedance biosensors for peanut detection were developed
(Liu et al., 2010a,b; Huang et al., 2008). Volpe et al. (1998) have
demonstrated detection of antibodies labeled with horseradish
peroxidase through electrochemical reduction of the oxidized
form of tetramethylbenzidine, which is widely used in colorimetric ELISA. Based on this principle and the developed ELISA
Trashina et al. (2011) have demonstrated a Cor a 9 amperometric
immunosensor for detection of hazelnut in foods.
Amperometric biosensors based on gold planar electrode
and on two types of nanocomposite electrodes consisting of
multiwalled carbon nanotubes (MWCNTs) for determination
of l-lactic acid designed for wine-makers were developed by
Monošik et al. (2012b) and used for an analysis of real food
samples and beverages. The biosensors were constructed by
immobilization of l-lactate oxidase and peroxidase within chitosan layers on the surface of the electrodes. As a mediator,
ferrocyanide was used. The current resulted from re-oxidation
of produced ferricyanide was measured at working potential
of −50 mV against Ag/AgCl reference electrode. The biosensor based on gold electrode showed linearity over the range
5–244 μM with the detection limit of 0.96 μM. Calibration
curves for biosensors utilizing two types of nanocomposites consisting of N-eikosane and MWCNTs (d = 60–100 nm,
L = 5–15 μm, 95+% purity or d = 9.5 nm, L = 1.5 μm, 90+%
purity) were obtained both with the linear range of 5–340 μM.
The detection limits were 1.62 and 1.66 μM, respectively. All
types of biosensors had response time of 65 s. The biosensors
showed satisfactory operational stability (no loss of sensitivity after 60 consecutive measurements) and an excellent storage stability (90% of the initial sensitivity after 15 months
of storage at room temperature). Finally, the results obtained
from measurements of food and wine samples were compared
with those obtained with an enzymatic-spectrophotometric and
standard HPLC method. The biosensors based on three different configurations were able to determine low concentration
(0.02–0.12 g L −1) of lactic acid level, what was not possible by
reference analytical methods and a comparison between results
obtained by the biosensors and reference methods agreed very
well at concentration of lactic acid above 1.4 g L −1.
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Despite the great number of developed lactate biosensors, there
is still a need to improve sensibility, stability, and applicability of
such devices. One of the promising approaches is to utilize CNTs
for construction of biosensors. The discovery of CNT (Iijima,
1991) brought a lot of promises to biosensors development because
of the ability of CNT to facilitate electrochemistry of many compounds at low potential (Wang, 2005). The ability of CNT to
promote the electron-transfer reactions of NADH and hydrogen
peroxide makes it suitable for dehydrogenase- or oxidase-based
amperometric biosensors (Huang et al., 2007; Lee and Tsai, 2009).
Amperometric biosensors based on gold planar or nanocomposite electrode containing MWCNTs for determination of glycerol
were developed by Monošik et al. (2012a). The biosensors were
constructed by immobilization of a novel multienzyme cascade
consisting of glycerol kinase/creatine kinase/creatinase/sarcosine
oxidase/peroxidase between a chitosan “sandwich.” A measuring
buffer contained adenosine 50-triphosphate (ATP), creatine phosphate, and an artificial electrochemical mediator ferrocyanide. The
currents proportional to glycerol concentration were measured at
working potential of −50 mV against Ag/AgCl reference electrode.
The biosensors showed linearity over the ranges of 5–640 μM and
5–566 μM with detection limits of 1.96 and 2.24 μM and sensitivities of 0.80 and 0.81 nA μM−1, respectively. Both types of biosensors had a response time of 70 s. The biosensors demonstrated
satisfactory operational stability (no loss of sensitivity after 90
consecutive measurements) and excellent storage stability (90% of
the initial sensitivity after 15 months of storage at room temperature). The results obtained from measurements of wines correlated
well with those obtained with an enzymatic–spectrophotometric
assay. The presented multienzyme cascade can be used also for
determination of triglycerides or various kinase substrates when
glycerol kinase is replaced by other kinases.
A simple and inexpensive methodology was used by Ensafi
et al. (2012) to develop a novel electrochemical sensor for the
determination of Sudan II. The interaction of Sudan II with
salmon sperm ds-DNA on the surface of salmon sperm ds-DNAmodified pencil graphite electrode (PGE) and in solution phase
was studied, using differential pulse voltammetry. The difference between adenine and guanine signals of the ds-DNA after
and before interaction with Sudan II was directly proportional
to Sudan II concentration, which used for quantitative inspections. Using PGE, a linear calibration curve (R2 = 0.9958) was
observed with 0.5–6.0 μg mL −1 Sudan II. Furthermore, the LOD
of 0.4 μg mL −1 and linear range between 0.5 and 4.0 μg mL −1
were achieved in solution phase. In the second part, Sudan II
was determined on a pretreated PGE by means of adsorptive
stripping differential pulse voltammetry. The peak current was
linearly dependent on Sudan II concentration over the range of
0.0015–0.30 μg mL −1, with a detection limit of 0.00007 μg mL −1
Sudan II. Both ds-DNA-modified PGE and PPGE were applied
to analyze Sudan II in real samples.
Foodborne illnesses are caused by consuming foods or beverages contaminated by bacteria, viruses, and parasites. Many
of these organisms have negative effects on both animals and
humans, costing to the food industry and indirectly to the
consumer, millions of dollars, and the analysis and control of
them (Leonard et al., 2003). Foodborne illnesses have reported
a large mortality in the last years. Centers for Disease Control
and Prevention (CDC) has reported top five pathogens causing
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domestically acquired foodborne illnesses resulting in death in
the United States: Salmonella, nontyphoidal (28%), Toxoplasma
gondii (24%), L. monocytogenes (19%), Norovirus (11%),
Campylobacter spp. (6%).
Salmonella, E. coli and L. monocytogenes are among the
most studied microorganisms regarding to their detection and
quantification in food. However, other pathogens that can contaminate food are the respiratory syncytial virus (Agrawal et al.,
2005; Bentzen et al., 2005) and protozoan parasites such as
Cryptosporidium and Giardia (Zhu et al., 2004). Therefore, it
is very important to detect these microbial contaminants using
rapid, sensitive, specific, and inexpensive methods of analysis,
besides providing qualitative and/or quantitative information of
the microorganisms tested. In many of these analysis the goal
is to take a 25–50 g food sample and reduce its volume to less
than 1 mL for separating bacteria from a food matrix and then
concentrating it (Jaykus, 2003). (Bio)sensor platforms based on
nanomaterials such as metal NPs (Gong-Jun et al., 2009), NRs
(Norman et al., 2008), NWs (Patolsky et al., 2004; Tok et al.,
2006), and so on are being used for the analysis of pathogens.
The recognition element in the (bio)sensing platform is typically bound to the surface of the nanomaterial, and the interaction of this hybrid with a pathogen is monitored through a signal
transduction mechanism, which explicitly detect the interaction
between the pathogen and the recognition element improving the
sensitivity of the analysis.
NPs modified with antibodies are bringing advances in the
immunological process for detection of the Salmonella spp.
For example, Gong-Jun et al. (2009) immobilized Salmonella
spp. monoclonal antibodies (McAbs) on Au NPs. The interaction of McAbs with Salmonella spp. was evaluated using the
electrochemical impedance spectroscopy (EIS) technique as
an efficient method for fabricating a capacitive immunosensor for the detection of Salmonella spp. in pork samples. The
linear relationship between the relative change in capacitance
and logarithm of Salmonella concentration was obtained in the
range of 1.0 × 102–1.0 × 105 CFU mL −1, having as linear regression equation: ΔC (%) = 17.18–14.92 log C (CFU mL −1), and a
correlation coefficient of 0.991. The lowest detection limit of
Salmonella antigen concentration was 1.0 × 102 CFU mL −1. This
capacitive immunosensor has the advantage of high nonspecific
interactions and the short analysis time (40 min) in comparison
with the PCR method.
A highly sensitive strategy for detecting Salmonella typhi
based on gold NPs has been studied by Dungchaia et al. (2008).
They immobilized monoclonal antibodies on polystyrene
microwells and captured S. typhi bacteria. After that a polyclonal antibody-colloidal gold conjugate was added to bind to
the S. typhi bacteria followed by a copper-enhancer solution with
ascorbic acid and copper (II) sulfate added into the polystyrene
microwells. The ascorbic acid reduced the copper (II) ions to
copper (0), which was deposited onto Au NPs tags. In this way,
the released copper ions were detected by using anodic stripping
voltammetry and the amount of deposited copper was related to
the amount of Au NPs tag. In this way the amount of S. typhi
attached to the polyclonal antibody-colloidal gold conjugate was
controlled. Therefore, the anodic stripping peak current was linearly dependent of the S. typhi concentration obtaining a detection limit of 98.9 CFU mL −1.
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Important microorganisms with interest to be analyzed are
E. coli’s such as enterotoxigenic E. coli (ETEC), enteroinvasive
E. coli (EIEC), enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), and enteroaggregative E. coli (EAEC).
Some of its strains can cause diarrhea, urinary tract infections,
inflammations, and peritonitis in immunosuppressed patients
such as children and elderly people, so it is a very important cause to assess the quality of drinking water (Serra et al.,
2005) and food (Lin et al., 2008; Palchetti and Mascini, 2008;
Sanvicens et al., 2009). E. coli O157:H7 is a microorganism that
causes hemolytic-uremic syndrome (HUS), which can be lethal.

30.4 Optical Biosensors
The development of optical-fiber sensors during recent years
is related to two of the most important scientific advances: the
laser and modern low-cost optical fibers. Recently, optical fibers
have become an important part of sensor technology. Their use
as a probe or as a sensing element is increasing in clinical, pharmaceutical, industrial, and military applications. Excellent light
delivery, long interaction length, low cost and ability not only to
excite the target molecules but also to capture the emitted light
from the targets are the main points in favor of the use of optical
fibers in biosensors. Optical fibers transmit light on the basis of
the principle of total internal reflection (TIR). Fiber optic biosensors are analytical devices in which a fiber optic device serves as
a transduction element. The usual aim is to produce a signal that
is proportional to the concentration of a chemical or biochemical to which the biological element reacts. Fiber optic biosensors
are based on the transmission of light along silica glass fiber, or
plastic optical fiber (POF) to the site of analysis. Optical fiber
biosensors can be used in combination with different types of
spectroscopic techniques, for example, absorption, fluorescence,
phosphorescence, surface plasmon resonance (SPR), and so on.
Optical biosensors based on the use of fiber optics can be classified into two different categories: intrinsic sensors, where interaction with the analyte occurs within an element of the optical
fiber; and extrinsic sensors, in which the optical fiber is used to
couple light, usually to and from the region where the light beam
is influenced by the analyte (Bosch et al. 2007).
Organophosphate (OP) neurotoxins comprise a unique class
of contaminants and chemical warfare (CW) agents which have
a high acute toxicity. These neurotoxins are powerful inhibitors
of esterase enzymes, such as acetyl- and butyryl-cholinesterases
or neurotoxic esterase. Simple methods for organophosphorus
(OP) neurotoxins detection using fluorescence assays based on
specific recognition of OP by organophosphate hydrolase (OPH)
enzyme have been developed.
A biosensor for direct detection of OP neurotoxins such as paraoxon has been reported (Simoniana et al. 2005). The biosensing
method has been based on the change in fluorescence of a competitive inhibitor of the OPH enzyme when the inhibitor is displaced by
the OP substrate. The change in fluorescence intensity was correlated with concentration of paraoxon presented in the solution. The
sensitivity to paraoxon was obtained when enzyme inhibitor and
OPH–gold NP conjugates were present at near equimolar levels.
An optical glutamate biosensor test strip based on stacked
membranes of nafion/sol–gel (bottom layer) and chitosan

(uppermost layer) was fabricated on a piece of paper as support
to form a test strip by Muslim et al. (2012). The use of a stacked
membrane system allows multiple immobilizations of sensing components directly without any covalent attachment via
straightforward procedures. The uppermost membrane consisted of immobilized enzymes l-glutamate oxidase (GLOD)
and horseradish peroxidase (HRP), which sensed the presence
of l-glutamate and the bottom membrane contained the indicator dye, 3,3′,5,5′-tetramethylbenzidine. The test strip can
be used to measure l-glutamate quantitatively by observing a
color change from light green to dark green with increasing
l-glutamate concentrations. Quantitative analysis could be
performed by measuring the reflectance intensity of the color
change at 550 nm. The glutamate biosensor test strip gave a
linear response range of 0.01–0.30 mM to l-glutamate with a
LOD of 5 μM. The strips were successfully applied for the estimation of l-glutamate in common food items such as sauces,
soups, processed food, and flavor enhancers. Results of analysis of l-glutamate in various food samples using the glutamate
test strip were comparable to a standard procedure employing
HPLC method.
The uniqueness of this optical biosensor design is a simultaneous immobilization of several sensing agents (one indicator dye,
3,3′,5,5′-tetramethylbenzidine [TMB] and two enzymes, i.e., l-glutamate oxidase [GLOD] and horseradish peroxidase [HRP]) via
a stacked membrane system without any covalent attachment of
the sensing components. Avoiding covalent attachment of sensing
materials on the test strip support enables a simple and straightforward fabrication procedure for the device apart from preventing
deactivation of the enzymes during chemical attachment (Wong
et al., 2006). In addition to that, the application of reflectance spectrophotometry in the detection of color change of the test strip in
the presence of l-glutamate has the advantage of not only allowing
opaque support material to be used for the test strips construction
but also enable nontransparent sample matrices, especially food
samples to be analyzed directly without the need of any sample
pretreatments.
POF biosensors consist in a viable alternative for rapid and
inexpensive scheme for detection. In order to study the sensitivity
of tapers for microbiological detection, geometric parameters are
studied, such as the taper waist diameter since the formation of
taper regions are the key sensing element in this particular type of
sensors. Beres et al. (2011) prepared a series of POF taper sensors
using a specially developed tapering machine, and the dispersion
of geometric dimensions is evaluated, aiming to achieve the best
tapering characteristics which will provide a better sensitivity
on the sensor response. The fiber tapers that presented the finest
results were those constructed in U-shaped (bended) configurations, with taper waist diameters ranging from 0.40 to 0.50 mm.
These fiber tapers were used as the main section of the monitoring device, and when chemically treated as immunosensors for
the detection of bacteria, yeast, and erythrocytes (Beres et al.,
2011). Α variety of studies approach the application of straight
silica optical fibers in the manufacture of tapered sensors; nevertheless the employment of U-shaped tapers in POF can afford
several advantages, such as increased sensitivity, smaller taper
length, economic use of reagents, an improved handling and fabrication, and a greater mechanical resistance (De Nazare et al.,
2011; Frazao et al., 2008).
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30.5 SPR Biosensors
SPR is a modern analysis technique based on the changes in
the refractive index of material on the metal surface. In 1982,
Liedberg first realized the biosensing potential of a prism SPR
sensor with an immunoglobulin G (IgG) antibody adsorbed overlayer on the gold-sensing film, which allowed selective binding
detection of IgG (Liedberg et al., 1983). Originally, the SPR technique was applied in the analysis of gases, liquids, and solids. In
recent years, SPR technique has an increasing application in biochemistry (Green et al., 2000; Homola et al., 1999), clinical diagnosis (Kanoh et al., 2006), food analysis (Spadavecchia et al.,
2005), environmental monitoring (Inamori et al., 2005), and so
on. The popularization of SPR is due to its properties of labelfree, real-time detection, and high sensitivity. SPR can not only
be used in analyte detection, but also provide rich information on
the specificity, affinity, and kinetics of biomolecular interactions.
In the last 10 years, much attention has focused on the detection of low-molecular-weight analyses in food and environmental fields using SPR biosensor. In present review, we address the
basic principle of SPR, the existing detection methods, and the
progress on mycotoxin detection using SPR biosensor.
SPR is a physical optics phenomenon based on the change in
the refractive index on the metal surface. Several reviews have
described the basic principle and operation of SPR (Hodnik and
Anderluh, 2009; Shankaran et al., 2007). When a plane polarized light shines directly through the prism to the metal/solution dielectric interface over a wide range of incident angles, the
evanescent wave will be generated under TIR condition. At a
selected incident light wavelength or angle, the evanescent waves
can resonate with surface plasmons (SP) produced by free electrons on the metal film of the sensor surface, and the energy of
incident light will be absorbed by SP, which results in a narrow
dip in the spectrum of reflected light. The angle at which the drop
is maximum (minimum of reflectivity) is denoted as the “SPR
angle.” This “SPR angle” is extremely sensitive to the refractive
index of the sample contacting with the metal surface, so that it
is also highly influenced by the species and amount of biomolecules immobiliZed on the gold layer. Furthermore, the kinetics information of the interaction between molecules can also be
obtained (Huang et al., 2008).
As one of the relatively new analytical techniques, SPR has
been proven particularly advantageous for rapid, label-free, sensitive analyte detection. Using SPR, qualitative and quantitative analysis can be performed in real-time. Mycotoxins are a
group of small, toxic products formed as secondary metabolites
by a few fungal species. They can contaminate foodstuffs on
a large scale and consequently threaten human health through
food chain. Thus, rapid, sensitive, and selective determination
of mycotoxin is of great significance for the food safety. This
contribution addresses the basic principle of SPR, the existing
detection methods, and the progress on mycotoxin detection
using SPR biosensor (Li et al., 2012).
SPR biosensing has matured into a valuable analytical technique for measurements related to biomolecules, environmental
contaminants, and the food industry. Contemporary SPR instruments are mainly suitable for laboratory-based measurements.
However, several point-of-measurement applications would
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benefit from simple, small, portable, and inexpensive sensors to
assess the health condition of a patient, potential environmental contamination, or food safety issues. This trend article by
Breault-Turcot and Masson (2012) explores nanostructured substrates for improving the sensitivity of classical SPR instruments
and NP-based colorimetric substrates that may provide a solution
to the development of point-of-measurement SPR techniques.
Novel nanomaterials and methodology capable of enhancing
the sensitivity of classical SPR sensors are destined to improve
the limits of detection of miniature SPR instruments to the level
required for most applications. In a different approach, paper or
substrate-based SPR assays based on NPs, are a highly promising topic of research that may facilitate the widespread use of a
novel class of miniature and portable SPR instruments (BreaultTurcot and Masson, 2012).
Nanotechnology involves the characterization, fabrication,
and/or manipulation of structures, devices, or materials that are
between 1 and 100 nm in size. One of the major advantages of
using nanomaterials for biosensing is due to their large surface
area, allowing a greater number of biomolecules to be immobilized and this consequently increases the number of reaction
sites available for interaction with a target species. This property,
coupled with excellent electronic and optical properties, facilitates the use of nanomaterials in “label-free” detection and in
the development of biosensors with enhanced sensitivities and
improved response times. Advances in the manipulation of nanomaterials has permitted the development of nanobiotechnology
with enhanced sensitivities and improved response times. Low
levels of infection of the major pathogens require the need for
sensitive detection platforms and the properties of nanomaterials
make them suitable for the development of assays with enhanced
sensitivity, improved response time, and increased portability.
Nanobiotechnologies focusing on the key requirements of
signal amplification and preconcentration for the development
of sensitive assays for foodborne pathogen detection in food
matrices have been described and evaluated by Gilmartin and
O’Kennedy (2012). The potential that exists for the use of nanomaterials as antimicrobial agents has also been examined by the
same authors.
Cantilevers function by detecting differences in the stress,
forces, or vibration frequency, occurring when molecules bind
to the surface. For example, bacteria can be detected due to the
additional mass resulting from the binding of specific antibodies immobilized on the cantilever surface and the bacterial cell.
There are several reports of sensitive detection of bacteria using
cantilever technology such as a single Listeria innocua cell (Li
et al., 2011), E. coli O157:H7 in spinach, spring lettuce mix and
ground beef (LOD 100 CFU/mL) (Gupta et al., 2004), and an
antibody functionalized piezoelectric-excited millimeter-sized
cantilever sensor capable of identification of 1 E. coli O157:H7
cell/mL (Maraldo and Mutharasan, 2007). However, differences
in pathogen adherence to food matrices, which affects target
binding to the sensor surface, can affect sensitivity (Campbell
and Mutharasan, 2007). The scaling down of this technology to
the nanoscale has increased the capacity of nanocantilevers for
ultrasensitive, faster detection due to higher frequencies and better mass resolution.
SPR technology has been used for the detection of foodborne pathogens using gold surfaces. Gold nanorods (NRs) are
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elongated NPs with distinct optical properties that depend on
their shape. Compared to the single plasmon adsorption band of
NPs, excitation of SPs by light in NRs can be seen as two plasmon absorption bands, one corresponding to light absorption and
scattering along the width of the particle, and the other along the
length of the particle. Changes in the aspect ratio (ratio of the
width of the object to its length) of an NR gives rises to plasmon adsorption bands at different positions hence different sized
NRs can be used as labels in a multiplex assay. The position and
intensity of these bands can be affected by changes, for example,
binding events, in the dielectric constant around the vicinity of
these NRs, known as localized SPR (LSPR) or nanoSPR (PerezJuste et al., 2005).
The sensing capacity of the detection systems is being improved
finally by using nanomaterials such as magnetic nanoparticles
(MNPs), CNTs, NRs, quantum dots (QDs), NWs, NCs, and so
on. These nanomaterials, used in electrical biosensors, have a
very high capacity for charge transfer, which makes them suitable to reach lower detection limits and higher sensitivity values.
Nanomaterials can contribute as labels or transducers modifiers
so as to improve the performance of the biosensor. Some of the
reported nanomaterials are QDs. QDs are crystalline clusters with
a nanosize (Murphy, 2002), that can be synthesized from semiconductor materials (e.g., cadmium sulfide (Merkoci et al., 2006),
cadmium selenide (Steigerwald and Brus, 1990), cadmium telluride (Eychmuller and Rogach, 2000), indium phosphide (Guzelian
et al., 1996), or gallium arsenide (Olshavsky et al., 1990).
“Nanosized-” and nanomaterials-based biosensors, called also
as nanobiosensors is a modern and efficient class of detection
systems (Delmulle et al., 2005; Lin et al., 2008; Sanvicens et al.,
2009). The application of nanobiosensors in food industry could
lead to immense improvements in quality control, food safety,
and traceability.
Nanobiosensors can achieve very low detection limits (even
single molecule or cell). In addition they offer multidetection
possibilities and may ensure a high stability (i.e., NPs such as
QDs, are more stable than enzymes or fluorescence dyes). The
main advantage beside the reduction of reagent volumes, detection time, keeping the same sensitivity, is the user-friendly applicability: there is no need for professional users. The idea is to
develop one-push button-like devices that can give a fast “yes–
no” response or ensure a similar simple communication with the
end-user.
Although some interesting nanobiosensors based on the use
of NPs and techniques such as optical microscopy (i.e., based on
light absorption, scattering, fluorescence of NPs, etc.) and electrochemistry (i.e., stripping analysis, potentiometry, etc.) have
been developed and reported in several publications (Ambrosi
et al., 2009; Antiochia et al., 2004; De la Escosura-Muniz et al.,
2008; Dungchaia et al., 2008; Lin et al., 2008; Merkoci et al.,
2006; Ozdemir et al., 2010; Yang and Li, 2005). Briza PerezLopez and Merkoci (2011) gave a general overview of some of
the most important nanomaterial-based biosensing systems
based on various detection technologies and applied in food field.
In addition they revised and gave opinions on the current status
of detection systems, the obstacles, and some suggestions for the
future development of this technology.
Previous studies (Shelver and Smith, 2003; Thompson et al.,
2008) employed Biacore Q SPR biosensor and CM5 sensor chips

from Biacore AB (Uppsala, Sweden). Although they produced
good results, but their instrument and chips were still expensive.
An SPR biosensor inhibition immunoassay for determination
of ractopamine (Rac) residue in pork was constructed by immobilizing Rac derivative on the SPR-2004 biosensor chip. After
extraction with perchloric acid, pork sample was cleaned by ethyl
acetate and analyzed by SPR-2004 biosensor. The LOD was
0.6 μg/kg for pork sample. Recoveries of Rac were higher than
80% with relative standard deviations below 10%. Although the
same pretreatment was applied for both the UPLC–MS/MS and
the biosensor, the biosensor showed little matrix interference by
constructing pure solution and matrix-match calibration curves.
Accordingly, this biosensor was a promising screening instrument to be used for detection of ractopamine in supermarkets,
food factories, and food regulatory organizations.
Panagopoulou et al. (2012) reported for the first time the development of kappa-casein (κ-CN)-based electrochemical and SPR
biosensors for the assessment of the clotting activity of rennet.
κ-CN is the “active” component of milk micelles. Using κ-CN as
a sensing layer they managed to overcome problems associated
with the short storage stability of the artificial casein micelles
(ACM) stock suspension (1 week) and the ACM size-dependent
response of the resulting biosensors.
Electrochemical biosensors were developed over gold electrodes
modified with a self-assembled monolayer of dithiobis-N-succinimidyl propionate, while SPR measurements were performed on
regenerated carboxymethylated dextran gold surfaces. In both
types of biosensor, κ-CN molecules were immobilized onto
modified gold surfaces through covalent bonding. In electrochemical biosensors, interactions between the immobilized κ-CN
molecules and chymosin (the active component of rennet) were
studied by performing cyclic voltammetry, differential pulsed
voltammetry, and EIS measurements, using hexacyanoferrate(II)/
(III) couple as a redox probe. κ-CN is cleaved by rennet at the
Phe105–Met106 bond, producing a soluble glycomacropeptide,
which is released to the electrolyte, and the positively charged
insoluble para-κ-casein molecule, which remains attached to the
surface of the electrode. This induced reduction of the net negative charge of the sensing surface, along with the partial degradation of the sensing layer, results in an increase of the flux of the
redox probe, which exists in the solution, and consequently, to
signal variations, which are associated with the increased electrocatalysis of the hexacyanoferrate(II)/(III) couple on the gold
surface. SPR experiments were performed in the absence of the
redox probe and the observed SPR angle alterations were solely
attributed to the cleavage of the immobilized κ-CN molecules.
Various experimental variables were investigated and under the
selected conditions the proposed biosensors were successfully
tried to real samples. The ratios of the clotting power units in
various commercial solid or liquid samples, as they are calculated
by the EIS-based data, were almost identical to those obtained
with a reference method. In addition, EIS measurements showed
an excellent reproducibility, lower than 5%.

30.6 Antibody-Based Biosensors
An immunological method is one of the promising tools for the
development of easy-handling biosensors. Besides, immunoassay
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methods are sensitive, cost-effective, easy to perform, and require
a small sample volume. However, such techniques often require
long reaction times and involve multiple steps. Antibodies are a
common tool in analytical methods and a number of polyclonal
antibodies (PAbs) raised to PA have been used in ELISA protocols (Bertelsen et al., 1988; Finglas et al., 1988; Gonthier et al.,
1998a b; Morris et al., 1987; Song et al., 1990) and a radio immunoassay (RIA) method (Wyse et al., 1979) to determine PA levels
in foods. In addition, a PAb to PA is the basis of a commercially
available SPR biosensor assay (Qflex Kit Pantothenic Acid PI)
which has previously been compared favorably to MBA and
LC–MS analysis (Haughey et al., 2005). This kit has achieved
AOAC PTM accreditation and has also been independently validated by Gao et al. (2008). The molecular structure of the PA
molecule indicates that it has two distinct terminal moieties,
carboxylic acid and hydroxyl groups. The presence of these two
functional groups results in a choice of chemistries both for hapten production and for the immobilization of the antigen onto
a solid support. These synthetic chemistry approaches, used in
the development of ELISA and RIA systems, signify successful
chemical pathways used during antibody production (Bertelsen
et al., 1988; Finglas et al., 1988; Gonthier et al., 1998a,b; Morris
et al., 1987; Wyse et al., 1979).
In this study, a monoclonal antibody (MAb) was produced,
characterized, and used to develop a Biacore Q SPR-based biosensor immunoassay for the quantification of pantothenic acid
(PA) in food. A comparison with a commercially available PAbbased PA assay was performed and both assays were used to analyze a wide variety of samples from different food types. PA,
vitamin B5, is an essential B vitamin that may be fortified in food
and as such requires robust and accurate methods of detection
to meet compliance legislation. This study reports the production and characterization of the first MAb specific for PA and
the subsequent development of a SPR biosensor assay for the
quantification of PA. The developed assay was compared with an
SPR-based commercial kit which utilized a polyclonal antibody
(PAb). Foodstuffs, including cereals (n = 43), infant formulas and
baby food (n = 10), and fruit juices (n = 48) were analyzed by
both the MAb and PAb biosensor assays and comparison plots
showed good correlation (R2 = 0.77–0.99). The results indicate
that the MAb-based biosensor assay is suitable for the measurement of PA in foodstuffs and has the added advantage of
facilitating a constant, long-term supply of identical antibody.
Preliminary matrix studies suggest the MAb-based assay is an
excellent candidate for further validation studies and routine
quality assurance-based analysis (Haughey et al., 2012).

30.7 Immunochemiluminescence Biosensors
Selvakumar and Thakur (2012) described a dipstick-based
immunochemiluminescence (immuno-CL) biosensor for the
detection of vitamin B12 in energy drinks. The method is a direct
competitive type format involving the immobilization of vitamin
B12 antibody on nitrocellulose membrane (NC) followed by
treatment with vitamin B12 and vitamin B12–alkaline phosphatase conjugate to facilitate the competitive binding. The dipstick
was further treated with substrate disodium 2-chloro-5-(4methoxyspiro {1,2-dioxetane-3,2′A-(5′A-chloro)tricyclo [3.3.1.13,7]
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decan}-4-yl)-1-phenyl phosphate (CDP-Star) to generate chemiluminescence (CL). The number of photons generated was
inversely proportional to the vitamin B12 concentration. After
systematic optimization, the LOD was 1 ng mL −1. The coefficient of variation was below 0.2% for both intra- and interassay
precision. Vitamin B12 was extracted from energy drinks with
recovery ranged from 90% to 99.4%. Two different energy drinks
samples were analyzed, and a good correlation was observed
when the data were compared with a reference toELISA method.
The developed method is suitable for an accurate, sensitive, and
high-throughput screening of vitamin B12 in energy drinks samples. The dipstick technique based on immuno-CL is suitable
for the detection of several analyte in food and environmental
samples.
The convenience and speed of the test have been achieved by
a novel concept of immunodipstick that depends on the transportation of a reactant to its binding partner immobilized on a
membrane surface (Lisa et al., 2009). It combines several benefits including a user-friendly format, short assay time, long-term
stability over a wide range of climates, and cost effectiveness.
These characteristics make it ideally suited for on-site screening
by people who are not skilled analysts (Cho et al., 2005).
CL-based analytical methods are rapid, specific, cost-effective, and require no excitation source such as in fluorescence,
phosphorescence, monochromator (often not even a filter), or
radioactive or hazardous chemicals. Hence, this method has
become an attractive analytical tool for sensitive clinical diagnosis and environmental applications (Chouhan et al., 2006). To
achieve this objective, different parameters were optimized such
as immobilization of vitamin B12 antibodies IgY on NC strip,
optimization of vitamin B12–ALP (alkaline phosphatase) conjugate concentration, optimization of substrate CDP star concentration, optimization of volume of substrate CDP star concentration
along with possible mechanism of chemiluminescence reaction.
The CL signal produced by biochemical reactions was indirectly
proportional to the concentration of vitamin B12. In addition,
the CL analytical procedure was compared and validated with
conventional colorimetric assays.

30.8 Wireless Biosensors
An article that presented rapid, sensitive, direct detection of
Salmonella typhimurium on eggshells by using wireless magnetoelastic (ME) biosensors was presented in the literature (Chai
et al., 2012). The biosensor consists of a freestanding, stripshaped ME resonator as the signal transducer and the E2 phage
as the biomolecular recognition element that selectively binds
with S. typhimurium. This ME biosensor is a type of mass-sensitive biosensor that can be wirelessly actuated into mechanical
resonance by an externally applied time-varying magnetic field.
When the biosensor binds with S. typhimurium, the mass of the
sensor increases, resulting in a decrease in the sensor’s resonant
frequency. Multiple E2 phage-coated biosensors (measurement
sensors) were placed on eggshells spiked with S. typhimurium
of various concentrations (1.6–1.6 × 107 CFU cm−2). Control
sensors without phage were also used to compensate for environmental effects and nonspecific binding. After 20 min in a humidity-controlled chamber (95%) to allow binding of the bacteria
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to the sensors to occur, the resonant frequency of the sensors
was wirelessly measured and compared with their initial resonant frequency. The resonant frequency change of the measurement sensors was found to be statistically different from that of
the control sensors down to 1.6 × 102 CFU cm−2, the detection
limit for this work. In addition, scanning electron microscopy
imaging verified that the measured resonant frequency changes
were directly related to the number of bound cells on the sensor surface. The total assay time of the presented methodology was approximately 30 min, facilitating rapid detection of
S. typhimurium without any preceding sampling procedures.

30.9 Flow-Based Biosensors
Flow-based biosensors have been reported for the detection of
OPs (Bucur et al., 2005; Crew et al., 2011; Jeanty et al., 2002;
Prieto-Simon et al., 2006; Shi et al., 2006). Mishra et al. (2012)
developed an automated flow-based biosensor system that
enables accurate OPs detection in milk at very low inhibitor concentrations and without the need for any pretreatment or organic
solvents. This work described the development of an automated
flow-based biosensor that employs genetically modified AChE
enzymes B394, B4, and wild type B131. The biosensor was
based on a screen- printed carbon electrode (SPE) that was integrated into a flow cell. Enzymes were immobilized on cobalt (II)
phthalocyanine (CoPC) modified electrodes by entrapment in a
photocrosslinkable polymer (PVA-AWP). The automated flowbased biosensor was successfully used to quantify three organophosphate pesticides (OPs) in milk samples. The OPs used were
chlorpyriphos-oxon (CPO), ethyl paraoxon (EPOx), and malaoxon (MOx). The total analysis time for the assay was less than
15 min. Initially, the biosensor performance was tested in phosphate buffer solution (PBS) using B394, B131, and B4 biosensors.
The best detection limits were obtained with B394; therefore,
this biosensor was used to produce calibration data in milk with
three OPs in the concentration range of 5 × 10−6 M–5 × 10−12 M.
The LOD obtained in milk for CPO, EPOx, and MOx were
5 × 10−12 M, 5 × 10−9 M, and 5 × 10−10 M, respectively, with a correlation coefficient R2 = 0.9910. The automated flow-based biosensor successfully quantified the OPs in different fat-containing
milk samples. There were no false positives or false negatives
observed for the analytical figures of merit for the constructed
biosensors. This method is inexpensive, sensitive, portable, noninvasive, and provides real-time results. This analytical system
can provide rapid detection of highly toxic OPs in food matrices
such as milk.

30.10 Biosensors Applications in Food
Toxicants Analysis
Increases in food production and the ever-present threat of food
contamination from microbiological and chemical sources have
led the food industry and regulators to pursue rapid, inexpensive methods of analysis to safeguard the health and safety of the
consumer. Although sophisticated techniques such as chromatography and spectrometry provide more accurate and conclusive results, screening tests allow a much higher throughput of

samples at a lower cost and with less operator training, so larger
numbers of samples can be analyzed. Biosensors combine a biological recognition element (enzyme, antibody, and receptor)
with a transducer to produce a measurable signal proportional
to the extent of interaction between the recognition element and
the analyte. The different uses of the biosensing instrumentation available today are extremely varied, with food analysis as
an emerging and growing application. The advantages offered
by biosensors over other screening methods such as radioimmunoassay, ELISA, fluorescence immunoassay, and luminescence
immunoassay, with respect to food analysis, include automation,
improved reproducibility, speed of analysis, and real-time analysis. This article will provide a brief footing in history before
reviewing the latest developments in biosensor applications for
analysis of food contaminants (January 2007 to December 2010),
focusing on the detection of pathogens, toxins, pesticides, and
veterinary drug residues by biosensors, with emphasis on articles
showing data in food matrices. The main areas of development
common to these groups of contaminants include multiplexing,
the ability to simultaneously analyze a sample for more than
one contaminant, and portability. Biosensors currently have an
important role in food safety; further advances in the technology,
reagents, and sample handling will surely reinforce this position
(McGrath et al., 2012).
Microbe-based biosensing methods such as optical, SPR,
amperometric, potentiometric, whole-cell, electrochemical,
impedimetric, piezoelectric have been described by Arora
et al. (2011) for the rapid detection of foodborne pathogens.
Furthermore, they have focused on the discussion of principal
concepts, applications, and examples from analyte to the configuration of potential biosensors that have been achieved up
until now to detect potential foodborne pathogens. The article
presented foreseeable future trends in biosensor research activities for paving the way for fresh and healthy food proposal.
Detection of analytes in complex biological samples, such as
milk and blood, normally requires sample pretreatment. These
pretreatment regimes reduce assay throughput and increase testing costs. Technologies that make it possible to eliminate sample
pretreatment are of great industrial interest. Chen et al. (2011)
reported the development of a dual-signal flow injected analysis
device which eliminates the need for sample pretreatment. The
device employs thermal traducers to measure the signal from
an enzyme and a reference column. This makes it possible to
independently monitor and correct for nonspecifically generated
heat, thereby eliminating the need for sample pretreatment. The
ability of the dual-signal device to determine urea and lactate
in milk samples without any prior treatment was evaluated. The
dual-signal design improves assay reproducibility, accuracy, and
sensitivity. Additional benefits are shorter assay times and lowers costs, as well as reducing equipment and training requirements. They reported the determination of urea and lactate in
untreated, undiluted milk samples using the novel dual-signal
enzyme thermistor. The potential application of the technology
for multianalyte analysis in point of care and decentralized diagnostic testing in healthcare, agriculture, and environmental areas
is discussed.
Chen et al. (2011) have pioneered the development of the
enzyme thermistor (ET), a thermal-based FIA biosensor. The
device measures the heat evolved from enzymatic reactions to
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determine analyte concentrations. Numerous assays have been
developed based on this technology (Xie et al., 2000; Xie and
Danielsson, 2007). In an effort to further improve the robustness of these devices, they have designed and constructed a
dual-signal enzyme thermistor (dsET). The design goal was to
develop an ET capable of analyzing complex biological samples
without the need for any sample pretreatment or instrumental
modifications.
A plastic module for in situ immuno-magnetic concentration
(IMC) was devised by engraving acrylics and physically combining the system with a rapid test device to detect foodborne
pathogen by Kim et al. (2012). The IMC module-installed analytical system consisted of three compartments for magnetic
separation, sample medium absorption, and analysis of the target
microorganism. To experimentally simulate a practical situation,
immuno-magnetic beads were prepared by coupling monoclonal antibodies specific to L. monocytogenes, which was used as
a model analyte, to chemically functionalized beads. Under the
optimal conditions, the IMC module condensed the medium by
a factor of 100 (e.g., from 10 mL to 100 μL) within 5 min and
enriched the microorganism by about 60-fold. This concentrated
sample was then analyzed using two different analytical systems
based on lateral flow, that is, ELISA-on-a-chip and immunochromatographic assay, which had high detection capabilities,
3.6 × 102 and 6.6 × 103 cells mL −1, respectively. Thus, the IMC
module-installed biosensor system was able to sequentially condense a large sample volume and detect the presence of contaminants within, for example, 30 min. Therefore, this approach
could be suitable for early screening of food products that may be
contaminated with microorganisms.
The same authors have previously developed an ELISA-ona-chip (EOC) biosensor. This sensor utilizes an enzyme as the
signal generator, in place of colloidal gold, and the analysis is
carried out based on cross-flow chromatography. The detection
capability of the EOC sensor is typically 20–50 times higher
than the conventional kit, which use the gold tracer.
Bacterial analysis from food samples is a highly challenging
task because food samples contain intensive interferences from
proteins and carbohydrates. Three different conditions of yogurt
were analyzed by Lee et al. (2012): (1) the fresh yogurt immediately after purchasing, (2) the yogurt after expiry date stored in
the refrigerator and (3) the yogurt left outside, without refrigeration. The shelf lives of both these yogurts was compared in terms
of the decrease in bacterial signals. AB which initially contained
109 cells/mL drastically reduced to 107 cells/mL. However, Lin
(Feng-Yin) yogurt which initially (fresh) had 108 cells/mL, even
after 2 weeks beyond the expiry period showed no marked drop
in bacterial count. Conventional matrix-assisted laser desorption/
ionization mass spectrometry (MALDI-MS) analysis showed
limited sensitivity for analysis of yogurt bacteria amidst the complex milk proteins present in yogurt. A cost-effective chromate
ionic solution, CrO42− solution in conjunction with the popular
organic matrix (sinapinic acid, SA), was used to enable the successful detection of bacterial signals (40-fold increased in sensitivity) selectively without the interference of the milk proteins.
0.035 mg of Ag NPs were also found to improve the detection of
bacteria 2–6 times in yogurt samples. The current approach can
be further applied as a rapid, sensitive, and effective platform for
bacterial analysis of food.
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Viruses represent a continual threat to humans through a number of mechanisms, which include disease, bioterrorism, and
destruction of both plant and animal food resources. Many contemporary techniques used for the detection of viruses and viral
infections suffer from limitations such as the need for extensive
sample preparation or the lengthy window between infection
and measurable immune response, for serological methods. In
order to develop a method that is fast, cost-effective, and features
reduced sample preparation compared to many other virus detection methods, McClellan et al. (2012) reported the application of
silicon photonic microring resonators for the direct, label-free
detection of intact viruses in both purified samples as well as
in a complex, real-world analytical matrix. As a model system,
they demonstrated the quantitative detection of Bean pod mottle
virus, a pathogen of great agricultural importance, with an LOD
of 10 ng/mL. By simply grinding a small amount of leaf sample
in buffer with a mortar and pestle, infected leaves can be identified over a healthy control with a total analysis time of less than
45 min. Given the inherent scalability and multiplexing capability of the semiconductor-based technology, they felt that silicon
photonic microring resonators are well-positioned as a promising
analytical tool for a number of viral detection applications.
Microring resonators are chip-integrated microcavities supporting optical modes that are exquisitely sensitive to the local
dielectric environment. When functionalized to present analytespecific capture agents, these devices are transformed into sensitive biomolecular sensors, as the wavelengths meeting the cavity
resonance condition shift upon target binding-induced changes
in the local refractive index. The utility of arrays of microring
resonators for the label-free detection of protein and nucleic acid
targets in both single- and multiplexed formats has been previously demonstrated (Qavi and Bailey, 2010; Washburn et al.,
2009, 2010).
Microbial biosensors have been developed for assaying BOD,
a value related to total content of organic materials in wastewater. BOD sensors take advantage of the high reaction rates of
microorganisms interfaced to electrodes to measure the oxygen
depletion rates. Standard BOD assay requires 5 days compared
to 15 min for a biosensor-based analysis (Marty et al., 1997).
The biosensor should also be stable to environmental adversaries such as heavy metal toxicity and salinity. Other advances
include the development of a disposable BOD sensor (Yang et al.,
1996). Significant efforts have been made toward the development of a portable BOD biosensor system incorporating disposable electrodes. Miniature Clark-type oxygen electrode arrays
were fabricated using thin film technology for mass production
with assured quality (Yang et al., 1997). Optical fiber (Preininger
et al., 1994) and calorimetry (Weppen et al., 1991) based transducers have been used in BOD biosensors.
Microbial biosensors have been investigated for a variety of
other food applications (D’Souza, 2001). Halogenated hydrocarbons used as pesticides, foaming agents, flame-retardants, pharmaceuticals, and intermediates in the polymer production are
one of the largest group of food toxicants. A microbial biosensor
consists of a transducer in conjunction with immobilized viable
or nonviable microbial cells. Nonviable cells obtained after permeabilization or whole cells containing periplasmic enzymes
have mostly been used as an economical substitute for enzymes.
Viable cells make use of the respiratory and metabolic functions
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of the cell, the analyte to be monitored being either a substrate or
an inhibitor of these processes. Bioluminescence-based microbial biosensors have also been developed using genetically engineered microorganisms constructed by fusing the lux gene with
an inducible gene promoter for toxicity and bioavailability testing. Prospective future microbial biosensor designs have also
been identified (D’Souza, 2001).
Biosensors for food analysis and monitoring are extensively
reviewed by Rodriguez-Mozaz et al. (2004). Examples of biosensors for the most important families of food toxicants, including
some commercial devices, are presented. Finally, future trends in
biosensor development are discussed. In this context, bioelectronics, nanotechnology, miniaturization, and especially biotechnology seem to be growing areas that will have a marked influence
on the development of new biosensing strategies in the next future.
Whole organisms are used to measure the potential biological
impact (toxicity) of a water or soil sample. That is the case of
the toxicity assays Microtox® (Azure, Bucks, UK), or ToxAlert®
(Merck, Darmstadt, Germany). These systems are based on the
use of luminescent bacteria, Vibrio fischeri, to measure toxicity from environmental samples. Bacterial bioluminescence has
proved to be a convenient measure of cellular metabolism and,
consequently, a reliable sensor for measuring the presence of
toxic chemicals in aquatic samples. Some bioassay methods are
integrated now in biosensors such as the Cellsense®, which is an
amperometric sensor that incorporates Escherichia coli bacterial
cells for rapid ecotoxicity analysis. It uses ferricyanine, a soluble
electron mediator, to divert electrons from the respiratory system of the immobilized bacteria of a suitable carbon electrode
(Rodriguez-Mozaz et al., 2004). Cellsense has been proposed as
one of the newer rapid toxicity assessment methods within the
direct toxicity assessment (DTA) demonstration program of the
UK Environmental Agency (1999).
Nowadays, there is an increasing concern regarding many
food toxicants that produce adverse effects by interfering with
endogenous hormone systems, the so-called endocrine disrupting compounds (EDCs). EDCs constitute a class of substances
not defined by chemical nature, but by biological effect and thus,
taking advantage of this feature, “endocrine effect biosensors”
have been developed. Steroid hormones induce different effects
in mammalian cells after binding to specific intercellular receptors, which are ligand-dependent transcription factors. Many
endocrine disruptors are also believed to bind to the estrogen
receptor (ER) as agonists or antagonists. Thus, the binding ability of the chemicals toward the ER would be a crucial factor for
screening or testing their potential environmental toxicity. Based
on estrogen receptors, several biosensors have been developed
which provide significant and useful information about estrogenic potency of the sample. The advantage of receptor assays is
that they are quite simple to perform and allow the identification
of all endocrine disruptors that act through the corresponding
receptor (Oosterkamp et al., 1997).
Aptamers are nucleic acid recognition elements (DNA or
RNA) that are highly specific and sensitive toward their targets
and can be synthetically produced in an animal-friendly manner, making them ethical innovative alternatives to antibodies
ranging from small molecules (Mann et al., 2005) to whole cells
(Cerchia and de Franciscis, 2010). The name aptamer derives
from the Latin word aptus meaning to fit, and the Greek word

meros meaning part or portion, referring to the folding properties of single-stranded nucleic acids, responsible for their specific
three-dimensional structures. None of the isolated aptamers in
this study shared sequence homology or structural similarities
with each other, indicating that specific Cam recognition could
be achieved by various DNA sequences under the selection conditions used. Analyzing the binding affinities of the sequences,
demonstrated that dissociation constants (Kd) in the extremely
low micromolar range, which were lower than those previously
reported for Cam-specific RNA aptamers, were achieved. The
two best aptamers had G rich (>35%) nucleotide regions, an attribute distinguishing them from the rest and apparently responsible
for their high selectivity and affinity (Kd approx. 0.8 and 1 μM
respectively). These aptamers open up possibilities to allow easy
detection of Cam via aptamer-based biosensors.
A new “signal-on” aptasensor for ultrasensitive detection of
Ochratoxin A (OTA) in wheat starch was developed by Tong
et al. (2011) based on exonuclease-catalyzed target recycling. To
construct the aptasensor, a ferrocene (Fc) labeled probe DNA
(S1) was immobilized on a gold electrode (GE) via Au–S bonding for the following hybridization with the complementary OTA
aptamer, with the labeled Fc on S1 far from the GE surface. In
the presence of analyte OTA, the formation of aptamer-OTA
complex would result in not only the dissociation of aptamer
from the double-strand DNA but also the transformation of the
probe DNA into a hairpin structure. Subsequently, the OTA
could be liberated from the aptamer-OTA complex for analyte
recycling due to the employment of exonuclease, which is a
single-stranded DNA specific exonuclease to selectively digest
the appointed DNA (aptamer). Owing to the labeled Fc in close
proximity to the electrode surface caused by the formation of
the hairpin DNA and to the analyte recycling, differential pulse
voltammetry (DPV) signal could be produced with enhanced
signal amplification. Based on this strategy, an ultrasensitive
aptasensor for the detection of OTA could be exhibited with a
wide linear range of 0.005–10.0 ng mL −1 with a low detection
limit (LOD) of 1.0 pg mL −1 OTA (at 3σ). The fabricated biosensor was then applied for the measurement of OTA in real wheat
starch sample and validated by ELISA method.
Not only enzymes but also nucleic acids can be immobilized
on electrochemical transducers. DNA layers can act as biomolecular recognition elements for diagnostics of genetic or
infection diseases as well as the detection of pathogens in food
samples taking advantage of one of the most specific reactions
known: hybridization. Likewise, the so-called aptamers (synthetic s ingle-stranded oligonucleotides) can act as high affinity
receptors similarly to antibodies for a great variety of ligands
(Miranda-Castro et al., 2009). However, the usefulness of DNA
layers is not restricted to these important applications. They can
be the target for the antioxidant assessment by mimicking the
damage caused in vivo by ROS (Mello and Kubota, 2007; PrietoSimon et al., 2008).
In recent years, it has aroused great interest in modifying
electrode surfaces with novel nanomaterials so as to achieve a
faster electron transfer of biomolecules and a higher specificity.
This advantage has inspired research in coupling nanomaterialbased biosensors with biomolecules. These biosensors have been
applied in different areas such as food quality, clinical analysis,
and environmental control.
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Table 30.1
Some Examples of Nanomaterial-Based Biosensors Applied in
Food Analysis
Biosensor
Type
Electro
chemical

Optical

SPR

Enzyme
thermistor

Analyte
Pathogens and
Salmonella spp.
E. coli
O157:H7
E. coli
Sugars
Fructose
S. typhi
Mycobacterium
avium subsp.
paratuberculosis
Mycotoxin
E. coli O157:H7

Urea and lactate

Sample

Reference

Pork

Gong-Jun et al. (2009)

Milk

Lin et al. (2008)

Surface water
Fruit juice
Honey
Chiken carcass
wash water
Milk

Zhang et al. (2009)
Ozdemir et al. (2010)
Antiochia et al. (2004)
Yang and Li (2005)
Yakes et al. (2008)

Food stuffs
Li et al. (2012)
Spinach, spring
Gupta et al. (2004)
lettuce mix, and
ground beef
Milk samples
Chen et al. (2011)

Integration of enzymes (Li et al., 2009; Ozdemir et al., 2010;
Prakash-Deo et al., 2005), antibodies (Gong-Jun et al., 2009;
Vinayaka et al., 2009; Zhang et al., 2009), or DNA sequences
(Viswanathan et al., 2009) with nanomaterials (e.g., gold NPs [Au
NPs], SWCNTs, MWCNTs, cadmium telluride QD NPs [CdTe
QDs], etc.) essentially provide novel hybrid systems for food applications combining the conductive or semiconductive properties of
the nanomaterials with the recognition or catalytic properties of
the biomaterials besides providing binding and electron transfer
with biomolecules. Table 30.1 summarizes some of the nanomaterial-based biosensors divided in two important classes: electrochemical and optical. It gives the reported analytes, the analyzed
samples, the nanomaterial used, and the reached detection limits.
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31.1 Introduction
Spectroscopic methods are the most commonly used instrumental techniques for both qualitative and quantitative food analysis. This is because spectroscopic methods are simple, quick,
and highly precise and accurate [1]. Additionally, compared to
chromatography and electrophoresis, spectroscopic methods are
relatively inexpensive. Spectroscopy involves the production,
determination, and identification of spectra that are produced
through the interaction of electromagnetic radiation with food
samples offering information regarding food properties such as
structure and molecular composition [2]. There are various spectroscopic methods used in food analysis. These methods are categorized according to the nature of species they analyze (atomic
or molecular spectroscopy) or interaction of the electromagnetic
radiation with the food samples (absorption, emission, or diffraction spectroscopy) [2]. Furthermore, they can be classified
according to the region of electromagnetic spectrum employed
in analysis with the most widely used regions being ultraviolet
(UV), visible (Vis), infrared (IR), and radio (nuclear magnetic
resonance). The commonly used examples of spectroscopic
methods are UV–Vis absorption, fluorescence, and chemiluminescence spectroscopy (Table 31.1). The following sections will
discuss the theory, application, advantage and disadvantage, and
future trends of these spectroscopic methods.

31.1.1 Basic Principles of Spectroscopy
31.1.1.1 Properties of Light
To understand the interaction of light with matter, there is need
for a comprehension of the properties of light. Light is electromagnetic radiation and is described as either particles, called
photons, with discrete amount of energy or as waves propagating in an electromagnetic field. This wave–particle duality is an
essential characteristic of light. The particulate nature of light
explains the interactions of light with matter that leads to absorption and emission whereas wavelike nature explains refraction,
diffraction, and reflection. According to the wavelike nature of
electromagnetic radiation, light can be described in terms of
its wavelength and frequency. The wavelike nature of light can
be characterized by energy of the photons (E) traveling in the
electromagnetic field and their wavelength (λ) or frequency (ν)
through the following equation:
E = hν =

hc
λ

(where h is Planck’s constant and c is the speed of light). The
source of radiation defines the frequency of the electromagnetic
wave. Sources that emit high-energy radiation produce electromagnetic waves with high frequencies but short wavelengths.
The distribution of wavelengths and frequencies of electromagnetic waves is called the electromagnetic spectrum.

31.1.1.2 Properties of Matter
Atoms and molecules have discrete energy levels. They absorb a
discrete amount of energy called quantum when electromagnetic

radiation is incident on them. At the ground state, atoms and molecules have the lowest energy and when they gain energy, they
are raised to an excited state. In the excited state, atoms have
only increased electronic energy (Eelectronic) whereas molecules
increase in vibrational (Evibrational), rotational (Erotational), and electronic energy.
Eatom = Eelectronic
Emolecule = Erotational + Evibrational + Eelectronic
The energy required to excite an atom or molecule is distinctive to the species; thus, it can be used to uniquely identify
them. These energy transitions are exploited in both absorption
and emission spectroscopy for the identification of unknown
compounds.
The internal energy of a species increases by an amount equal
to the energy of the photon it absorbs. Owing to the quantum
nature of matter, for energy transition to occur, the absorbed
photon should have energy equivalent to the difference between
the energy transition levels. Absorption of photons may also
result in transitions in vibrational and rotational levels. Generally,
species stay in the excited state for a short duration, then return
to the ground state, or any other lower energy state in a process
called relaxation. During relaxation, the excited species release
the energy they had absorbed through emission of photons. The
absorption and emission of photons, shown in Figure 31.1 are
characteristics of the species and are thus utilized by the food
spectroscopist to determine the physical and chemical properties
of samples.

31.2 UV–Vis Absorption Spectroscopy
31.2.1 Principles of UV–Vis Absorption Spectroscopy
The UV–Vis region of the electromagnetic spectrum is found in
the range of 200–350 and 350–700 nm for UV and Vis regions,
respectively. Absorption in this UV–Vis region is linked to the
electronic transition in molecules. When electromagnetic radiation with a correct quanta of energy is absorbed, electronic transition occurs from bonding (σ and π) and/or nonbonding orbitals
to antibonding orbitals (σ* and π*) (Figure 31.2). Interaction
between electromagnetic radiation and matter can result in several processes such as absorption, fluorescence, and reflection.
Absorption of electromagnetic radiation in the UV–Vis region is
exploited in UV–Vis spectroscopy.
UV–Vis spectroscopy is the most extensively used spectroscopic technique for measuring the amount of absorbing species
(chromophores) in food analysis. The main advantages of UV–Vis
spectroscopy are it can be employed for analysis of a wide range
of compounds and is a sensitive and nondestructive technique.
The quantification of analytes in this technique is based on Beer’s
law, which states that the amount of light absorbed by an analyte
in a homogeneous isotropic medium is proportional to the amount
of analyte in the sample. Beer’s law can be expressed as
A = εlc
where A is the absorbance, ε is absorptivity, l is path length
through the solution, and c is the concentration of the species
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Method
Matrix

Melamine
Folic acid
Riboflavin
Acrylamide

Milk products
Nutrimental beverages

CL
FL
ECL–ELISA

Sudan I–IV dyes

Potatoes, noodles,
biscuits, and cakes
Chili sauce

Hazelnut oil
Phenols

Refined olive oil
Olive oils

FL
UV–Vis

Methanol

350
725

Phytic acid

Fl

0.5 mol/l HCL

362

Lipid peroxides

Rice, rapeseed, peanut,
wheat flour, and
soybean
Vegetable oils

CL

Sudan I–IV dyes

Egg yolks

MISPE–LC–UV

DMF/KOH/oil, and
DMF/KOH/acridine
Acetonitrile

Sudan I–IV dyes
Aflatoxin B1
Melamine
Nitrite
Gallic acid
Melamine
Isocarbophos
Quinalphos

Chili products
Rice and beans
Milk products
Vegetables and fruits
Olive fruits
Milk
Tangerines, and oranges
Tomatoes, green
pepper
Chili powder
Canned food
Eggs

FI–CL
CL–ELISA
CL
µFIA–CL
FI–Cl
FI–Cl
FI–CL
CL

2-Naphthoxyacetic
acid (BNOA)
Indole-3- acetic
acid (IAA)
Diquat

Fruits

Synchronous
fluorescence

Cereal seeds

Glucose

Drinks and honey

Melamine

Fish

Fluorescence using
QDS nanoparticles
Sequential injection–
chemiluminescence
UV–Vis

Riboflavin
Sulfonamides

Milk
Milk

CE–LED– CL
LC–CL

Sudan I–IV dyes
EDTA
Sarafloxin

Technique

λexc (nm)

Substance

FI–CL

FI–Cl
FI–Cl
FL–CL

Solvent
Methanol
1 mol H2O2/0.1 mol
Cu(II)
PBS

371-nm folic acid
460-nm riboflavin
206 nm

λem (nm)
433-nm folic acid
520-nm riboflavin

Acetonitrile,
chloroform

References
[64]
[65]

10 pg/mL-7 ng/mL

0.003−3.0 ng/mL
(0.0075–7.5 ng/mL)

[66]

1−5 mg/L

7.3 mg/kg
(1.0 mg/kg)

[50]

[67]
[24]
[68]

0.33−32 mg/L

[69]
0.062–10 µg/g

Methanol/water
Acetonitrile

Acetonitrile,
dichloromethane

Diethylamine/water/
acetonitrile

LoD (LoQ)
3 pg/mL
2.0 µg/L folic acid
0.014 µg/L riboflavin
18.6 ng/mL

655

Acetonitrile/water
Chloroform
Trichloroacetic acid

Acetonitrile

Range
10 pg/mL
100–250 µg/L folic acid
1–250 µg/L riboflavin
26.3–221.1 ng/mL

0.1–1000 pg/mL
0.003–0.03 ng/mL
2.5−250 pg/mL
8–100 µg/L
1.0 × 10−9– 5.0 × 10−5 g/mL
0.2−80 µg/mL
1.0−1000 pmol/L
0.02–1.0 µg/mL

0.008−0.017 µg/g
(0.027−0.056 µg/g)
0.03–1.5 pg/mL
0.0015 ng/mL
0.9 pg/mL
4 µg/L
2.2 × 10−10g/mL
0.12 µg/mL
0.3 pmol/L
0.0055 µg/mL

[57]
[70]
[71]
[72]
[73]
[56]
[53]
[52]

0.007–300 ng/mL
2 × 10−12–5 × 10−6 M
5−30 mg/L

0.002−0.3 ng/mL
4 × 10−13 M
1.17 mg/L

[58]
[70]
[74]

270 (BNOA)
280 (IAA)

350 (BNOA)
360 (IAA)

0.01–0.3 µg/mL (BNOA)
0.045–0.64 µg/mL (IAA)

0.003 µg/mL (BNOA)
0.012 µg/mL (IAA)

[75]

290

666

0.05–0.5 mg/kg

0.01 mg/kg

[76]

>1 × 10−6 mol/L

[77]

0.063 µg/mL

[78]

0.007 µg/mL
6.2–13.6 µg/L

[79]
[80]

202

1.26−7
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Note: CE–LED-CL, capillary electrophoresis–light-emitting diode chemiluminescence; CL, chemiluminescence; Cl–ELISA, chemiluminescence–enzyme-linked immunosorbent assay; FI–Cl, flow injection
chemiluminescence; FIA-Cl, micro-flow injection analysis chemiluminescence; FL, fluorescence; LC–CL, liquid chromatography chemiluminescence; MISPE–LC–UV, molecularly imprinted solid-phase
extraction–liquid chromatography–UV detection; UV–Vis, ultraviolet–visible spectroscopy.
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usually eliminated or reduced by using derivative spectroscopy. Absorption of UV light is very accurate, and the linear
relationship between absorbance and concentration has seen
UV–Vis spectroscopy emerge as a workhorse technique in
analytical chemistry.

Vibrational
energy
levels
Rotational
energy
levels

Energy

31.2.2 Instrumentation
The main function of a spectrophotometer is to measure the
absorbance or transmittance of a sample as a function of the
wavelength. In UV–Vis spectroscopy, light from a UV–Vis
source is passed through a monochromator to isolate a specific
group of wavelengths, then passed through the analyte where a
specific wavelength is absorbed, and finally the light reaches the
detector (Figure 31.3). The main components of the spectrophotometer are the light source, monochromator, sample-holding
cell (cuvette), detector, and readout device.

Electronic
transitions
Ground
state

Figure 31.1

σ

Electronic, rotational, and vibrational levels.

σ∗

π

31.2.2.1 Light Source

π∗
σ∗
π∗
n
π
σ

Figure 31.2
orbitals.

Molecular orbitals, bonding, antibonding, and nonbonding

absorbing the light. However, it is important to note that Beer’s
law is only obeyed for very dilute solutions up to 10 mM in
most cases. Furthermore, Beer’s law is obeyed when the
incident light is monochromatic, and not polychromatic [3].
However, interferences from turbidity often occur and are
Light source

Monochromator

The most common light sources are the deuterium lamp, and the
tungsten halogen lamp. The deuterium lamp provides light in
the UV region of the electromagnetic spectrum (160–375 nm),
while the tungsten lamp provides light in the Vis region of the
electromagnetic spectrum (350–2500 nm). They may also be
used in near-IR spectroscopy. These light sources work best
with quartz cuvettes because, glass cuvettes absorb at a wavelength <350 nm [2]. The deuterium lamp has a limited half-life
of about 100 h, while the tungsten lamp has a long half-life of
more than 1000 h.

31.2.2.2 Detector
The detector transforms the light energy into electrical energy.
In practice, a good detector should give a high linearity over a
wider range together with high sensitivity. The detector can be a
photomultiplier tube or a photodiode tube.
Photodetector

Shutter

Reference cell
Amplifier

Sample cell

Read out

Figure 31.3

Schematic diagram of a UV–Vis absorption spectrometer.
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31.2.2.3 Monochromator
The monochromator functions as a light that is dispersed. It is
important to note that light is dispersed according to its wavelength. The monochromator contains an entrance slit, disperser,
and an exit slit. The light coming out of the monochromator is
of one wavelength, hence the “mono” term. This reduces optical
aberration.

31.2.2.4 Sample-Holding Cell
Various materials, mainly plastic, synthetic silica, and fused
quartz, are used in manufacturing cuvettes. However, plastic
cuvettes can only absorb light of wavelength not <300 nm. Thus,
fused quartz and silica are preferably used since their minimum
wavelength of absorbance is 190 nm [4]. Another important
property of cuvettes to consider is their path length. Sample cells
occur in a wide variety of path lengths; however, 10-mm rectangular cells are the most extensively used.

31.2.3 Chromophores in Food
Molecular species in a food sample that absorb in the UV–Vis
region are called chromophores. Most chromophores have π or
n electrons and are classified as nonconjugated species (e.g.,
R-CHO), conjugated species, (R 2C = CR 2), and aromatic compounds (e.g., phenol). The characteristics of several UV–Visabsorbing species commonly found in food samples are shown
in Table 31.2. Viability of analysis in UV–Vis spectroscopy is
centered on the wavelength at which the chromophore absorbs,
and the molar absorptivity of the species. If the molar absorptivity is very low, the sensitivity may be reduced. Highly
unsaturated chromophores produce the most intense absorptions at a long wavelength. When conjugation increases, there
is an increase in wavelength at which the maximum absorbance
takes place. This is because the increased conjugation results in
reduced energy difference between the ground and the excited
state [2].

31.2.4 Applications of UV–Vis Spectroscopy
in Food Analysis
UV–Vis absorption spectroscopy is extensively used to analyze
a wide range of food samples such as meat, dairy products, processed foods, oils, beverages, wine, spices, flavors, and fresh and
processed fruits and vegetables. Analysis of chromophores is
carried out for food authentication and classification or determination of nutrients and food contaminants. Food authentication
and classification is a qualitative procedure that often employs
chemometrics. However, determination of nutrients and contaminants exploits UV–Vis absorption properties of the analytes
to determine their concentration for food safety and regulatory
purposes. In both these analyses, interferences usually occur that
affect the absorption spectra. Thus, sample preparation is often
used to reduce or eliminate interferences by unknown chromophores. Sample preparation is usually nondestructive, simple,
quick, and relatively cheap, hence, the appeal of UV–Vis absorption spectroscopy in food analysis. Sample preparation involves
simple techniques such as digestion [5], centrifugation [6,7],
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solvent extraction [8–10], or preconcentration. However, in some
cases, liquid samples such as wines [11,12] are often analyzed
after simple dilution.

31.2.4.1 Food Safety and Food Additives
A number of studies have been conducted to determine the concentration of contaminants in food samples. Some food contaminants such as lead [13], boron [5], triclosan [14], metolachlor [15],
and thiram [16] contain chromophores that absorb electromagnetic radiation in the UV–Vis region. However, despite the various advantages offered by UV–Vis absorption spectroscopy, its
application in food residue analysis is limited due to high detection limits. Maximum residue limits of various contaminants,
such as pesticides and metals in food are often lower than the
detection limits of the spectroscopic technique.
In recent years, various chemicals with chromophores have
been used in the food industry for enhancement of color, flavor,
or aroma. These food additives may be toxic and hence need to be
monitored. UV–Vis absorption spectroscopy is often the technique
of choice due to its high sensitivity. Examples of flavors analyzed
by UV–Vis absorption spectroscopy include furaneol, vanillin,
methyl cinnamate, cineole, citral, menthol, geraniol, camphor,
nootkatone, eugenol, p-vinil guayacol, and limonene [17,18].

31.2.4.2 Food Authentication
In recent years, food authenticity has become an issue of great
concern, due to unscrupulous practices by some manufacturers
and food distributors of marketing fake and adulterated food
products. The food products sold should meet consumer expectations and fit the provided description. Spectroscopic techniques
such as UV–Vis absorption spectroscopy can be used for identification of adulterated and fake food products, differentiation
of food origins, and classification of food. Multivariate analysis
with pattern recognition is often used in these studies.

31.2.4.2.1 Determination of Adulteration in Olive Oils
A method was developed to measure the amount of adulteration of extra virgin olive oil in refined olive oil and refined
olive-pomace oil. In this technique, chaotic parameters such
as Lyapunov exponent, autocorrelation coefficients, and fractal
dimensions were calculated from the UV–Vis scans of adulterated extra virgin olive oil. An external validation process showed
that when the concentration of the adulteration agent is <10%,
the integrated chaotic parameters in UV–Vis model estimate the
concentration of the adulteration agent with a mean correlation
coefficient >0.97 [19].

31.2.4.2.2 Identification of Adulteration in Tequila
Coupled with chemometrics, UV–Vis spectroscopy is an excellent technique to detect adulteration and it was used in the evaluation of tequila. The chemometric methods used were support
vector machine, linear discriminant analysis, and principal component analysis (PCA). The tequilas were classified according to
the absorbance at a particular wavelength and differentiated as
four sets of white and four sets of aging. To validate the method,
seven more samples were added to 80, and each sample was
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Table 31.2
Fluorescence and Multivariate Analysis Techniques in Food Classification
Sample

Fluorescence Technique

Semihard cheese

Front face (56°)
Front Face (56°)
Front Face (56°)

Honey
Fish

Front Face (56°)
Front face (56°)
Front face (56°)
Front face (30°)
Synchronous fluorescence
Synchronous fluorescence
Front face (56°)
Excitation–emission
Front face (56°)
Synchronous fluorescence
Synchronous fluorescence
Front-face fluorescence (34°)
Front-face fluorescence (56°)
Synchronous fluorescence
Front face (56°)
Synchronous fluorescence
Synchronous fluorescence
Front-face fluorescence (56°)
Front-face fluorescence EEM
Synchronous fluorescence
Synchronous fluorescence
Synchronous fluorescence
Front-face fluorescence (56°)
Front-face fluorescence (60°)
Front-face fluorescence (33°)
Front-face fluorescence (56°)
Front-face fluorescence
Front-face fluorescence
Synchronous fluorescence
Front-face fluorescence (56°)
Excitation–emission fluorescence
Excitation–emission fluorescence
Front-face fluorescence (180°)
Front face
Front face (22.5°)
Front face (22.5°)
Front face (22.5°)
Excitation–emission
Excitation–emission
Front face
Synchronous fluorescence
Front face (56°)

Wine
Edible oils
Edible oils
Cereal products
Cheese
Honey
Edible oils
Chicken
Wine
Meat
Skimmed milk
Sheep milk
Olive oil
Wine
Apple juice
Edible oils
Beer
Edible oils
Biscuits
Pasteurized milk
Carrot baby food
Processed cheese
Grapes
Eggs
Edible oils
Nonfat dry milk
Edible oils
Edible oils
Yogurt
Wine
Eggs
Eggs
Ewe milk
Edible oils
Meat sausage
Milk
Meat
Milks

Multivariate Analysis
Technique

References

PCA, FDA
CCSWA
PLSR
PCA, FDA
PCA, FDA
PCA, FDA
PCA
PARAFAC
PCA
PLSR, PCA
PCA, FDA
PARAFAC, PCA
PCA, LDA
PLSR
PARAFAC, PLSDA
PARAFAC
PLSDA
PCA
PCA, FDA

[81]
[82]
[83]

PCA
PCA, HCA
PCA, PARAFAC
PLSR
kNN, LDA
kNN, LDA
PCA, CCA

[98]
[99]
[100]
[101]
[102]
[103]
[104]
[105]
[106]
[107]
[108]
[109]
[110]
[111]
[32]
[33]
[112]
[113]
[114]
[115]
[116]
[117]
[118]
[119]
[120]
[121]

PARAFAC
FDA, CCSWA, and PCA
PCA, FDA
PCA, HCA
PCA
HCA
PCA, PARAFAC, and LDA
PARAFAC, PLS
PCA, FDA
PCA, FDA
PCA, FDA
PCA
PLSR
PCA, FDA
PLS-CM
PARAFAC, PLSR
PCA, PLSR

[84]
[85]
[86]
[87]
[88]
[89]
[36]
[90]
[91]
[92]
[93]
[94]
[95]
[96]
[97]

Note: CCA, canonical correlation analysis; CCSWA, common components and specific weights analysis;
FDA, factorial discriminant analysis; HCA, hierarchical cluster analysis; kNN, k-nearest neighbor;
LDA, linear discriminant analysis; PARAFAC, parallel factor analysis; PCA, principal component analysis; PLS-CM, partial least-squares class modeling; PLSDA, partial least-squares discriminant analysis;
PLSR, partial least squares regression.
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observed to be in the ellipse of confidence of each of the brands.
14 adulterated samples were observed as being outside the ellipse
of confidence. The method was quick, and relatively cheap and
could be applied to determine the originality of other brandies
and wines [11].

31.2.4.3 Quality Control
There are various food-quality evaluation parameters that are
monitored in the food-processing industry to ensure the food
products have the appropriate their nutritional and sensorial
properties. Examples of these parameters include the amount
of specific nutrient (β-carotene content in fruits and vegetables
[7]), color, taste and aroma (caffeine in coffee [9], safranal in
saffron spices [20], and Maillard reaction products [21]), maturity (fruit ripening), and freshness (trimethylamine–nitrogen in
fish [22]). However, in some cases, the chemicals responsible
for color, taste, or aroma gradually change as the fruit ripens or
as the food is processed. In fruits, the concentration of chlorophyll, carotenoids, and anthocyanins changes as the apple ripens.
Chlorophyll content has been shown to be a ripening marker.
Bertone et al. [23] monitored changes in the amount of chlorophyll of the skin of red apples during ripening.

31.2.4.3.1 Determination of Phenolic Compounds
in Virgin Olive Oil
Olive oil contains various antioxidants such as phenolic compounds. The amount of phenolic compounds was used to determine the quality of the olive oil. The absorbance of the sample
was measured between 210 and 340 nm using the method of
Folin–Ciocalteu. The results of the method were analyzed using
partial least-squares regression (PLS), with a root mean square
error of prediction of 6.7 mg/kg and a relative error of 6.1%. The
limit of detection of the method was 7.3 mg/kg. The results were
comparable to those obtained using high-performance liquid
chromatography (HPLC) [24].

Light source

31.2.5 Recent Advances
The most recent advancements in the detectors used in UV–Vis
spectroscopy are the use of charge-coupled devices (CCDs), or
photodiode arrays that have replaced the photomultipliers and
photodiodes that were commonly found in the traditional spectrometers. The main advantages of these detectors are they are
fast and offer low noise. Moreover, another important advancement is the introduction of fiber optics for optical measurement
in most detectors [1].

31.3 Fluorescence Spectroscopy
31.3.1 Basic Principles of Fluorescence Spectroscopy
Fluorescence is a type of luminescence that takes place in the
presence of light, UV, Vis, or near-IR (Figure 31.4). The process
involves absorption of light and the subsequent excitation of the
molecule, but the molecule quickly returns to its ground state,
losing a photon in the process [25].

31.3.2 Instrumentation
A simple fluorimeter consists of a source of excitation, which can
be a lamp or laser (usually a xenon lamp), an excitation monochromator, a cuvette where the sample is placed, an emission
monochromator (which reduces light passing through an undesired wavelength), emission monochromator, a photon detector,
and a recorder. In addition to a monochromator, filters are added
that remove unwanted wavelengths in the excitation beam and
also unwanted scattered light from the emission channel.
Fluorescence can be measured as either excitation of the
emission spectra. The emission spectrum is obtained by
recording the emission intensity as a function of the emission
wavelength, λem, at a constant excitation wavelength, λex.
Conversely, the excitation spectrum is obtained by recording

Excitation
monochromator
Shutter

Sample cell

Shutter

Emission
monochromator
Read out

Amplifier
Photodetector

Figure 31.4 Schematic diagram of a fluorescence spectrometer.
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the excitation intensity as a function of the excitation wavelength as a constant emission wavelength [26]. However, in
food analysis, the emission spectra are usually recorded at a
fixed λex. If the emission spectra are recorded at different λex,
then a fluorescence excitation–emission results that is in the
three-dimensional (3D) form [27].
Alternatively, synchronous fluorescence spectroscopy can be
used to analyze samples that contain many components. The
method entails scanning of both the excitation and emission
wavelengths, but keeping a constant difference between them.
However, it provides less information than the excitation emission matrix [28]. For opaque samples, front-face fluorescence
is used. Triangular or square cuvettes are used, but they are
inclined at an angle of approximately 60° to the incident light.

31.3.3 Fluorophores in Food
Fluorophores are substances that contain delocalized electrons
that show fluorescence. Their major difference from chromophores is that they absorb and emit radiation in the UV region,
while chromophores only absorb in the same region. Fluorophores
can be intrinsic (occur in a food molecule), or extrinsic (they may
be added to the food molecule). Intrinsic fluorophores include
aromatic amino acids such as tryptophan and tyrosine and
cofactors such as nicotinamide adenine dinucleotide (NADH).
Extrinsic fluorophores include deoxyribonucleic acid (DNA) and
other peptides and lipids that can be bonded externally to a macromolecule. However, it is important to note that the properties of
the fluorophores depend on their structure and the environment,
where it is found [27].

31.3.4 Application of Fluorescence Spectroscopy
in Food Analysis
Fluorescence is mainly used for quantitative and qualitative
analysis. The fluorescence spectrum contains all the information
about the analyte that is physical, chemical, and structural properties [28]. If multivariate methods are not used to extract the data, a
problem arises, because of absorbance by other chemical groups,
and other changes in the sample matrix [29]. The main methods
used are PCA, common component-specific weights analysis,
PLS, factorial discriminant analysis, and parallel factor analysis.
In all the methods, the main objective is to minimize the withinclass variance by forming weighted linear combinations of the
data, thus increasing the variance between classes [28].

31.3.4.1 Dairy Products
Dairy products, such as other food products undergo lightinduced oxidation because they contain riboflavin. However,
even though riboflavin is known to be a photosensitizer, for
cheese and other dairy spreads, its contribution to oxidation is
not clear. In a research, front-face fluorescence was used to characterize the porphyrin-like compounds (600–750 nm) that are
present in cheese, and whether they are linked to sensory-perceived light oxidation. Different types of cheese were exposed
to light through plastic films that were colored differently. Using
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front-face fluorescence at 45°, it was observed that the degradation of porphyrins and chlorins in light had a good correlation
with the sensory attributes (R > 0.90), whereas riboflavin correlated less with (R = 0.9–0.65). The research showed that the
degradation of protoporphyrin, hematoporphyrin, chlorophyll a,
and chlorophyll b in light is responsible for the photooxidation
of cheese and some other dairy products. PCA and PLS were the
multivariate methods used to classify the data [29].

31.3.4.2 Meat Products
Front-face fluorescence spectroscopy with multivariate analysis
(PCA and canonical correlation analysis) was used to characterize meat emulsions and frankfurters. The similarity maps, principal component 1 and 2 allowed good discrimination between
high-fat-content formulations and low-fat-content formulations
for batters and frankfurter spectra. The fluorescence spectra
obtained showed a high correlation (r2 = 0.91) with the texture
of the frankfurters. Hence, fluorescence spectroscopy can be
used for quality-control purposes to investigate the relationship
between the structure and texture of meat and any other food
products [30].

31.3.4.3 Edible Oils
Fluorescence spectroscopy can be used for both qualitative and
quantitative analysis. Qualitative analysis of olive oils involves
discriminating between quality grades of olive oil [31], detecting adulteration [32], or authenticating the origins of virgin
olive oil [33]. Fluorescence spectroscopy can also be used to
understand thermal oxidation of virgin olive oil [34]. Olive oils
contain fluorophores such as polyphenols, tocopherols, and
pheophytins and these can also be quantified using fluorescence spectroscopy.

31.3.4.4 Egg Products
The monitoring of the quality of eggs is an important feature of
food analysis. One of the major parameters studied in egg quality is freshness. However, freshness is an objective attribute as
no specific method can be used to determine it, since it can be
determined using sensory, biochemical tests, microbial tests, and
physical tests. In a study by a certain research group, the fluorescence spectra that were recorded on eggs stored in an atmosphere
containing 2% CO2 were observed. Among all the emission fluorescence spectra recorded, the PCA applied on the vitamin A
spectra (emission 410 nm, excitation 270–350 nm), allowed the
best discrimination according to the time of storage and conditions of storage. Hence, from this research, it can be concluded
that vitamin A fluorescence spectra can be used to determine the
freshness of eggs at only 2% CO2 [35].

31.3.4.5 Cereal Products
Front-face fluorescence spectroscopy with PCA was used to
differentiate between various wheat products. Fifty nine samples were analyzed, and the tryptophan fluorescence spectra
were scanned between 305 and 400 nm on all the samples, the
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excitation wavelength was 290 nm. Tryptophan spectra provided
the best discrimination. Classification from 61.9% to 87.9% was
obtained for the wheat products spectra. The method developed offered the advantage of being nondestructive, cheap, and
fast [36]. Zearalenone is a mycotoxin that occurs in cereals.
Zearalenone was determined in corn flour by HPLC with fluorescence detection. The detector was set at 274 nm excitation and
400 nm emission wavelength. The linear range was 0.05–30 µg/
mL, and the detection limit was 0.01 µg/mL [37].

31.3.5 Recent Advances
Although exploitation of fluorescence spectroscopy in food
authentication and contamination has been limited, several studies have employed the technique in adulteration and nutrient
analysis [29–34]. Minimizing or elimination of sample preparation steps is essential in food analysis. Hence, there had been
a concentrated effort for development of techniques that avoids
sample preparation. Recently, total synchronous fluorescence
spectroscopy with multivariate analysis demonstrated potential
for discriminating walnut oil from sunflower oil in an adulteration study [38]. Total synchronous fluorescence spectroscopy is
more sensitive than molecular fluorescence spectroscopy which
requires further sample preparation steps. Studies have been
favoring x-ray fluorescence spectrometry, in recent years, since it
is quick, requires minimal sample handling and suitable for both
quantitative and semiquantitative analysis [39].

31.4 Chemiluminescence Spectroscopy
31.4.1 Principles of Chemiluminescence
Spectroscopy
Chemiluminescence is the process whereby a chemical reaction
gives out light in the form of Vis, UV, or infrared (Figure 31.5).
The process is said to be a dark-field process, since it happens
in the absence of an external source of light. The absence of an
external source of light has the advantages of lower background
signals, extremely low limits of detection, and wide dynamic
ranges [40]. However, the absence of the external light source
brings forth the disadvantage of a lower quantum yield. When
the chemical reaction takes place, excitation of the molecules to
higher electronic, vibrational, and rotational states happens, and
usually, these molecules follow a definite reaction path. Upon
return to the ground state, the excited molecules release a photon,

thus emitting a signal. The signal observed is as a result of emissions by the molecules. The main components of chemiluminescence are the reactant, enhancer/inhibitor, and the enhancer/
inhibitor of the coupling reaction.
Chemiluminescence takes place either in the gas or liquid
phase. In food analysis, the liquid phase finds wide application.
Some of the common reactions in the liquid phase that are useful
are the peroxyoxalate reaction, luminol reaction, tris(2,2-bipyridine) ruthenium (II), direct oxidation with potassium permanganate, and cerium (IV) [41].

31.4.2 Instrumentation
Chemiluminescence is characterized by simple instrumentation
setup, consisting of a detector, signal-processing unit, a reaction
cell that should not allow light to pass through, and a device for
mixing the reagents once they are introduced. It should be noted
that how the instrument is designed will primarily depend on
whether it will be used for qualitative or quantitative analysis.
However, chemiluminescence spectroscopy rarely occurs alone,
as it is often hyphenated with other separation techniques such as
HPLC and capillary electrophoresis and gas chromatography in
some cases [42]. However, hyphenation with HPLC has the disadvantage of increased cost due to more pumps that are needed to
deliver the chemiluminescence reagent to the detector or a more
sophisticated technique that ensures the mixing of the chemiluminescent reagent with the eluate from the column to achieve a
stable baseline [41]. Moreover, capillary electrophoresis is also
coupled to chemiluminescence. Capillary electrophoresis–chemiluminescence has the advantage of using minimal sample volume as well as improved separation efficiency [43]. In addition,
chemiluminescence-based immunoassays are becoming more
popular in food analysis. The most common chemiluminescence
substrates used are luminol, isoluminol, and their derivatives.
The immunoassays also use enzymes such as horseradish peroxidase and alkaline phosphatase. Chemiluminescence-based
immunoassay has the definite advantage of being specific, sensitive, and offers a wide dynamic linear range [44].

31.4.3 Applications of Chemiluminescence
Spectroscopy in Food Analysis
Chemiluminescence spectroscopy is an analytical technique that
has gained popularity in food analysis. Some of the major compounds that can be analyzed in food using chemiluminescence
include nitrogen-containing compounds, sugars, preservatives,

Light source,
sample
Excitation
monochromator

Photodetector

Figure 31.5 Schematic diagram of a chemiluminescence spectrometer.
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metals, pesticides, and many other food additives [45]. However,
chemiluminescence finds application in the quality control of
food products, food authentication, and determination of food
safety and food additives.

31.4.3.1 Antioxidant Activity
Antioxidant activity is when a compound is able to slow down
the oxidation processes caused by reactive oxygen species. The
reaction of lucigenin and hydrogen peroxide in alkaline solution
was used to determine the hydrophobic and hydrophilic antioxidants in olive oil. It is the decrease in chemiluminescence after
the addition of the antioxidant that was observed. The limit of
detection was from 1.1 × 10−7 (caffeic acid) to 1.8 × 10−5 M for
oleic acid. The limit of quantitation was from 4.1 × 10−7 (catechin) to 4.2 × 10−4 M for linoleic acid [46].

31.4.3.2 Thermal Oxidation of Amino Acids
and Proteins
Chemiluminescence with a maximum emission of 550–650 nm
was observed when amino acids and proteins were heated.
Among the 20 amino acids investigated, lysine had the highest chemiluminescence intensity after heating, a factor of 30.
Browning of the lysine occurred at 180°C, and fluorescence
products were formed with an emission maximum near 430 nm.
This study shows that using the chemiluminescence from lysine,
the rate of oxidation of the amino acid can be found if proteincontaining food is heated [47].

31.4.3.3 Determination of Essential Amino Acids
Samples of beer, milk, and soybean milk were analyzed for tyrosine and tryptophan. 0.5 mL of each sample was hydrolyzed using
a microwave. The hydrolysis product was acidified and diluted
with 25 mL of water. The samples were analyzed using chemiluminescence coupled to sequential injection analysis. Using the
reaction involves the inhibition of tryptophan with cerium (IV)–
quinine–cysteine, and the enhancement of the reaction cerium
(IV)–Tween 40. In the cerium (IV)–quinine–Cys-tryptophan/
tyrosine system, the limit of detection was 2.87 × 10−7 mol/L.
For the cerium (IV)–Tween 40–tryptophan system, the limit of
detection was 8.8 × 10−8 mol/L [48].

31.4.3.4 Acrylamide
Acrylamide is a carcinogen and a neurotoxin, occurring in fried
or oven-baked foods. Most immunoassay methods were not able
to detect acrylamide in minute quantities [49]. However, this
method was utilized to detect acrylamide in food samples. An
enzyme-linked immunosorbent assay based on the polyclonal
antibody for acrylamide was developed. The method was optimized according to the concentration of the antibody, enzyme
conjugate, and competition time. The method was useful in a
wide linear range of 22.11–23.6 ng/mL and a limit of detection of
18.6 ng/mL. The recoveries obtained of 74.4%–98.1% coincided
very well with those obtained using HPLC. The method showed
high specificity [50].
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31.4.3.5 Determination of Sulfur Compounds
in Wine
During the production of wine, volatile sulfur compounds may
be produced, which reduce the quality of the wine. Therefore,
a selective method is needed to determine sulfur compounds
in wine. The method used static headspace injection and coolon-column gas chromatography sulfur chemiluminescence
detection. The limit of detection was from 0.2 to 1 µg/L, and
the limit of quantification was from 0.5 to 2.0 µg/L. Linearity
was observed in a wide range of 0.2–100 µg/L and in some cases
1.0–400 µg/L. The method was successfully applied without any
formation of artifacts and simple sample preparation. The sulfur
chemiluminescence gave great sensitivity and selectivity as evidenced by the limits of detection [51].

31.4.3.6 Determination of Organophosphorus
Pesticides in Vegetables and Fruits
Quinalphos is an insecticide that is used to control pests in crops
such as tea, cotton, and rice. A total of 15 g of cherry tomato and
10 g of green pepper were used. Quinalphos standard was added
to the samples for recovery tests. The chemiluminescent agent
in this reaction was luminol and hydrogen peroxide, in alkaline
conditions, pH 13. Ethylenediaminetetraacetic acid (EDTA) was
added to the solution to stop interference from other metal ions.
The recoveries for cherry tomato were 97.20% and for green pepper, they were 90.13%. The limit of detection was 0.0055 µg/mL
[52]. Similarly, the organophosphorus pesticide, isocarbophos
was detected in fruits, oranges, and tangerines using the flow
injection system, with the luminol–albumin reaction. The linear
range was 1.0–1000 p/mol, with a detection limit of 0.3 p/mol. The
method was quite successful giving recoveries of 92.0–111.0%
for both oranges and tangerines [53].

31.4.3.7 Determination of Herbicides in Water
Pesticides exist in minute quantities in food and water. However,
the European Union stipulates that water that is consumed by
humans should have a maximum level of 0.1 µg/L, and a total
of 0.5 µg/L for all the pesticides. Therefore, it is crucial to test
for pesticides in water and chemiluminescence can be applied.
Napropamide is a commonly used herbicide. In this study, different water samples were collected in plastics and filtered on
a 0.45-µm filter. Preconcentration was carried out using solidphase extraction cartridges. The pesticide was analyzed using
photoinduced chemiluminescence coupled to a flow injection
analysis system. The average recoveries of napropamide in water
were between 96% and 103%. The dynamic linear range was
0.8–14.0 µg/L, and the detection limit was 0.3 µg/L [54].

31.4.3.8 Melamine
Melamine is a compound used in the manufacture of maximum
exposure limit (MEL)–formaldehyde resins for laminates and
other industrial products. Melamine has been found in many
food products such as milk, pet food, and infant food [55]. If food
supplies are contaminated with melamine, illnesses and death
can result; hence, there is a need to develop a method to test for
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melamine in milk products. Analysis was carried out using flow
injection chemiluminescence, in luminol–H2O2, reaction system.
The method was optimized, and the dynamic linear range was
0.2–80 µg/mL, and the detection limit was 10 µg/mL. Excellent
recoveries of 86.1–102.1% were obtained, suggesting that chemiluminescence coupled to flow injection can be used to detect
melamine in milk samples with satisfactory results [56].

31.4.3.9 Sudan Dyes
Sudan I, II, III, and IV dyes are classified as carcinogens by
the International Agency for Research on Cancer. In an experiment to determine the content of Sudan I, II, III, and IV, three
sauce samples were ground and 3.0 g of each sample were dissolved in a mixture of acetonitrile/water (1:1 v/v), sonicated,
and then centrifuged. The supernatant was used for the experiment. The analysis was carried out on flow injection using the
luminol–myoglobin reaction. All the four dyes enhanced the
chemiluminescence signal and the intensity increased with
increasing concentration in the linear good range of 0.1–300,
5.0–1000, 10.0–1000, and 1.0–300 pg/mL for dyes I, II, III,
and IV, respectively. The limits of detection for Sudan I, Sudan
II, Sudan III, and Sudan IV were 0.03, 1.5, 3.4, and 0.4 pg/mL,
respectively. For Sudan I, the recoveries were between 92.9%
and 113.3%. The good results were confirmed using HPLC
[57]. However, in another experiment, the reaction of luminol
with dissolved oxygen was used to determine the four dyes
using a simple flow injection technique. Recoveries of 89.3%–
108.4% were obtained and limits of detection for Sudan I, II,
III, and IV were 0.002, 0.2, 0.3, and 0.2 ng/mL, respectively
for the dyes [58].

31.4.4 Recent Advances
The most significant advances in chemiluminescence include
miniaturization [59], integration, and automation (flow injection and sequential injection analysis) [60]. These developments
have an overall positive impact on the process itself, they have
reduced analysis time, improved precision, and reduced the volume of reagents. Other notable improvements include the use
of nanoparticles alongside sensors [61]. In chemiluminescence
immunoassay, the use of CCD detectors coupled to nanotubes
is also a recent application in food analysis [62]. However, the
main drawback of the CCD detectors is that they are difficult
to use because they cannot be used at temperatures >0°C [63].

31.5 Conclusion
Spectrophotometric methods such as UV–Vis absorption, fluorescence, and chemiluminescence spectroscopy have been
successfully exploited in food analysis. Absorption of electromagnetic radiation by chromophores, fluorophores, and luminophores offers a powerful mechanism for their identification and
quantification. The principle and theory of these spectrophotometric methods have been exploited in the analytical procedures
whose goal was to determine food nutrients and contaminants,
and food authenticity and classification. In the former, Beer’s
law is used to determine the concentration of the nutrients such
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as β-carotene, food additives such as color, flavor, and aroma
enhancers, and contaminants. The latter usually uses multivariate statistical methods to ascertain the origin and authenticity of
the food products.
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32.1 Introduction
This chapter describes the use of molecular vibrational spectroscopy to assess the quality and safety of agro-food products.
Molecular vibrational spectroscopy refers to the measurement
of radiation intensity as a function of frequency (expressed as a
function of wavenumber or wavelength) in the 12,800–50 cm−1
range (or 780–200,000 nm) of the electromagnetic spectrum,
which relates mainly to characteristic molecular vibrations. In
order to perform this measurement, spectrometers (also called
spectrophotometers) are used to acquire the spectra of absorbance resulting from the interaction of the radiation with all the
constituents of a product, as well as their physical state. In the
past two decades, the application of molecular vibrational spectroscopy techniques to solve analytical problems has continued
to increase, with a major focus in the agro-food industry being
on the routine control and monitoring (inline and online analysis)
of quality, nutritional, and technological parameters. The chapter
reflects the renewed interest in the use of molecular vibrational
spectroscopy techniques for addressing emerging food safety
issues at both the industry and laboratory levels. The techniques
are important for risk managers seeking to tackle the source of
problems before these problems enter the food chain and contaminate links within it.

The molecular vibrational spectroscopy techniques covered in
this chapter (i.e., near-infrared [NIR], mid-infrared [MIR], and
Raman) belong to a particular group of analytical tools known
as rapid methods. A rapid method is one that can provide an
analytical answer in a short time (almost instantaneous in realtime analysis). It should also be able to provide several analytical
answers from a single measurement, whatever the qualitative or
quantitative determination. For those involved in food production, a rapid method means the rapid determination of valuable
constituents (quality parameters, contaminant detection, etc.) in
the raw material, during the process and in the end-products. The
aim, therefore, is to maximize profit by raw product control and
effective process control, as well as to avoid financial loss by
not delivering products with unwanted characteristics. The proposed analytical solutions should be robust, simple and require
as little sample preparation as possible. For food inspection bodies, a rapid method enables them to obtain analytical results from
a large number of samples in a short time in order to prevent
unfair commercial practices and to ensure effective consumer
protection, especially during food crises. These analytical methods should be very precise and be validated according to international standards, and they should give confirmatory results
(Baeten et al., 2010a,b; Abbas et al., 2012).
The recent melamine and horse-adulteration crises indicate that
the current models for food control need to be reconsidered and
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auto and official controls need to be improved. In the near future,
the business challenges facing people involved in food production
will increase greatly due to an increase in regulatory and monitoring requirements, economic pressures, more stringent environmental regulations and changing consumer demands (Wang
and Rodriguez-Saona, 2012). Molecular vibrational spectroscopy techniques could be of great help in significantly increasing the number of control points and of analyses of commercial
food products, taking sampling issues into account adequately
(Fernández Pierna et al., 2012). The fact that these techniques can
perform the job faster, on a larger scale, and greatly reduce the use
of harmful analytical reagents is a definite plus.
There is currently a boom in molecular vibrational spectroscopy
instruments available to those working in the food chain. These
instruments tend to be easy to use and allow several key quality
and/or nutritional parameters to be assessed simultaneously. In
order to get an idea of the next generation of spectrometers that will
be available for food analysis, it is worth looking at space technology. Many of the new technologies have been developed within the
framework of space programs. For example, the instruments used
by the Lunar Crater Observation and Sensing Satellite (LCROSS)
program seek, inter alia, to assess the presence of water in the
lunar ground. The spacecraft used in this mission loaded several
IR cameras active in the NIR and MIR ranges, as well as spectrometers active in the visible and NIR ranges. These instruments
need to be robust in order to withstand space conditions and this
approach is increasingly being used in the development of a new
generation of instruments for use in the environmental, chemical, pharmaceutical, and food production sectors, irrespective of
whether they are for research, industrial, or regulatory purposes.
For the continued development of instruments for acquiring
the molecular vibrational spectra of a product, important questions need first to be addressed:
1. Is the information included in the molecular vibrational
spectra relevant to the problem I need to solve?
2. Are my laboratory (wet chemistry) values, and the
description and source of samples, under control and
completely reliable?
3. Do the molecular vibrational spectroscopy techniques
have the necessary accuracy and precision parameters
for my specific problem?
4. Is the specimen I present to the instrument representative of my sample batch (addressing sampling error
issues)?
5. Is the specimen properly presented to the instrument
(addressing sample presentation issues)?
6. Is my spectroscopy method completely and correctly
validated for independent samples?
The literature abounds with publications on the potential of
molecular vibrational spectroscopy techniques as rapid methods
for food quality control and, to a lesser extent, safety control. Only
a few of them, however, focus on the presentation of methods that
have been fully validated in line with international standards and
are ready to be used in routine analysis (Baeten et al., 2010a,b).
Some publications can be misleading in that they exaggerate the
capabilities of molecular vibrational spectroscopy methods. The
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detection and quantification of chemical contaminants at the parts
per million or parts per billion levels in raw materials or processed
products is a good example of this, being widely questioned by
spectroscopic experts because of important weaknesses, especially with regard to sampling plans and validation procedures.
Molecular vibrational spectroscopy methods need to be used at
the right place to answer the right question, with account being
taken of their strengths and weaknesses (Baeten et al., 2011).

32.2 Theory
In order to understand a technique properly, it is important to
assimilate the theoretical basis underpinning it because this is
more likely to result in success in efforts to resolve food analytical
problems. Several books provide lengthy explanations of the theory of molecular vibrational spectroscopy techniques (Williams
and Norris, 2001; Bertrand and Dufour, 2006; Li-Chan et al.,
2010). The essence of the theory can be understood by referring
to rainbows. A rainbow is an optical phenomenon associated with
a meteorological one. It is due to the diffraction and reflection of
sunlight (electromagnetic radiation) in water droplets. The distribution of this radiation is combined within the electromagnetic
spectrum. The white light of the sun is decomposed and appears as
successive arcs of different colours. Rainbows are therefore continuous spectra of seven colours specific to each wavelength (or
frequency) of the visible part (i.e., red, orange, yellow, green, blue,
indigo, and violet) of the electromagnetic spectrum included in the
380–780 nm range and characteristic of electronic transitions.
Visible spectroscopy focuses on the interaction of a product
with the photons that have the frequency of the visible part of the
electromagnetic spectrum. The photons can be absorbed, transmitted, or reflected by the product. In visible spectroscopy, the
perceived colors of an object (e.g., a tree) depend on the fraction
of the light absorbed, transmitted, or reflected by the object. The
perceived colors are the result of the combination of those not
absorbed by the product. If the leaves of a tree appear to us as
green, it is because the fraction of the visible light corresponding
to red (i.e., 620–780 nm) and blue (i.e., 380–495 nm) is absorbed
by the chlorophyll and the remaining components of the visible
part of the electromagnetic spectrum are reflected and reach our
eyes. In autumn, leaf color changes because the chlorophyll disappears and new compounds (e.g., carotenoids) appear. These
compounds absorb photons from the blue part of the visible spectrum, leading to a change in the resulting color reflected.
The visible region represents only a short fraction of the electromagnetic spectrum and its lower and higher parts (in terms
of frequencies involved) are significant and characteristic of different spectroscopy techniques. The electromagnetic spectrum
includes parts corresponding to specific frequencies and used by
various spectroscopy techniques (e.g., X-rays, Ultraviolet [UV],
Visible Spectroscopy [VIS], NIR, MIR, Raman, microwave, and
TeraHertz [THz]). Different spectroscopy techniques involve specific electromagnetic radiation and allow different types of interactions with matter to be monitored. From high energy to low
energy, there are radiations inducing ionization or core electronic
transitions in atoms (e.g., X-rays), electronic transitions (UV and
VIS) molecular vibrations (NIR, MIR, and Raman), rotational
motions (microwave) and nuclear spin transitions (radio waves).
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When polychromatic incident radiation hits a material, interaction of a different nature can occur:
1. Absorption phenomenon, when radiation is absorbed
by the material (characteristic of visible spectroscopy).
2. Reflection phenomenon, when radiation is reflected
by the material (characteristic of specular and internal
reflection in IR spectroscopy).
3. Transmission phenomenon, when radiation passes
through the material (characteristic of transmission
analysis in IR spectroscopy).
4. Emission phenomenon, when radiation is released by
the material (i.e., the material becomes itself a radiation
source, characteristic of fluorescence spectroscopy).
5. Elastic scattering, when radiation is scattered by a material at the same frequency (characteristic of Rayleigh
scattering); and inelastic scattering, when, after an
exchange of energy between radiation, the matter shifts
the frequency of the scattered radiation (characteristic
of Raman spectroscopy).
There are other interactions between radiation and matter, but
they are outside the scope of this chapter. The dominant effects
in IR are absorption, reflection and transmission, but in Raman
spectroscopy the most typical effect is scattering.
When polychromatic radiation, active in the IR range, enters
at an incident angle i in contact with a food product, part of it is
reflected (known as reflected radiation) at an angle i that is in the
same plane as the incident radiation. A larger part of the polychromatic radiation enters the food product and suffers refraction
(known as diffracted radiation, similar to sunlight refracted in
the droplets in rainbows) with an angle r. The angle r is smaller
and in the same plane as the incident angle, and depends on the
incident angle and refraction index of the food product. The
molecules making up food products will selectively absorb part
of the photons of polychromatic radiation, whereas the refraction phenomenon will continue for other photons that will be
transmitted or internally reflected. This is the basis of the various measurement modes (reflection, transmission, transflection
and interaction) and, therefore, of spectroscopy instruments.
Reflection mode (i.e., measurement of the part of the radiation
that is absorbed in terms of the ratio between reflected and incident radiation) is usually used for analyzing opaque or highly
absorbing products (e.g., flour). Transmission mode (i.e., measurement of the part of the radiation that is absorbed in terms of
the ratio between transmitted and incident radiation) is the preferred mode used for transparent or semi-transparent food products (e.g., oil) (Williams and Norris, 2001). Transflection mode
(i.e., measurement of the part of the radiation that is absorbed
through the sample, reflected on an inert surface on the backside
of the sample and passed a second time through the sample) is
used for liquid samples.
The scattering phenomenon is the basis of Raman spectroscopy. It generally occurs when an intense monochromatic light
(e.g., laser) focused on a food product scatters in all directions,
with or without interaction. Elastic scattering occurs when incident-radiation is scattered by the material at the same frequency
(known as Rayleigh scattering). Inelastic scattering occurs when
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there is an exchange of energy between incident-radiation and
matter that shifts the frequency of the scattered radiation. Raman
scattering is an inelastic phenomenon and is divided into Raman
Stokes scattering and Raman anti-Stokes scattering, depending
on whether there is a shift to a lower or higher frequency, respectively. The interaction of monochromatic light induces a change
in the shape of the electron distribution (i.e., a change in polarizability) in the molecules as it vibrates, and allows the molecule to
reach a virtual state that is generally located between the ground
and first excited electronic states (Diem, 1993).
The properties of electromagnetic radiation that are characteristic of molecular vibrational spectroscopy can be explained by
two theories: (i) classical theory, which states that electromagnetic radiation is a wave and (ii) quantum theory, which states
that electromagnetic radiation is a stream of energetic particles.
Classical theory exposes most of the properties of light through
radiation that has an electric field linked to a perpendicular magnetic field that moves in the direction of the propagation of the
light. The electric and magnetic fields interact with the matter
and the measured spectrum is the result of this interaction. The
propagation of the radiation has the properties of a sine wave
described by the equation Y = Asin(kx ± ωt), where Y is the displacement at each point of the wave with a maximum A called
amplitude, k is the propagation number (radian per minute), ω
the angular frequency or number of oscillations occurring in a
unit of time interval (radian per second) and t is the time (s).
The pattern is repeated in a second ω/2π times, referred to as
frequency ϑ (or wavenumber) expressed as a cycle per second (or
Hertz). An important additional property of the wave is the wavelength λ (µm or nm), which is the distance covered by the wave
in one complete cycle. Wavelength is linked to the frequency by
the equation = c/ϑ where c is the light speed propagation in vacuum (3 × 108 m/s). Classical theory fails, however, to explain all
the properties of electromagnetic radiation and the interactions
with matter (e.g., explanation of the phenomena of absorption
and emission of energy at the molecular level). Quantum theory
sees electromagnetic radiation as a stream of discrete particles
(known as quanta) that behave like both particles and waves,
and it explains phenomena that cannot be explained by classical
theory. The equation is E = hϑ, where E is the proton energy [J],
ϑ is the frequency [s−1] and h is the Planck constant that describes
the size of the quanta [6.626 × 10−34 J s].
In order to illustrate these theories, let us take the example
of C–H covalent bonds in a food product such as olive oil. Each
covalent bond includes a carbon atom and a hydrogen atom sharing a pair of electrons and has a unique length, strength, and
direction. A covalent bond is usually represented by a spring
joining both atoms and vibrating at precise frequencies defined
by the atomic masses and stiffness of the bond. C–H covalent
bonds have a dipole electric charge that enables them to interact
with radiation photons (absorption occurs only when this dipole
moment exists). If electromagnetic radiation hits olive oil, photons at the right frequencies will be absorbed by the C–H bonds
of the olive oil molecules and enable them to increase, for a brief
moment, the energy level of the bond from the ground state to
an excited state. C–H covalent bonds return to their ground state
level by heat dissipation of the absorbed energy. Scattering phenomena occur only when induced radiation generates a change
in the polarizability of the molecules, including C–H covalent
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bonds, as it vibrates. The molecules achieve a virtual excited state
(usually at an energy level between the ground electronic state
and the first excited electronic state) and will scatter photons at
the same, lower or higher frequency. The absorption and scattering phenomena for C–H covalent bonds will occur with their
specific features for all C–H covalent bonds, whatever their configuration and environment and whether or not they come from
lipid or minor compounds in the oil, as do the absorption and
scattering phenomena for all other covalent bonds (e.g., O–H,
C–C, C═C, C–O, C═O) from all the molecules that make up
the olive oil, giving a spectrum that includes successive vibration
bands differing in size and shape and typical of the food product.
Figure 32.1 is an energy level diagram showing various electronic and vibrational energy states of a molecule and its transition. This graph (also known as a Jablonski diagram), enables
the specificity of NIR, MIR, and Raman spectroscopy to be
presented. For clarity, Figure 32.1 shows the ground-electronic
state and the first electronic-excited state, as well as three vibrational-excited states for each of them (numbered from 1 to 3).
When photons with the right energy cause a vibration transition
from the ground-electronic state to the first excited state, this is
known as fundamental vibration. These vibration transitions are
characteristic of the MIR region of the electromagnetic spectrum (i.e., 4000–400 cm−1; 2500–25,000 nm). When photons
have greater energy and the right energy, they cause vibration
transition in the second, third, or higher excited states or overtones. These overtones, as well as combinations derived from
fundamental vibrations, are characteristic of the NIR region of
the electromagnetic spectrum (i.e., 12,820–4000 cm−1; 780–
2500 nm). The figure also shows the Rayleigh, Raman Stokes,
and Raman anti-Stokes phenomena. When a molecule is irradiated with monochromatic light (a source of incident photons

with the same frequency hϑ0), a virtual state is reached and scattering phenomena occur. Scattering can occur with unchanged
energy hϑRAY (=hϑ0; i.e., Rayleigh scattering), with decreased
energy hϑR(St) (=hϑ0 – hϑ1; i.e., Raman Stokes scattering) or
with increased energy hϑR(aSt) (=hϑ0 + hϑ1; i.e., Raman antiStokes scattering).
As an example, Figure 32.2 presents the NIR, MIR, and
Raman spectra of the crystalline form of saccharose. The spectra
are displayed from low to high frequencies expressed in cm−1 (the
nm scale has been also included because frequencies are usually also expressed in nanometers [nm] in the NIR range). The
NIR spectrum was acquired in reflection mode on a dispersive
instrument using a ring cup as the sample presentation technique. The MIR spectrum was acquired in reflection mode on
a Fourier Transform instrument equipped with the sample diamond Attenuated Total Reflection (ATR) presentation accessory.
The Raman spectrum was collected with a Fourier Transform
instrument equipped with a sample holder allowing solids to be
measured in test tubes. For clarity in Figure 32.2, the absorbance
values of the FT-MIR spectra were multiplied by 2.
The MIR spectra show the absorbance (as NIR, Log 1/R or
Log 1/T) measured according to the frequency expressed in
wavenumbers (cm−1). They tend to show well-defined bands
in the 3400–2750 and 1800–1500 cm−1 regions, but in the
1500–600 cm−1 region there tend to be overlapped bands. This
last region is also called the fingerprint region and includes IR
bands resulting from the fundamental vibration of groups of
atoms in the food analyzed. MIR spectroscopy is widely used
by organic chemists for structural analysis. The MIR spectra of
food products generally include bands characteristic of the O–H,
C–H, N–H, S–H, C–C, C–O, C═C, C═O, and P═O groups.
Homonuclear compounds do not absorb in the MIR region
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Figure 32.1 Energy level diagram showing the basic transitions involved in infrared absorption (NIR and MIR), Rayleigh and Raman effects.
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Figure 32.2 MIR absorbance (continuous line); NIR absorbance (dashed line) and Raman scattering intensity (dotted line; reverse scale) spectra of
saccharose.

(e.g., O2, N2) because no change in the dipole moment occurs
during the vibration. Various factors can affect the quality of the
spectra, such as the physical state of the product (solid, liquid,
or gaseous), the temperature of the sample, the homogeneity and
the presence of impurity in the case of liquid, as well as fluctuations in temperature, humidity, and carbon dioxide content of the
laboratory in the case of non-purged instruments.
NIR spectra are measurements of absorbance (expressed as
Log 1/R or Log 1/T for reflection and transmission mode analysis, respectively) at different frequencies. From low to high wavelengths, an increase in NIR absorbance is observed. As discussed
earlier, the frequency unit used can be nanometers (nm) (always
the case with dispersive instruments) or wavenumbers (cm−1)
(always the case with FT instruments). The NIR spectra of food
products tend to include bands characteristic of the O–H, C–H,
N–H, S–H, and C–C groups. Various factors can affect the quality of the NIR spectra, such as the physical state of the product
(solid, liquid, or gaseous), temperature of the sample, granulometry (e.g., powder or non-concrete products), homogeneity, presence of impurities (mainly in liquids) and the temperature and
humidity of the laboratory in the case of non-purged instruments.
Raman spectra are expressed as scattering intensity (arbitrary
unit) as a function of the wavenumbers (whether it is a dispersive
or a FT instrument). As in the case for MIR spectra, Raman spectra present a succession of regions including well-resolved bands
(3400–2750 and 1800–1500 cm−1) and overlapped bands (1800–
1500 cm−1). But some regions (e.g., 2750–1800 cm−1) present few
Raman spectra scattering bands for some food products. The
Raman spectra of food products tend to include bands characteristic of the C–H, C–C, C–O, C═C, and C═O groups. Non-polar
and slightly polar groups often have strong Raman scattering
bands (e.g., the C═C bond of ethylenic groups). Various factors can affect the quality of Raman spectra, such as the physical state of the product (solid, liquid, or gaseous), temperature
of the sample, homogeneity and presence of impurity (not only
in the case of liquid, but also for solid, due to fluorescence

interference). Raman analysis of dark and black food products
(e.g., coffee powder) or liquids such as milk can be a challenge
because they absorb the largest fraction of the incident photons
of the laser used to excite the product. In addition, the presence
of scattering bands and their scattering intensities depend greatly
on the frequency of the monochromatic source used to induce the
inelastic scattering phenomenon.

32.3 From Spectra to Conclusions: The
Importance of Chemometrics
Each analytical technique used in the control of agro-food products has its own characteristics and produces different results
and interpretations. Whereas microscopy techniques provide,
for instance, visible images with morphological and histological
features, chromatography techniques provide a peak specific to
a constituent, DNA techniques provide bands or signals related
to the presence of specific sequences, immunological techniques
provide bands or signals specific to certain proteins, and mass
spectroscopy techniques provide peaks characteristic of the
molecules or fractions of the molecules. Molecular vibrational
spectroscopy methods provide spectra containing absorption or
scattering bands specific to one of several molecular bonds from
any agro-food component that can be considered as a fingerprint
of the material because of the exceptional information they offer.
Techniques such as nuclear magnetic resonance (NMR) and UV
and VIS spectroscopy share this specificity.
It is true that the term “indirect method” applied to vibrational
spectroscopy is rather confusing as, in the case of protein-content
assessment, it could be considered that the reference method is an
indirect method and that the near-infrared spectroscopy (NIRS)
method is the direct method. Proteins are classically determined
in food by Kjeldhal or combustion methods based on determining the nitrogen content used to calculate the protein content.
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The protein content is calculated by the multiplication of nitrogen content by a factor specific to a group of products. Molecular
vibrational spectroscopy, however, bases protein-content determination on absorbance bands characteristic of proteins located
in specific regions of NIR and MIR spectra acquired from cereals and milk, respectively. The same can apply to the water-content determination, where most reference methods used in food
matrices are based on the weight difference measured before and
after drying the sample. Molecular spectroscopy methods, however, use specific absorbance bands to determine water content.
Most of these analytical techniques need mathematics based
on appropriated statistics in order to transform the data extracted
from exploitable analytical results. In the case of molecular vibrational spectroscopy techniques, interpreting the spectra is usually complex because these techniques are classified as indirect
techniques. The information they provide (i.e., absorbance or
scattering intensities, in the case of IR and Raman techniques) at
different frequencies has to be mathematically calibrated against
reference values in order to extract exploitable results. The different processes needed to extract all the useful chemical information
from the data are grouped under the term “chemometrics,” which
can be defined as “the chemical discipline that uses mathematics
and statistics to design or select optimal experimental procedures,
to provide maximum relevant chemical information by analyzing
chemical data, and to obtain knowledge about chemical systems”
(Massart et al., 1988). Chemometrics can be considered as a meeting point of various disciplines, including analytical, theoretical,
organic and physical chemistry, engineering, mathematics, and
statistics. The development of chemometrics (or data analysis
methods), however, has been possible only because of the great
advances in technical computing science and the commercially
available mathematical programing packages that allow scientists
to perform complex calculations with a few simple keystrokes
(Brereton, 2007). Thanks to chemometrics, which can be useful at
any point in an analysis, from the initial conception of an experiment to the discarding of the data, a large range of analytical techniques is available. In the case of spectroscopy methods, most real
problems can be solved and the possibilities fully exploited when
appropriate data analysis is applied (Leardi, 2006). Chemometric
applications in the agro-food industry vary from product development and optimization to quality control and product testing and
analysis. Linear algebra is the language of chemometrics. One
cannot expect to understand most chemometric techniques properly without a basic understanding of linear algebra (Wise and
Gallagher, 1998). Chemometrics works, therefore, on data matrices. This means that for each sample (object) a certain number
of variables is measured (e.g., concentration, absorbance). A data
table of K variables and M objects is referred to as a data matrix.
The aim of chemometrics, therefore, is to extract as much meaningful information as possible about the objects and variables
from data matrices.
The purpose of this part of the chapter is to describe the various chemometric tools (without mathematical and algorithmical details) used with vibrational spectroscopy methods for the
analysis of agro-food products. The main areas covered are
multivariate calibration, pattern recognition, classification, and
discrimination analysis for both quantitative and qualitative
analysis. Multivariate calibration involves statistical, mathematical, or graphical techniques that consider multiple variables
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simultaneously (e.g., response at a range of certain wavelengths,
or even over the entire range), unlike traditional univariate
methods (e.g., by isolating the wavelength of maximum absorbance). Pattern recognition techniques look for similarities and
regularities in the data. In quantitative analysis, chemometrics
has proven to be an excellent tool in vibrational spectroscopy
for determining major food constituents and avoiding laborious standard measurement procedures (Li-Chan et al., 2002). In
qualitative analysis, the applications range from compositional
identification and detection of adulteration and contamination
to the determination of molecular structures and exploration of
structural or conformational changes that occur during food processing (Ozaki et al., 1992; Downey, 1998).
Figure 32.3 summarizes the steps involved in transforming the
molecular vibrational spectroscopy data matrices into analytical
results for both quantitative and qualitative purposes. The following steps can be identified:
1. Sample selection: To choose samples that should represent the production process (Esbensen and Julius,
2009) by including all factors of variation, such as
measurement factors (e.g., room temperature, operator,
instrument set-up) and population sources of variation
(e.g., origin of samples, processes, varieties, storage
conditions, sample preparation, temperature, particle
size, residual moisture), in order to construct the mathematical models (Shenk and Westerhaus, 1991).
2. Data pre-treatment: To check outliers in order to distinguish between signal and noise in the system by removing
non-chemical biases and unwanted sources of variation,
as well as enhancing spectral features. Vibrational spectra are influenced by several parameters. Variations in
the chemical and physical properties of samples, as well
as the measurement process and spectrometer set-up
changes, have an influence on the spectrum. In addition, samples measured using diffuse reflectance often
exhibit significant differences in the spectra because
of the non-homogeneous distribution of the particles.
These effects will appear mainly as problems with nonlinearity, overlapping absorption bands, light scattering,
and random noise. The diversity of the particle size in
the material affects scattering and is a major source of
variation in NIR spectra and, to a lesser extent, in MIR
spectra (Dhanoa et al., 1994). These effects have an additive and multiplicative nature and vary from sample to
sample. Additive effects cause vertical displacement or
I
II
III
IV
V
VI

Sample selection
Data exploration
Data pre-treatment
Model construction
Validation
Prediction

Figure 32.3 Steps involved in transforming the molecular vibrational
spectroscopy data matrices into analytical results for both quantitative and
qualitative purposes.
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shift, whereas multiplicative effects result in a non-unity
slope for each spectrum when compared with a reference spectrum. Pre-processing is usually performed to
remove non-chemical biases from the spectral information and prepare data for further processing. There are
many methods, but the most frequently used ones are
Multiplicative Scatter Correction (MSC) (Geladi et al.,
1985), Standard Normal Variate (SNV) (Barnes et al.,
1989), and their derivatives.
		  MSC and SNV attempt to reduce the baseline multiplicative and additive effects caused by scattering in
NIR measurements and by change in the laser intensity
in Raman, minimizing spectral variations that are not
due to the analyte concentration (physical light scatter
or change in path length have wavelength/wavenumber dependencies that differ from those of chemically
absorbed light). In MSC, the light scattering for each
sample is estimated in relation to that of an ideal sample. Each spectrum is then corrected so that all samples
appear to have the same scatter level as the ideal. As an
estimate of the ideal sample, the average of the calibration set can be used. In SNV, each individual spectrum
is standardized using only the data from that spectrum
(i.e., it does not use the mean spectrum of any set).
		  The first derivative of a spectrum is simply a measurement of the slope of the spectral curve at each
point. The first derivative is a very effective method for
removing ordinary linear offsets. The second derivative is a measurement of the change in the slope of
the curve; it is a very effective method for removing a
sloping baseline from a spectrum. Derivatives separate
overlapping peaks and the linear background becomes
a constant level in the first derivative spectrum and zero
in the second derivative spectrum. The second derivative is easier to interpret because there is a (negative)
peak where the original spectrum has a (positive) peak.
This facilitates spectral interpretation.
3. Data exploration: To explore data structure (unsupervised analysis). The most popular method is Principal
Components Analysis (PCA) (Wold et al., 1987), a
compression method that models the original multivariate data using a limited number of uncorrelated
factors (principal components; PCs) that are extracted
by linear transformations of the original variables so
that the first few PCs contain most of the variations in
the original dataset. The advantage of PCA is that it
enables PCs to be interpreted in terms of the original
variables, and thus provides a better understanding of
the data. Scores are the derived composite scores computed for each observation based on the eigenvectors
for each PC, whereas loadings measure the contribution of each variable to variability in the PC. The scores
and loadings can be viewed in scatter plots and line
plots, providing an efficient interpretation of the whole
data space, which is fundamental to data exploration
in efforts to detect, for instance, the presence of aberrant or unexpected values (outliers) by combining them
with statistical spectral tests such as the Mahalanobis
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distance (De Maesschalck et al., 2000), the study of
residuals (Martens and Naes, 1989) and potential function techniques (Jouan-Rimbaud et al., 1999).
4. Model construction: To construct the mathematical
relationship that will correlate spectroscopic data (X)
with chemical or physical data (y). Partial Least Squares
(PLS) (Martens and Naes, 1989) is the most commonly
used multivariate regression method in quantitative spectroscopy. Like PCA, PLS is based on latent variables,
but in PLS the decomposition of X during regression is
guided by the variation in the reference data (y) (i.e., the
covariance between X and y is maximized, so that the
variation in X directly correlated with y is extracted). In
quantification, y contains continuous data obtained from
a reference method (protein, fat, or water content). In
qualitative analysis, y consists of categorical values or
classes. Other examples of calibration algorithms used
in both quantitative and qualitative analysis are Artificial
Neural Networks (ANN) (Bishop, 1995; Despagne and
Massart 1998) and Support Vector Machines (SVM)
(Vapnik, 2000; Cogdill and Dardenne, 2004; Fernández
Pierna et al., 2004). Specific methods for quantitative
analysis include Multiple Linear Regression (MLR)
(Massart et al., 1988), PCA (De Maesschalck et al.,
1999) and local approaches (Davies, 1999). Specific
methods for qualitative techniques include linear or
quadratic discriminant analysis (Baeten et al., 1996; Wu
et al., 1996; Balakrishnama and Ganapathiraju 1998),
k-nearest neighbors (kNN) (Massart et al., 1988) and
soft independent modeling of class analogies (SIMCA)
(Wold and Sjostrom, 1977).
5. Validation: To challenge the mathematical model constructed and to specify its limits of application. The
validation of chemometric models is very important in
order to determine the correct number of components/
factors, to detect outliers and to obtain reliable estimates of the prediction error. There are several ways
of validating a calibration model, including the use of
an external validation set or the use of a cross-validation procedure. In the cross-validation procedure, all
samples are used for model construction and validation
in an alternative way. The data matrix is divided into
several segments containing one or more samples. One
by one, the segments are left out and a model is calibrated on the remaining samples and used to predict
the samples in the left-out segment. Since this calculation relies on reference data obtained from a reference
method, the model’s ability to correctly predict quantitative results is measured in terms of the prediction
error, which is estimated as the root mean square error
of cross validation (RMSECV). An external validation
set can be used when the dataset is large enough to be
divided into two subsets: a calibration set used to build
the model and a validation set used to estimate the prediction error. In this case, the prediction model ability
is measured in terms of the root mean square error of
prediction (RMSEP) for the independent validation of
samples (external validation).
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6. Prediction: To determine the chemical, physical, or
other properties of a food product. Taking into account
that the reference values contain a sizable measurement
error, this prediction should be linked with prediction
uncertainty. Monte Carlo methods such as the bootstrap (Efron and Tibshirani, 1993) can be used for this.
Several approximate expressions for calculating a sample specific standard error of prediction have been proposed in the literature (Fernández Pierna et al., 2003).

32.4 Instrumentation and Sample Presentation
Techniques
The aim of this section is not to provide a comprehensive description of the molecular vibrational spectroscopy instrumentation
classically used for analyzing agro-food products, but to give
brief outlines and discuss sample presentation techniques for
NIR, MIR, and Raman. Several books (chapters) and papers give
additional information (Williams and Norris, 2001; Baeten and
Dardenne, 2005; Bertrand and Baeten, 2006; Baeten et al., 2008;
Fernández Pierna et al., 2009; Karoui et al., 2008; Li-Chan,
2010; Manley et al., 2008; Yang and Ying, 2011). In essence, a
molecular vibrational spectroscopy instrument includes a light
source, a dispositive that allows light to be decomposed into different elements, a sample compartment and a detector sensitive
to the targeted range of the electromagnetic radiation. Common
instrumentation types and sample presentation techniques for
NIR, MIR and Raman spectrometers used in food analysis are
outlined here. Table 32.1 lists companies providing molecular
vibrational spectroscopy instruments.

Table 32.1
List of the Company Website Consulted for Infrared and Raman
Spectrometers
Company Name

Spectroscopy
Instrument

ABB
ACROPTIX
BRUKER
BUCHI
BWTEC
HORIBA
FOSS
JASCO
JDSU
NIR-online
OCEAN OPTICS
PERKIN
PERTEN
POLYTEC
Q-Interline
THERMOSCIENTIFIC

NIR MIR
NIR, MIR
NIR, MIR, Raman
NIR
NIR, Raman
NIR, MIR, Raman
NIR, MIR
NIR, MIR, Raman
NIR
NIR
NIR, Raman
NIR, MIR
NIR
NIR
NIR
NIR, MIR, Raman

SPECIM

NIR

Website
http://www.abb.com
http://www.arcoptix.com
http://www.bruker.com
http://www.buchi.com
http://bwtek.com
http://www.horiba.com
http://www.foss.co.uk
http://www.jascoinc.com
http://www.jdsu.com
http://www.nir-online.com
http://www.oceanoptics.com
http://www.perkinelmer.com
http://www.perten.com
http://www.polytec.com
http://qinterline.danweb.com
http://www.thermoscientific.
com
http://www.specim.fi

32.4.1 NMR Spectrometers
The instrumentation used in the NIRS analysis of food products falls into two types: dispersive and Fourier transform (FT)
instruments. Dispersive instruments include a polychromatic
light, a monochromatic system that allows successive portions
of the NIR spectrum to be sent to the sample, a sample compartment and a detector that is sensitive in the NIR region. The
detector successively collects absorbance values at the different
wavelengths. The design of FT instruments resembles the dispersive ones except that the monochromator is replaced by an interferometer that uses a beam splitter to decompose the radiation
emitted by the source into two beams. One beam is sent to a fixed
mirror and the other to a moving mirror. The two beams recombine at the level of the beam splitter and the recombined beam is
sent to the sample compartment. The difference in path lengths
creates constructive and destructive interferences and generates
an interferogram. The recombined beam passes through the
sample that absorbs it at wavenumbers characteristic of its spectrum. The signals collected by the detector show photon intensity as a function of time (defined by the position of the moving
mirror) and constitute the interferogram. The information gathered in the time domain is converted into spectral information
in the frequency domain by using an FT algorithm. There are
other types of NIR instrument technology, such as filter-based
instruments, Light Emitting Diode (LED)-based instruments and
microelectromechanical systems (MEMS).
The sample compartment of an NIR spectrometer can vary
greatly from a few centimetres to infinite, depending on how the
measurement is done (laboratory or portable instrument). Sample
presentation techniques are the dispositive used to present the sample to the instrument. With NIRS, these vary depending on the way
the spectral information is collected (i.e., transmission, reflection,
or transflection mode). Transmission mode is usually performed
using adapted cuvettes, vials, or cells that are transparent in the
NIR range. The compartment or cell used to perform transmission
analysis can be thermostatized or not, and can be isolated from
external light by a cover. Reflection mode is usually performed
using vials and cells that differ in terms of diameter and height.
Reflection measurements can be taken from the top, bottom, or laterally in relation to the vertical axis of the vial or cell. Cells used in
transmission or reflection mode can be linked to a pumping system
and are then known as flow-cells. Transflection mode uses cells
equipped with a transparent window and a mirror on the backside.
The food sample is placed between the window and the mirror, and
the IR beam, after passing through the sample, is reflected by the
mirror and passed a second time through the sample.

32.4.2 MIR Spectrometers
The MIR spectrometers used in food analysis are usually FT
instruments with similar basic schema to the FT-NIR instruments, using an appropriate polychromatic source, optic and
detector active in the MIR range. The instrument size varies
from 100 cm3 to 2 m3 (in instruments for milk analysis). The
spectrometer can include a computer/screen or be linked to an
external computer or laptop. The sample compartment allows
accessories to be used to carry out transmission and reflection
measurements. For the transmission measurement, adapted cells
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are used for the analysis of liquids and gases. The cells used for
the analysis of liquids usually have a small path length (less than
20 µm) so as to avoid saturation due to the high absorbance of
MIR radiation by food products, and they are heated in order to
reduce the external perturbation. The transmission cells are usually flow-cells (such as those used for the milk FT-MIR analyzer).
For gas analysis, the cells used have a path length of between
10 cm and several meters. For most solids and slurries, it is necessary to perform the analysis in the reflection mode with dedicated MIR accessories. For measuring in reflection mode, the
solution of choice is to use ATR accessories. With this presentation technique, the IR beam is directed at a specified angle of
incidence to the lateral part of a crystal and is internally reflected
one or more times before leaving the crystal and travelling to
the detector. At the surface of the crystal, the internal reflected
beam generates an evanescent wave that penetrates the material
in contact with the air or the sample and might or might not be
absorbed. The penetration depth of the IR beam in the material
depends on the wavelength of the incident photons, the refractive
indices of the sample and the crystal used. There are various
types of ATR accessories made of different crystals (e.g., ZnSe
or Diamond), including ATR cells, heated or not, and single or
multiple reflection ATR.

32.4.3 Raman Spectrometers
The Raman instrumentation used in food analysis can be dispersive or FT instruments. These instruments are similar to their
NIR and MIR counterparts, the main differences being that (i)
a monochromatic source (i.e., laser source) is usually used and
(ii) the dispersive or interferometer part is located between the
samples and the detector, not between the source and the sample.
In addition, there is a Notch filter between the samples and the
detector. This filter is a frequency-separation system that blocks
the Rayleigh scattering photons that carry no information about
the food product being analyzed (because there is no interaction
with the food material). Raman instruments differ in terms of
laser source used (active in the UV, VIS, or NIR region of the
electromagnetic spectrum) and the active range of the detector
used. Sample presentation is relatively simple in food product
analysis using Raman spectroscopy. Vials made of many types
of materials can be used to prevent fluorescence.

32.4.4 
In Situ Analysis, Microscope and
Hyperspectral Imaging Instruments
An emerging area that looks very promising for the future of the
food industry is the use of hyphenated techniques that combine
molecular vibrational spectroscopy with imaging techniques.
Several companies now offer instruments linking NIR, MIR,
or Raman spectrometers to a microscope or camera as a complete and versatile analytical solution to tackling food science
problems (Baeten et al., 2005a; Baeten and Dardenne, 2005;
Fernández Pierna et al., 2009). Using such systems, up to several
thousand spectra per sample can be gathered in order to generate
a hypercube that includes frequency (i.e., depending on the wavelength or wavenumber scale), intensity (i.e., absorbance or scattering intensity) and spatial information (i.e., depending on the
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X–Y position). With microscopic techniques, the IR or Raman
spectra of a sample area as small as 1 µm2 can be collected
nondestructively. IR and Raman microscopes, also known as
point-scan or staring instruments, acquire spectra at successive
single spatial locations (also known as pixels) using a mapping
mode system (high precision X–Y motion stage). More recent
instruments, such as the whisk-broom and push-broom hyperspectral imaging systems, allow the hypercube of a sample to
be obtained more quickly than using a staring instrument. With
the whisk-broom hyperspectral imaging system (also known as
plane-scan hyperspectral imaging), the intensities in the targeted
range of the electromagnetic spectrum are collected for successive frequencies. The resolution of the obtained X–Y spatial
images is driven by the dimension as well as the resolution of
the camera detector (size and number of pixels) and the optics
used. Individual images are obtained by modulating the radiation
reaching the camera detector using band pass or tuneable filters
positioned between the detector and the sample area. For pushbroom hyperspectral imaging systems (also known as line-scan
hyperspectral imaging), the full spectra of the pixels in a line is
simultaneously collected with a camera detector. This kind of
instrument requires a moving-sample-stage that can present the
successive lines of the scene to be analyzed, as well as a spectrograph that allows the reflected light to be split into fractions
of different frequencies. These instruments are particularly suitable for online analysis in the food industry. Alternatively, multispectral imaging systems are characterized by the fact that they
collect the intensity of only a restricted number of specific frequencies through the use of adequate filters. These instruments
are of particular interest in the development of fast analytical
solutions for routine analysis (e.g., analysis of fruits or chicken in
the production chain).

32.4.5 Portable, In-Field, and Online Instruments
In the area of instrumentation, work has been going on for more
than two decades to get the spectrometer out of the laboratory
and closer to where the samples are (i.e., in the field and on the
process line). This move began with the use of fiber optics and
instruments designed for online analysis and now focuses on
developing smaller, portable instruments.

32.5 Quality Control and Process Control in Food
32.5.1 Quality Control in General
In this section, recent applications of NIR, MIR, and Raman
spectroscopy to food production problems are outlined. The
summary is based on the compilation of the information gathered
from the internet (consultation of the sites of the main companies
selling spectrometers to laboratories and agro-food companies
for product control) and from the Scopus database (consulted in
April–June 2013 for all relevant papers published in the 2005–
2013 period). Table 32.1 lists the websites of spectroscopy companies consulted for this exercise. The main outputs and most
promising trends that might lead to a new methodology have
been synthesized. The information gathered focuses on the routine applications of molecular vibrational techniques to quality
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control at the laboratory level and to process control for various
food products. For clarity, this section is divided into quality control in general, from farm to fork: applications for the analysis of
feed and forage; applications for the analysis of seeds, kernels
and flour; applications for the analysis of animal-based products;
and applications for the analysis of fats and oils. For additional
information, Williams and Norris (2001), Bertrand and Dufour
(2006), Grahn and Geladi (2007), Sun (2008), Li-Chan et al.
(2010), and Pico (2012) are recommended.
Food products can contain many types of compounds in various concentrations, ranging from trace amounts to percentage
levels. Most of them are key nutrients for health and should be
properly quantified, and stability is needed in order to improve
the standard of food quality. Some compounds, however, are
toxic and need to be detected in order to ensure the safety of
the food chain. For several decades, molecular spectroscopy
techniques have provided an efficient, rapid, and relatively inexpensive method for assessing the quality of several commodities.
This has been the case mainly for NIR (e.g., cereal and feed sectors) and MIR (e.g., milk, and the oil and fat sectors), but Raman
spectroscopy is gaining more popularity (mainly in the oil and
fat sectors). The application of molecular vibrational spectroscopy techniques is less obvious in food safety, but recent technological developments (e.g., NIR hyperspectral and hand-held
systems) and adapted sampling strategies suggest that these techniques are beginning to play a key role in this field.
Molecular vibrational spectroscopy methods enable quality to
be enhanced by providing adapted solutions for laboratory and
process control (Huang et al., 2008). They are used extensively
to analyze and segregate raw material entering the factory. At the
unloading stage, the use of these methods prevents unsatisfactory
loads from entering the food chain or redirects batches to more
profitable process options. In addition, the methods are routinely
used in payment systems based on quality parameters (e.g., in
the cereal and milk sectors). They also assist process engineers
greatly because they allow production optimization by providing elegant inline, online, and atline solutions that will help
maximize company profits. They help to monitor key parameters
throughout the process, detecting problems and reacting as fast
as possible to adjust the process if required. Using spectroscopy
techniques for the control of final products is also beneficial as
these allow huge quantities of batches to be assessed by unit
of time and are key elements in the quality assurance schemes
and in traceability. Their role in the nutrition labeling is also
important.

32.5.2 Applications for the Analysis of Feed
Ingredients, Compound Feeds, and Forages
The objectives of quality control in the feed chain depend on
the final users, whether they are farmers, feed producers, feed
retailers, or feed regulators. These objectives include: application of current feed regulations; control of the specifications in
order to certify that products bought or sold respect the expectations, respectively, of farmers or producers; providing nutritional
information in order to adapt feeding based on the internal quality of feed; monitoring and optimizing process lines in order to
adhere to specifications and maximize the profits; and providing
feed-management software with enough information to update
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formulations. It is clear that appropriate tools providing the analytical data to achieve these objectives are mandatory and are key
factors in the profitability of the feed sector. In order to provide
products that adhere to specifications, feed millers need methods that allow them to evaluate raw materials and final products rapidly. This has to be done because the compositional and
nutritional parameters of raw materials, as well as their prices,
are continuously changing and the profitability of the feed sector
depends on the close monitoring of these parameters. The cost
of animal nutrition represents the largest operating cost for most
commercial livestock producers.
For three decades, NIRS has been used by the feed chain as
the main technique for providing the necessary tools for the feed
sector. In essence, NIRS can: elucidate the key compositional
and nutritional factors; produce analytical answers quickly;
determine several physical, chemical and biological parameters
in a single analysis; reduce analytical costs; be applied atline,
online and inline; and be used in networks (where several instruments provide the same results). It is used daily in the feed chain
to analyze feed ingredients (including forages and silages), feed
additives, compound feeds (including aquafeed) and pet foods.
It is also used to determine moisture, protein, fat, starch, total
sugar, fiber, amino-acids, additive or ash content in raw materials and final products, as well as in vitro and in vivo digestibility
(e.g., NDF, ADF) parameters. In forages and silages, NIRS methods are used, for example, to determine dry matter, ash, protein,
ammonia, fat, pH, lactic acid, and volatile fatty acid contents.
With NIRS, a great advantage in the decision-making process
at the factory level is that multiple parameters can be analyzed
simultaneously using a single technique, often with an accuracy
well within the standard error of the reference method or within
the required ranges for compositional or nutritional purposes.
NIRS is also suitable for detecting off-grade shipments before
they are unloaded at the factory and used to produce compound
feeds (full knowledge of raw materials before they enter the
process line is crucial for profitability), for analyzing wet and
dry forages used as a prime feed resource and for determining exact nutritional values, essential for animal wellbeing and
productivity. In compound feed factories, NIRS is suitable for
optimizing the drying process in order to get as close as possible to the moisture specifications and to ensure the quality of
the finished products before shipping. This technique provides
results within minutes of the samples being collected and enables
immediate action to be taken if the results are unsatisfactory.
A key document for the feed sector is the recent EN ISO 12099
(2010) document entitled “Animal feeding stuffs, cereals and
milled cereal products—Guidelines for the application of nearinfrared spectrometry,” produced within the remit of the CEN
Technical Committee 327 (Animal Feed) working in close collaboration with the CEN Technical Committee 338 (Cereals and
Cereal Products) and the ISO Technical Committee 34 SC 10
(Animal Feed). These guidelines are based on more than four
years of work by 20 international NIR specialists. They focus
on: validation of calibration models with independent test sets;
definition of statistics used for performance measurements; standardization of instruments operating in a network; validation at
individual laboratory level before routine use; instrument diagnostics to be performed at regular intervals; checking of instrument stability by the use of control chart; ongoing performance
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check of calibration during use; and regular participation in proficiency tests. ISO 12099:2010 lists the key parameters to take
into account when validating NIR methods for feed analysis.
These are: a sufficient number of representative samples, covering all types of variations (such as combinations and composition ranges of major and minor sample components, seasonal,
geographic and genetic effects, processing techniques and conditions, storage conditions, sample and instrument temperature,
and individual instrument variations); and a proper selection of
the reference methods used to calibrate the NIR instruments
(only internationally accepted reference methods should be run
under a strict quality system, their precision must be known, and
outliers should be investigated and removed when appropriate).
In a consultation of recent scientific papers (consultation
limited to papers published since 2005), different trends were
observed in the application of molecular vibrational spectroscopy
methods to feed ingredients, compound feeds, and forages analysis. It is impossible to summarize all the papers here, but a selection has been made covering the different fields of feed research.
Review papers have been also published (Alomar et al., 2006;
Landau et al., 2006; Daszykowski et al., 2008; Berzaghi and
Riovanto, 2009; Cheli et al., 2012; Chen et al., 2013). Chen et al.
(2013) reviewed the use of NIRS for the analysis of feed protein
materials. They looked at recent publications focusing on using
the NIR technique to assess the chemical and nutritional quality
parameters of protein materials used in compound feeds. The use
of this technique in the traceability of these sensitive materials
was also included in the review (i.e., the detection of authorized
and non-authorized feed ingredients of plant or animal origin, as
well as the detection of accidental and deliberate adulteration).
They highlighted the potential of the NIR method as a first-line
screening tool for monitoring feed quality. They also discussed
the need to close the gap between laboratory and online NIRS
methods. Daszykowski et al. (2008) discussed the use of NIRS to
determine protein, fiber, and fat content in rapeseed meal. Landau
et al. (2006) published a review on using NIRS for monitoring
nutrition for small ruminants. Emphasis was placed on the use
of feed and fecal spectra in nutritional monitoring. Key parameters, such as crude protein content and cell-wall composition,
are usually judged to be accurately predicted by NIRS and there
are advantages in terms of in vitro procedures when the in vivo
digestibility and energy levels of a feed need to be determined.
Using NIRS for fecal analysis enables an accurate indirect prediction to be made of the dry-matter digestibility, crude protein, and
cell-wall features of a feed. Landau et al. (2006) identified the
need to establish reliable datasets adapted for small ruminants
as a limitation in the use of NIRS for predicting the dietary quality parameters of feed. The potential of NIRS for the nutritional
evaluation of pet food (i.e., dog food) was investigated by Alomar
et al. (2006). This study concluded that NIRS is suitable for determining dry-matter content, crude protein content, crude fiber content, fat content, and metabolizable energy value. It also showed
the potential of NIRS to determine individual amino acid content
(i.e., arginine, leucine, isoleucine, threonine, and valine). Bruun
et al. (2010) investigated the use of NIRS for determining straw
degradability and ash content.
In recent years, research has been undertaken on the multivariate calibration of instruments and on data transfer from static
to online and portable instruments. Decruyenaere et al. (2009)
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worked on developing a global calibration for the evaluation of
green forage intake and digestibility, using NIRS. They evaluated the potential of the technique when applied to forage and
feces in order to assess in vivo organic matter digestibility and
organic matter voluntary intake. They concluded that the technique was fit for purpose in terms of managing grazing ruminants
and optimizing their performance. Fernández Pierna et al. (2011)
compared the performances of linear (PLS) and nonlinear (SVM
and ANN) regression algorithms applied to large feed databases
(Fernández Pierna et al., 2011). They used two datasets of feed
ingredients and compound feeds that each had more than 25,000
spectra. Five parameters (ash, protein, starch, fat, and fiber content) were analyzed. Based on the results of the prediction of the
two independent test sets, using the LS-SVM algorithm, they
obtained an improvement in the RMSE (on average, 10% and
34% compared with ANN and PLS, respectively). Zhou et al.
(2012) proposed a method for selecting spectral variables to construct a calibration model using NIRS to determine the protein
content in feed ingredients. They worked with the NIR spectra
of corn distiller dried grains with solubles (DDGS) and evaluated the use of backward selection partial least square (BVSPLS)
and genetic algorithm (GA) methods. Fernández Pierna et al.
(2010b) investigated the potential of transferring huge feed databases obtained with laboratory NIRS equipment to hand-held
equipment. They transferred a database of more than 9000 NIR
spectra obtained with a dispersive instrument to a MEMS instrument. One of the objectives was to calibrate a hand-held spectrometer for the on-site determination of quality parameters of
feed ingredients and compound feeds. Similarly, Soldado et al.
(2013) worked on the transfer of NIR calibrations for undried
silage from a laboratory instrument to an on-site instrument.
Fernández-Ahumada et al. (2008) studied the transfer between
pre-dispersive and post-dispersive instruments. They worked
with dispersive and diode-array-based instruments. In addition
to work on calibrating spectroscopy instruments properly for the
determination of key parameters, it is also important to mention
work carried out to improve sample presentation in feed analysis. Montes et al. (2009) developed a sample presentation unit
for measuring the feed quality of maize stover and for trying
to address the heterogeneity issues inherent in the analysis of
this type of product. González-Martín et al. (2006) studied the
potential of NIRS (combined with fiber optics) to determine the
tocopherol content in compound feed. Using an external validation set, a determination coefficient of 0.79 and 0.76 was obtained
between the NIRS and high-performance liquid chromatography
(HPLC) reference values for the determination of alpha-tocopherol and delta-tocopherol content, respectively. They concluded
that the method was suitable for monitoring compound-feed
quality online.
In the application of molecular vibrational spectroscopy techniques to address challenges in the feed sector, the development
of a fast and sensitive method for detecting contaminants has been
one of the hottest topics of the past decade, whether the origin of
the contaminant is animal, plant, or mineral (Baeten et al., 2005a;
Lin et al., 2008; Liu et al., 2011; Fernández-Ibáñez et al., 2010a,b;
Yang et al., 2011; Fernández Pierna et al., 2012). Pioneering work
was done on detecting forbidden animal protein in compoundfeed using NIR microscopy (NIRM) and NIR imaging systems (Piraux and Dardenne, 1999; Baeten and Dardenne, 2001;
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Fernández Pierna et al., 2004; Baeten et al., 2005a; Plouvier
et al., 2012). NIRM, which combines spectroscopy and microscopy, has proven to be an excellent tool for analyzing particles
from compound-feed and determining their origin (Baeten et al.,
2005a; De La Haba et al., 2007; de la Roza-Delgado et al., 2007;
Fernández-Ibáñez et al., 2009; Pérez-Marín et al., 2009; Lü et al.,
2011). NIRM was first used for detecting and quantifying animal particles in compound-feed and its sediment fraction (Baeten
et al., 2005a). These two early studies demonstrated the significant potential of NIRM for detecting meat and bone meal (MBM)
in feedstuffs. The combination of NIRS and a microscope allows
high-quality spectra to be obtained from small (10–1000 μm) feed
particles. The analysis of these spectra is unaffected by the expertise of the analyst. This method has been shown to be efficient
for the specific detection of animal meal and for discriminating
between fish meal, mammal (pigs and cattle) meal and poultry
meal. The required sensitivity for official control was achieved by
focusing on the sediment of the samples containing a higher fraction of particles of animal origin. The method was fully validated
in-house and the limitations for quantifying animal particles were
identified and investigated (Abbas et al., 2010). After a successful
transfer of the method to external laboratories (von Holst et al.,
2008), the method was successfully validated via an interlaboratory study (Boix et al., 2012). The NIRM method for detecting
animal products in feedstuffs was successfully validated in line
with international standards via a collaborative study involving
seven laboratories. The specificity ranged from 86% to 100%. In
sedimented samples, the limit of detection (LOD) reached 0.1%,
whereas in the non-sedimented samples, the MBM percentage in
the samples to be analyzed increased by up to 2%. NIRM also has
the potential to determine the species origin (terrestrial vs other,
and fish vs other) of the animal particle detected (de La Haba
et al., 2007; Yang et al., 2011). Work was also done on detecting
animal protein using the NIR imaging system (Fernández Pierna
et al., 2004; Baeten and Dardenne, 2005). This method was fully
validated in-house in line with ISO17025 standards (Fernández
Pierna et al., 2010a) and successfully applied to testing feed
ingredients and compound-feeds (Fernández Pierna et al., 2006;
Riccioli et al., 2011, 2012). A protocol based on a combination of
NIRM and PCR to assess the species origin of individual particles from a feed was developed (Fumière et al., 2010). To cover
all issues, the potential of NIRS techniques for detecting plant
contaminants (Fernández Pierna et al., 2012) and chemical contaminants such as melamine, cyanuric acid and hydrogen cyanide
was also demonstrated (Lin et al., 2008; Priore et al., 2009; Sun
et al., 2010; Balabin and Smirnov, 2011; Ellis et al., 2012; Fox
et al., 2012; Mircescu et al., 2012; Abbas et al., 2013; Haughey
et al., 2013). Dale et al. (2013) demonstrated the potential of the
NIR imaging system for discriminating plant species in forage.

32.5.3 Applications for the Analysis of Seeds,
Kernels, and Flours
The use of molecular vibration spectroscopy in seed, kernel, and
flour analysis is widespread. All cereal/grain-based companies
are now equipped with NIRS and the number of parameters determined for grain or milled products is important. Many diverse
parameters can now be properly determined using NIR, including
moisture, protein, ash, oil, fiber, starch, sugar, gluten, additives
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(e.g., salt), fatty-acid profile, free fatty-acid content, homogeneity,
and sprout damage. Molecular vibrational spectroscopy methods
are increasingly part of the daily control used by food companies
and laboratories dealing with cereals, oilseed processing, and bioethanol production or involved in breeding programs.
In cereal-based companies (e.g., flour, bread, and beer producers), NIRS is used mainly at the reception stage of the raw
material to test it before it enters the process line. Moisture and
protein content are the main criteria predicted by NIRS, dictating the acceptance and/or use of the batch received. During the
production stage, the technique enables grain milling and the
production of bakery mixtures and dough to be monitored in
order to ensure that the products meet functional and nutritional
requirements. These parameters are rapidly analyzed using NIR
technology atline, online, or inline. Other process steps, such
as extraction (yield maximization), tempering, additive dosing
(e.g., to meet specifications) and blending (e.g., monitoring ash)
can be optimized using NIR instruments. In particular, the great
potential for the cereal/grain industry of a rapid sensoring technique than can be applied inline lies in the ability to take immediate corrective action when there is a change in production and
to correct any variation as soon as possible, thus keeping costs
down. In oilseed milling companies, NIRS helps to determine
key parameters (e.g., oil content, fatty-acid profile and free fatty
acids in raw materials). It is also used for optimizing pressing
and extraction, for monitoring degumming and free fatty-acid
neutralization, and for optimizing oilseed meal and determining its composition. In bioethanol companies, NIR instruments
are used as screening tools to optimize the segregation of raw
materials on the basis of quality and to optimize the process in
order to improve their competitiveness. Every batch of grains is
different and it is essential to analyze them at the reception stage
in order to decide which process to follow. The technology is
popular in this agro-food sector because a single instrument can,
without sample preparation, analyze incoming and ground grain
batches, products from different fermentation and conversion
stages and by-products of distillers’ grain, whether wet or dry.
It can also help to track fermentation and conversion through the
online determination of ethanol, glucose, acetic acid and glycerol concentration. In plant breeding programs, NIR is widely
used because it gives breeders a unique tool for analyzing cereals
in the field and can handle the huge numbers of samples (often
available in small quantities in the early breeding stages) that
need to be analyzed in such programs. High throughput-screening is a key factor in the success of selecting and evaluating new
varieties. The main reasons for the widespread use of NIR in this
field is that the technique is rapid, nondestructive and can determine different parameters simultaneously.
In addition to the ISO 12099:2010 guidelines on using NIRS
in animal feedstuffs, cereals, and milled cereal products and
discussed earlier in the section on the analysis of feed and
forage, the document EN 15948 (2012) entitled “Cereals—
determination of moisture and protein—Method using NearInfrared-Spectroscopy in whole kernels” sets the European
standard for applying NIRS to seed and grain analysis. It defines
a routine method for determining moisture and protein in whole
kernels of barley and wheat. The constituent ranges for each
product (minimum and maximum values) are given, as are the
key parameters that should be used to properly asses the method

Free ebooks ==> www.ebook777.com
603

Vibrational Spectroscopy Methods for Rapid Control of Agro- Food Products
(a)

(b)

(c)

(d) 1.2
Absorbance (log (1/R))

(i.e., number of samples used for the calibration, constituent
ranges covered in the model, temperature range of the samples,
number and performance of reference laboratories, stability of
the model, calibration file used, and seasonal, geographic, and
genetic variations covered by the model). The requirements
for the validation set are specified and focus on sample number (minimum of 200), sample origin and sample variability
(i.e., concentration ranges, seasonal, laboratory, and instrument
variability). The standard also sets the initial validation performances that the model should reach, the validation and maintenance of the models that should be performed according to EN
ISO 12099:2010 and by each laboratory, the checking of instrument stability in line with Article 9 of EN ISO 12099:2010, and
performance of the monitoring method. It recommends participation in accepted proficiency-testing schemes and specifies the
accuracy and precision that the NIR method should achieve. The
predicted results should not, in more than 5% of cases, deviate
more than 1.96 × SEP from the best estimate of the true value.
Repeatability r for proteins and moisture is fixed at 0.42% and
0.15%, respectively, and reproducibility R for proteins and moisture is fixed at 0.45% and 0.25%, respectively.
When using NIR to analyze seeds or kernels, sample presentation and sampling issues need to be properly addressed. If we
look at the sample holders (also known as sample cups or sample
cells) produced by the manufacturers, there is great variability
in terms of size (2–40 cm 2), shape (circular, rectangular) and
quantity required to fill them (4–300 g). A very important factor is that the surface of the sample scanned (i.e., the portion
of the sample used to generate IR spectra) is between 1 cm2
and 10 cm2. This range is not a major issue when the sample is
homogeneous (e.g., finely ground and well-mixed samples such
as cereal flour), but it is crucial with heterogeneous samples
(e.g., unground grain or breakfast cereal). The larger the surface of the sample scanned, the more representative will be the
spectra collected. Other phenomena also have to be taken into
account in order to obtain a representative spectrum of a cereal
sample and it is always recommended to mean the spectra of two
or three repacking. To illustrate this, let us take a sample from a
routine analysis performed at CRA-W. It is a real wheat sample
that comes directly from the cereal harvest destined for feed
and bioethanol production and includes rapeseeds and hulls.
Figure 32.4a shows the bottom surface of the sample cell used
and filled properly (the sample has been carefully homogenized
and transferred to the sample-holder and then presented directly
to the spectrometer); there are wheat grains and rapeseeds and
hulls in the portion of the sample presented to the spectrometer.
Figure 32.4b shows the same cell as that in Figure 32.4a, but
after being shaken horizontally for few seconds; there are now
more rapeseeds and fewer hulls, and sedimentation of the heavy
elements of the samples has occurred, with the light fraction of
the sample migrating to the top of the sample-holder (flotation
phenomenon). If we now take the cell in Figure 32.4a, tap it, turn
it, shake it horizontally for few seconds, turn it again and look at
the material presented to the bottom face, we see what is shown
in Figure 32.4c. There are no rapeseeds and higher fraction of
hulls. Figure 32.4d displays the NIR spectra of the samples
shown in Figures 32.4a–c. Clear differences can be observed in
the different regions of the spectra. If we were to apply a robust
NIR model to these spectra to determine protein content, the
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Figure 32.4 Pictures of the bottom surface of the sample cell filled properly (a), the same cell after being shaken horizontally (b), the same cell after
being tapped, turned and shaken horizontally (c), and corresponding NIR
spectra (d).

predicted content for the properly mixed sample (Figure 32.4)
would be 10.73%, whereas it would be 8.79% and 11.60% for the
NIR spectra collected from the sample shown in Figures 32.4b
and c, respectively. The sources of sampling error are numerous
and depend on type of sample used, presence of foreign material, previous blending steps, sample-storage conditions and
time, sample identification, subsampling preparation protocol,
previous mixing or not of the samples (ground vs unground)
and representativeness of the reference value (whether or not
this value has been obtained from a representative subsample)
(Williams and Norris, 2001). Increasingly, the instruments are
being taken out of the laboratory and into the sample production
place. In-field, online and hand-held NIR solutions are being
sought in food analysis in order to control products as close as
possible to their production site. This accelerates reaction to
problems, which helps to maximize profits. Thus, farmers are
able to determine the optimum moment of harvesting in order to
obtain the highest financial benefits.
In the consultation of recent scientific papers (consultation
limited to papers published since 2005), different trends were
observed in the application of molecular vibrational spectroscopy
methods to seed and kernel analysis. It is impossible to summarize all the papers here, but a selection has been made covering
the different fields of feed research. Recent developments have
continued to be mainly in the field of NIRS, and less so in MIR
and Raman spectroscopy. In cereal production, NIR is increasingly being used as an essential tool in precision agriculture and
selection programs. In precision agriculture, NIR, coupled with
Global Positioning System (GPS) and Geographical Information
System (GIS), offers the possibility of adjusting fertilizer applications to take account of within-field variation in nitrogen
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mineralization. This results in increased yields, improved crop
quality, cost-reduction and a decrease in nutrient loss to the environment through the adequate determination of nitrogen uptake.
One limitation is that it is difficult to create global NIR models
that can be applied to large geographical areas (Wetterlind et al.,
2008). In plant breeding programs, NIRS is used to assist in the
selection of cereal-breeding lines (Sissons et al., 2006; Fox et al.,
2011; Ohnmacht et al., 2012) and provides an adequate approach
for screening the large number of lines generated from breeding
trials. Fox et al. (2011) reported that it could accurately determine traits such as fiber, protein, starch and digestibility energy.
Yang et al. (2009) developed an NIR method for determining the
fatty-acid content in maize; they obtained an r2 higher than 0.84
for total oil, oleic fatty acid, and linoleic fatty-acid content.
Recent studies have also shown the potential of molecular
spectroscopy techniques for determining compositional and
nutritional parameters and detecting undesirable substances in
cereal-based products. NIR and MIR are appropriate for analyzing sugar, total fat content and trans fat in unground cereal
products (Kays et al., 2005; Kim et al., 2007, 2009; Mahesar
et al. 2010; Wang and Rodriguez-Saona, 2012), and Raman spectroscopy has been used for detecting benzophenones in breakfast
cereals (Droghetti et al., 2013). Kays et al. (2005), in their paper
on the NIR prediction of fat in intact cereal products (including
ready-to-eat breakfast cereals and cereal-based snacks), demonstrated the potential of this technique and its ability to analyze
unground samples. It is well known that the grinding process
homogenizes a sample (from the compositional and particle-size
points of view) and enables more repeatable and reproducible
results to be obtained, but bulk analysis of unground samples is
required at the level of the grain elevator or during online processing. The authors paid particular attention to sampling and
subsampling strategies and sample-presentation (e.g., impact of
repetitive packing and scanning of individual samples) in order
to acquire representative spectra of a particularly h eterogeneous
analyzed sample. They obtained an RMSEP of 11.8 g/kg with an
r2 of 0.98 for fat content. Interestingly, they showed that repeated
repacking and rescanning of the sample did not appreciably
improve model performance. This point is fundamental for
online and inline solutions. Wang and Rodriguez-Saona (2012)
worked on the determination of sugar content in snack products
using NIR and MIR. They selected samples from one company
and worked on ground and blended samples. The use of NIR provided a SEP of 14.7, 3.6, and 2.0 g/kg, with an r2 superior to 0.79,
and the use of MIR provided a SEP of 17.3, 3.5, and 3.4 g/kg, with
an r2 superior to 0.71, for sucrose, glucose, and fructose parameters, respectively. Mahesar et al. (2010) worked on the determination of total trans fat content in fats extracted from cereal-based
food products. They obtained an RMSEP of 0.7 g/kg with an
r2 superior to 0.99. An earlier study by Kim et al. (2007) demonstrated the possibility of analyzing trans fatty acids directly
without working on the oil fraction, but carrying out direct oil
extraction with the ATR accessory. A SEP of 11.2 g/kg with
an r2 higher than 0.89 was obtained and the authors concluded
that the method had sufficient accuracy for screening. Droghetti
et al. (2013) recently demonstrated that low-level detection (parts
per million level) of undesirable substances in breakfast cereals
using molecular spectroscopy is possible. They used the surfaceenhanced Raman scattering spectroscopy (SERS) technique.
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SERS allows the Raman signal to be increased significantly by
using metallic nanostructures that interact only with target molecules. The authors investigated the potential of SERS to quantify
two benzophenones extracted from spiked cereal samples and
showed that contamination at a level of 25 ppm could be detected
using this technique. Nutritional classification of cereal-based
products in terms of total dietary fiber, fat, protein and sugar has
also been investigated using NIR FT-Raman spectroscopy (Sohn
et al., 2005).
There have been recent developments in the field of the process-monitoring of cereal products. Kaddour and Cuq (2011)
reviewed the use of NIRS to monitor and describe physical and
chemical modifications during processing of wheat products.
The technique was used to monitor the mixing of bread dough,
proofing of yeast in bread doughs, agglomeration processes during mixing of wheat flour, fresh pasta processing, thermal treatments and extrusion-cooking processes, and bread staling. In the
field of bioethanol and biodiesel production, recent publications
have highlighted the potential of NIR for the rapid analytical
monitoring of the process and quantification of relevant parameters (Liebmann et al., 2010; Grieder et al., 2011; Pohl and Senn,
2011). Liebmann et al. (2010) investigated the potential of NIRS
for analyzing incoming grain and monitoring the process in the
bioethanol industry. Good performances were obtained for the
determination of moisture, protein and starch in the feedstock
material and for the determination of glucose, ethanol and glycerol in the processed broths. Pohl and Senn (2011) developed an
NIR method for the rapid evaluation of cereal grains destined
for bioethanol production. They studied the potential of NIRS
for determining the fermentable substance and ethanol yield of
whole and ground grains (from wheat, rye and triticale varieties).
For the three cereals studied, they obtained an RMSEP ranging
from 0.80% to 1.12% for determination of the fermentable substance and from 0.52 to 0.61 l/100 kg for ethanol determination.
In the field of cereal studies, hyphenated IR microscopy has
been used to investigate the spatial distribution of key compounds in grain-cell structures (Saulnier et al., 2009; Toole et al.
2012). Saulnier et al. (2009) investigated changes in polysaccharide structure and composition in the cell-walls of wheat endosperm. They assessed the amount and functional properties of
the arabinoxylans and beta-glucans in order to develop new cultivars with specific nutritional and processing properties. FT-IR
microspectroscopy was used to determine the spatial heterogeneity in cell-walls from transversal and longitudinal sections of
endosperm. Toole et al. (2012) used FT-IR microspectroscopy
to analyze the spatial distribution of different types of arabinoxylans in spelt, wheat, barley, oats, einkorn and emmer varieties.
They were able to map the target constituent and detect variation
among the cereals in arabinoxylan composition.
In the field of applying molecular vibrational spectroscopy to
the analysis of seeds and kernels, the past decade has revealed
the enormous advantages of using the NIR hyperspectral
imaging system. This technique enables sampling issues to be
addressed and single kernel analysis to be performed (Baeten
and Dardenne, 2005; Baeten et al., 2007; Fernández Pierna
et al., 2009). As explained and illustrated by Esbensen and Julius
(2009), total sampling error is often 50–100 times greater than
total analytical error and has to be properly addressed by the analyst. Frequently, much attention is paid to analytical development
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and validation, while appropriate sampling and subsampling
strategies are overlooked. In cereal analysis, the NIR hyperspectral imaging system allows a large volume of samples by unit of
time to be analyzed and sampling challenges to be addressed
appropriately. Another advantage of this technique is its ability
to determine a large number of key parameters at the level of
single kernel analysis. The physical status, origin or constituent
as protein or starch have been successfully determined in various cereals at both the bulk sample and individual kernel levels
(Fernández Pierna et al., 2009; Baeten et al., 2010a,b; Singh et al.,
2010; Manley et al., 2012). In order to meet the quality product
specifications required by global grain markets and agro-food
industries, classical NIRS instruments have been equipped with
adapted sample accessories that enable them to perform single
kernel analysis. One example is the quality control of seed treatment. Underdosing can result in reduced efficacy and development of resistance, whereas overdosing can lead to phytotoxicity
risks. A study to determine the distribution of the active substance Imidacloprid on individual barley seeds showed that NIR
can be used to test the homogeneity of seed treatment (Pigeon
et al., 2004). This approach is extremely time-consuming compared with using hyperspectral equipment (Wesley et al., 2008).
The potential of NIR hyperspectral imaging in breeding programs has been studied within the framework of the Co-Extra
European project (http://www.coextra.eu). It has been shown that
for soybean, wheat, and barley the methodology can discriminate at the single kernel level (Baeten et al., 2010b). The spectral
information obtained can be used in the discrimination of samples not only in terms of variety discrimination, but also for the
presence of genetically modified organisms (GMOs). It has also
been shown that GM and non-GM groups can be separated. In
the case of barley, when using individual varieties, a clear separation between GM and its isogenic non-GM line was obtained for
almost every variety, which was not the case when working with
all varieties together, demonstrating that “within-group” variability is higher than “between-group” variability (Fernández
Pierna et al., 2005; Alishahi et al., 2010; Baeten et al., 2010a,b).
The potential of NIR hyperspectral imaging for the multipledetection of insects, botanical impurities and plant contaminants
in cereals has also been investigated (Baeten et al., 2007; Singh
et al., 2010; Fernández Pierna et al., 2012). A complete method
for detecting ergot bodies has been developed, validated and
successfully transferred to the industry within the framework of
the European CONff IDENCE project (Vermeulen et al., 2012,
2013). In terms of LOD, this method matches the food (500 ppm)
and feed (1000 ppm) limits specified by European regulations
to reduce the toxicity risk for humans and animals due to the
alkaloid content. The presence of one ergot in 32 kg of cereals
(representing a 1 ppm contamination) can be determined and
requires less than 1 h of analysis, whereas the reference method
(microscopic analysis) requires four days to analyze the same
sample volume.

32.5.4 Applications for the Analysis of Dairy
and Meat Products
Molecular vibrational spectroscopy techniques are widely used
in the routine analysis of animal products such as dairy and meat
products. The use of MIR spectroscopy for analyzing raw milk in
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the dairy sector is one of the main applications of spectroscopy
in the food chain (Karoui and De Baerdemaeker, 2007; Baeten
et al., 2010a,b). MIR is used to rapidly determine the composition of raw milk that varies in terms of nutrition, breed, and
even the respective season. These factors greatly influence the
technological quality of the milk. The application of IR spectroscopy to the analysis of milk dates from the 1950s, with the
first dedicated milk analysis instrument being developed in the
1960s. All quality controls performed by the official control
and industrial laboratories now use MIR for this and for milk
payments. The performance and accuracy of MIR analyzers
are controlled according to internationally recognized guidelines (e.g., ISO or IDF) and monitored daily by the laboratory
and monthly by public agencies. According to these guidelines,
each new piece apparatus has to be validated, and after validation its use has to be based on a set protocol. The main objective of the guidelines is to ensure that all instruments involved
in a network provide consistent and reproducible determined
milk composition. The ISO 8196-IDF 128 guidelines for controlling laboratories are of particular importance. In order to ensure
proper monitoring of the instruments, three main control procedures have to be performed. The first involves the proper calibration of MIR spectrometers. For this, at least 100 samples are
needed to cover all possible spectral variability and to integrate
the variability from each of the parameters. It is possible to use
a small set of samples with fixed fat and protein content covering the normal variation range of raw milk. The samples have
to be prepared according to the IDF 141C: 2000 protocol that
allows intercorrelation between fat and protein to be avoided.
This restricted number of recombined samples is prepared by
official bodies and sent frequently to the control laboratories to
calibrate their IR spectrometers. The second procedure involves
the validation and control of the calibrations and is based on a
weekly analysis of a standard. This allows the calibrations of
the IR spectrophotometers to be checked and adjusted (slope and
bias correction). The third procedure step involves organizing a
monthly ring test for milk composition parameters. The use of
MIR instruments for the analysis of raw milk is highly efficient
when the following conditions are met: accurate reference determination following international standards; successful participation in interlaboratory studies to reach agreement on reference
determinations; development of a homogenizing device to reduce
and harmonize the size of fat globules; development of calibration models based on a restricted number of recombined samples
to cover a broad range and prevent intercorrelation between the
constituents; use of simple calibration techniques (multiple linear
regression) based on a few wavelengths; and frequent validation
of the calibration based on blind samples (Baeten et al., 2010a,b).
Molecular vibrational spectroscopy techniques are also used to
verify the quality attributes of meat at the laboratory level or
online for the simultaneous determination of fat, moisture, and
protein content (Adhikari et al., 2003).
In the consultation of recent scientific papers (consultation
limited to papers published since 2005), different trends were
observed in the application of molecular vibrational spectroscopy methods to animal products. It is impossible to summarize
all the papers here, but a selection has been made covering the
different areas of research in the field of dairy and meat products.
A review was undertaken to obtain an overview of the potential
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of NIR, MIR, and Raman for the quantitative and qualitative
determination of key parameters in animal products (Karoui and
De Baerdemaeker, 2007; Behmer, 2009; Berzaghi and Riovanto,
2009; Almeida et al., 2011; Wen et al., 2011). The review of the
application of molecular vibrational spectroscopy to milk fat is
included in the section on the application of the technique to oil
and fat analysis.
A comparison of the potential of NIR and MIR in determining
the fat and protein content in milk was conducted by Zhang et al.
(2007). The study concluded that both techniques are reliable
tools for determining these parameters. The detection of true
protein and casein content using NIR has been studied (Šustová
et al., 2007). Minor compounds such as phosphorus have been
successfully determined in milk using MIR (Dogan et al., 2005;
Soyeurt et al., 2009). In the past decade, much research has been
conducted on developing methods for determining the fatty-acid
profile of milk using NIR (Wang et al., 2005; Wang et al., 2009),
MIR (Soyeurt et al., 2006a,b, 2011; Maurice-Van Eijndhoven
et al., 2013a,b) and Raman spectroscopy (El-Abassy et al., 2012).
Specific studies have been conducted to determine milk composition online and inline using NIR (Spitzer et al., 2005; Artime
et al., 2008; Muñiz et al., 2011; Melfsen et al., 2012a,b; Nguyen
et al., 2011). Spitzer et al. (2005) worked on the NIR online
determination of fat, protein, lactose and somatic cell content.
Kawasaki et al. (2008) studied the potential of NIR for online
milk quality assessment in a milking robot. The use of handheld spectrometers (NIR and MIR) was studied by Santos et al.
(2013). Various studies highlighted the potential of the molecular vibrational spectroscopy techniques for monitoring the milk
transformation process and analyzing end-products such as
cheese (Cattaneo et al., 2005; Karoui et al., 2005; Klandar et al.,
2007; Mateo et al., 2009; Lyndgaard et al., 2012a,b; Melfsen
et al., 2013). Klandar et al. (2007) investigated the potential of
NIR for assessing rennet coagulation. They compared the NIR
method with other tests and concluded that it was suitable for
assessing the coagulation process. The potential of NIR and MIR
for assessing the shelf-life of cheese (Cattaneo et al., 2005) and
determining the geographical origin of cheese (Karoui et al.,
2005) was studied. The use of NIR was proposed for determining
mineral composition in cheese (González-Martín et al., 2009).
NIR was also used for sensory attribute predictions (GonzálezMartín et al., 2011a,b).
Several authors have investigated the use of NIR for discriminating milk produced by different dairy animals on different feed
rations (Wu et al., 2007; Mouazen et al., 2009). NIR (Tsenkova
et al., 2006; Saranwong and Kawano, 2008a,b; Dračková et al.,
2009; Meilina et al., 2009; Tsenkova et al., 2009; Veleva-Doneva
et al., 2010; Aernouts et al., 2011) and MIR (McParland et al.,
2011; Soyeurt et al., 2012) were investigated for the determination of body energy status, disease diagnosis, pathogen identification and bacteria count. An additional interesting perspective
was the use of MIR for predicting individual methane emission
from dairy cows (Dehareng et al., 2012).
The rapid determination of key parameters in milk powder
using IR spectroscopy (Nagarajan et al., 2006; Wu et al., 2007,
2008a,b) and Raman (McGoverin et al., 2010; Almeida et al.,
2011) has been optimized. A coefficient of determination of
0.98 and an RMSEP of 0.17% were obtained using Karl Fisher
determination as the reference method (Nagarajan et al., 2006).
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Chang et al. (2007) studied the use of NIR for monitoring the
protein content in milk powder. They obtained an RMSEP of
0.69%. The use of NIR and MIR for detecting iron and zinc in
powdered milk was also explored (Wu et al., 2009). The study
concluded that MIR could be used to develop accurate methods for determining trace mineral content. Wu et al. (2008a,b)
worked on determining the content of calcium in milk powder
using NIR and MIR.
Studies have been conducted on the potential of using molecular vibrational spectroscopy to detect the adulteration of milk
and milk powder by melamine or other N-adulterants. In 2008,
Chinese-manufactured milk formula for infants was contaminated with melamine, leading to the hospitalization of thousands
of children, some of whom died; melamine had been added to
artificially increase the nitrogen content. NIR, MIR, and Raman
spectroscopy were investigated as tools to detect and quantify
melamine (Dong et. al., 2009; Lu et al., 2009; Mauer et al., 2009;
Okazaki et al., 2009; Xiao et al., 2009; Yuan et al., 2009; Lee
et al., 2010; Liu et al., 2010; Sun et al., 2010; Zhang et al., 2010a;
Balabin and Smirnov, 2011; He et al., 2011a,b; Wen et al., 2011;
Betz et al., 2012; Cheng et al., 2012a,b; Mecker et al., 2012; Qin
et al., 2012). The results showed that NIRS could provide a rapid
way to detect and quantify melamine in infant milk formula.
Dong et al. (2009) worked with 22 pure milk samples and 50
adulterated milk samples (from 0.1 to 1500 mg/kg). The PLS-DA
model was applied to the NIR spectra in order to differentiate
the pure milk and the adulterated milk samples. The classification accuracy was 100%. This indicated that NIR spectra could
be used to detect whether or not milk has been adulterated with
melamine. The same conclusion was reached in a subsequent
study conducted by Yuan et al. (2009), but the LOD (ppm level)
should be viewed with caution because of artifacts in the sample
preparation (Baeten et al., 2010a,b). Balabin and Smirnov (2011)
compared the potential of NIR and MIR for detecting the adulteration of milk and milk powder by melamine. Studies have
also been done on using molecular vibrational spectroscopy
techniques to detect other types of adulteration such as water
and whey addition and calcium carbonate, and to identify reconstructed milk in raw milk (Kasemsumran et al., 2007; Chen and
Hsieh, 2011; Ni et al., 2012; Yang et al., 2012).
Meat and meat products have been analyzed using molecular
vibrational spectroscopy. The studies include the use of laboratory, hand-held and online spectrometers (Zamora-Rojas et al.,
2012a,b). The use of NIRS for determining the quality and physical parameters of meat and meat products was proposed in several
studies (Shackelford et al., 2005; Ortiz-Somovilla et al., 2006;
Andrés et al., 2008; Herrero, 2008a,b; Hu et al., 2008; Olsen
et al., 2008a; Prieto et al., 2008a,b, 2009a,b; Jordan et al., 2009;
Schmidt et al., 2009; Sumpf et al., 2009; Xu et al., 2009; Cai and
Chen, 2010; Cai et al., 2010; Monroy et al., 2010; Yang et al.,
2010; Weeranantanaphan et al., 2011; Cheng et al., 2012a,b) The
use of NIRS for determining water content, water activity and
NaCl content has been investigated (Ji et al., 2008; Collell et al.,
2010). Studies using NIRS and NIR imaging techniques to determine fat content, total unsaturation, and fatty-acid composition
have been conducted (Flåtten et al., 2005; Barlocco et al., 2006;
Pla et al., 2007; Müller and Sheeder, 2008; Olsen et al., 2008,
2010; Sierra et al., 2008; Hu et al., 2009; Okura et al., 2009;
Kobayashi et al., 2010a,b; Liao et al., 2010a–d; O’Farrell et al.,
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32.5.5 Applications for the Analysis of Oils and Fats
Molecular vibrational spectroscopy techniques are now widely
used in the analysis of edible oils and fats. The application of
these techniques has been delayed mainly because of the rapid
spread of chromatography techniques in oil and fat analysis. The
need to reduce analytical time and cost, to simultaneously control large numbers of parameters and properties in the edible oil
and fat industries and along the food chain and to have access
to online and inline techniques, however, have led to the development of vibrational spectroscopy solutions. Interestingly, most
of the methods proposed were initially based on MIR and only
later were NIR (prevalent in feed and cereal analysis) and Raman
spectroscopy used. Technological developments such as the
introduction of interferometry, sample presentation accessories
adapted for the routine oil and fat analysis, the miniaturization

of instruments and the availability of MIR and NIR instruments
dedicated to the analysis of fatty samples have greatly contributed
to the increased use of vibrational spectroscopy techniques in the
oil and fat industry (Baeten et al., 2000; Baeten, 2010). Qualitative
and quantitative methods have been developed for the discrimination of oil and fat samples, the determination of parameters (e.g.,
unsaturation level, trans/cis content, free fatty acids, presence of
impurities, moisture content) and the evaluation and monitoring
of the oxidation status of oils. Two decades ago, pioneering work
was done by van de Voort and Ismail (1991) to develop tools to
strengthen the role of MIR and NIR spectroscopy in oil and fat
analysis. Various papers have reviewed the use of MIR and NIR
spectroscopy for the analysis of fatty acids in agro-food products
(Mossoba, 2008, 2013; Behmer, 2010; Zhang, 2012).
In the consultation of recent scientific papers (consultation
limited to papers published since 2005), different trends were
observed in the application of molecular vibrational spectroscopy methods to oil and fat analysis. In the past decade, much
research has been done on the development of these methods for
determining trans fatty acids and other individual or groups of
fatty acids in edible oils and fats (Xie et al., 2011). The methods
proposed have been based on NIR (Yu et al., 2009; Behmer, 2010;
Cho et al., 2011; Azizian et al., 2012; Mossoba et al., 2013), MIR
(Sherazi et al., 2009a,b; Hernández-Martínez et al., 2010; Birkel
and Rodriguez-Saona, 2011; Xie et al., 2011; Tyburczy et al.,
2012), or Raman (Meurens et al., 2005; Baeten, 2010; Silveira
et al., 2010) spectroscopy techniques. As an illustration of the
potential of Raman spectroscopy for fats and oils analysis, the
relationship between the content of monounsaturated acyl groups
and the scattering intensities (first derivative value) measured at
1656 cm−1 for different oils is shown in Figure 32.5.
Mossoba et al. (2013) compared the determination of unsaturated fatty acids using NIR with their determination using
GC. The study demonstrated the suitability of NIR for determining total content of saturated fatty acids, trans fatty acids,
monounsaturated fatty acids and polyunsaturated fatty acids.
A study focusing specifically on the transfer problem between
NIR instruments in determining fatty acids in edible oils and

Raman scattering intensity (first derivative)

2010; Guy et al., 2011; Wold et al., 2011; Prieto et al., 2012a,b;
Riovanto et al., 2012; Sørensen et al., 2012; Foca et al., 2013).
Work has been carried out on determining glycogen and pH using
NIRS (Lomiwes et al., 2010; Fluckiger et al., 2011; Ma et al.,
2012a,b) and Raman (Scheier and Schmidt, 2013). Free amino
acids have been determined using NIRS (Prevolnik et al., 2011).
NIRS has also been used to determine pigment (Teng et al., 2010;
De Marchi et al., 2011) and meat tenderness (Rust et al., 2008;
Zhang et al., 2008; Chou et al., 2010; Shackelford et al., 2011).
Freshness, total volatile basic nitrogen-determination and spoilage-detection have been investigated using NIRS (Hou et al.,
2006; Horváth et al., 2008; Cai et al., 2009, 2011; Chen et al.,
2011; Prado et al., 2011; Huang et al., 2012; Xiong et al., 2012;
Barbin et al., 2013a,b), using MIR (Amamcharla et al., 2010a,b;
Argyri et al., 2010; Davis et al., 2010a,b; Sinelli et al., 2010; Wen
et al., 2010a,b; Grau et al., 2011; Papadopoulou et al., 2011) and
using Raman (Sowoidnich et al., 2010, 2012; Argyri et al., 2013).
The separation of meat infected by Trichinella spiralis has been
achieved using MIR (Gómez-De-Anda et al., 2012). Studies have
been done on meat process and transformation using NIRS (Liao
et al., 2010a–d) and Raman (Herrero et al., 2008a,b; Chou et al.,
2010), and MIR has been used in the detection of antibiotics in
meat (Meza-Márquez et al., 2012).
The differentiation of meat and meat products from different species, genotypes or feed rations has been assessed using
NIR (Prache et al., 2005; Berzaghi et al., 2005; Osorio et al.,
2007; Bázar et al., 2009; Guillén et al., 2010; Restaino et al.,
2011; Mamani-Linares et al., 2012) and using MIR and Raman
(Ellis et al., 1996; Xu et al., 2012; Sowoidnich and Kronfeldt.,
2012a,b). Adulteration-detection using NIRS (Fan et al., 2010;
Rohman et al., 2011; Alamprese et al., 2013; Kamruzzaman
et al., 2013; Morsy and Sun, 2013) and MIR (Meza-Márquez,
2010) has been studied. The use of NIRS to determine authenticity and traceability, including the geographical origin of meat
and meat products, has been investigated (Li et al., 2009a,b; Sun
et al., 2011a,b,c; Cozzolino, 2012; Sun et al., 2012). The genetic
status of meat quality parameters has been determined using
NIRS (Gjerlaug-Enger et al., 2010, 2011; Cecchinato et al., 2011).
Studies have been also performed to investigate the potential of
NIRS for assessing the quality parameters of fish and fish products (Elmasry and Wold, 2008; Herrero, 2008a,b; Cozzolino and
Murray, 2012) and crab meat (Gayo et al., 2006).
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Figure 32.5 Relationship between the content of monounsaturated acyl
groups and the scattering intensities (first derivative value) measured at
1656 cm−1 for different oils purchased from a Belgian supermarket. (From
Baeten V. 2010. Lipid Technology, 22 (2), 36–38.)
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fats was conducted by Azizian et al. (2012). The NIR precision
reached was consistent with the GC collaborative study data on
determining the total content of saturated fatty acids, trans fatty
acids, monounsaturated fatty acids and polyunsaturated fatty
acids. The use of MIR for the characterization and identification
of fatty acids in margarines was studied by Hernández-Martínez
et al. (2010). The performance of a hand-held MIR spectrometer
for quantifying trans fatty acids in edible oils was also investigated (Brikel and Rodriguez-Saona, 2011). The SEP obtained
was in the same range (1%) as that obtained with bench-top
instruments. Tyburczy et al. (2012) used MIR to determine
low trans fatty acids (<2% of total fat) in oils. Using dispersive Raman spectroscopy, Silveira et al. (2010) demonstrated
the potential of this method for quantifying unsaturated fatty
acids in oils and in fat-containing industrialized products such
as margarine, mayonnaise, hydrogenized oil and butter. Recent
work such as spectral reconstruction suggests more promising developments in the calibration of spectrometers (GarcíaGonzález et al., 2013).
In the field of milk fat analysis, various studies have investigated the potential of NIR, MIR, and Raman spectroscopy.
In 2005, Meurens et al. (2005) demonstrated the potential of
FT-Raman spectroscopy for quantifying conjugated linoleic
acids in milk fat. They were able to identify specific Raman signals of the chemical bonds associated with the cis,trans conjugated C═C in the rumenic and trans-10,cis-12-octodecadienoic
acids and to calibrate a Raman spectrometer using a single frequency to determine conjugated linoleic acids in cow’s milk. A
coefficient of determination of 0.95 was obtained on an independent test set. Later, Stefanov et al. (2010) demonstrated the
potential of FT-Raman spectroscopy for the analysis of odd- and
branched-chain fatty acids in milk fat. An original aspect of this
work was that they collected the Raman spectra at room temperature and immediately after freezing at −80°C. The spectra collected at low temperature generally included more well-defined
and sharper scattering bands than those obtained at room temperature. Most individual (C15:0, ante C15:0, iso C17:0, and ante
C17:0) and grouped (ODD, ANTE, and total OBCFAs) fatty acids
were better determined using spectra obtained from freezing
samples. FT-Raman spectra collected at different temperatures
showed the potential to improve predictions of low concentrations of minor saturated fatty acids in milk fat. Similar work was
done on determining milk isolated and conjugated trans unsaturated fatty acids using FT-Raman spectroscopy (Stefanov et al.,
2011). These authors also investigated the potential of using NIR
and MIR spectroscopy to determine minor odd- and branchedchain fatty acids in milk fat (Stefanov et al., 2013a). They
reached the conclusion that NIR showed unsatisfactory results
for the determination of most of the minor fatty acids (except for
trans-9 C18:1 and cis-9, trans-11 conjugated linoleic acid prediction), whereas MIR showed better prediction ability for most of
the minor milk fatty acids. They also investigated the potential
of data fusion of spectral information from different vibrational
spectroscopy techniques and from spectra collected at different
temperatures (Stefanov et al., 2013b). The combinatorial models
showed a decrease of up to 25% in the RMSECV values in the
determination of minor fatty acids in milk fat samples.
Molecular vibrational spectroscopy has been widely proposed
for identifying fats and oils and detecting and quantifying their
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adulteration. The authenticity of plant oils and animal fats has
been studied using NIR, MIR, and Raman (Baeten et al., 2005b;
Bellorini et al., 2005; Kasemsumran et al., 2005; Beattie et al.,
2007; Gasperini et al., 2007; Oliveira et al., 2007; von Holst
et al., 2007; Yang et al., 2005; Abbas et al., 2009; Che Man et al.,
2011; Saucedo-Herna et al., 2011). Yang et al. (2005) worked
with different vibrational spectroscopy techniques and types
of fats and plant and animal oils (i.e., butter, cod-liver oil, lard,
canola oil, coconut oil, corn oil, olive oil, peanut oil, safflower
oil, and soybean oil). A correct classification higher than 84.4%,
95.6%, and 85.6% was achieved using NIR, MIR, and Raman
methods, respectively. Several studies have been conducted on
developing spectroscopy methods to assess the authenticity of
virgin olive oils and olive oils and to detect and quantify various types of adulteration. The detection and quantification of
olive oil adulteration with hazelnut oil using MIR and Raman
data was investigated by Baeten et al. (2005b). They worked on
the spectra of entire oils and on the unsaponifiable fraction of
the oil. They concluded that discrimination between olive and
hazelnut oils is possible and that adulteration can be detected if
the presence of hazelnut oil in olive oil is less than 8% and if the
blends are of specific oils. The LOD was higher when the blends
were of edible oils from diverse geographical origins. Studies by
Kasemsumran et al. (2005) and Oliveira et al. (2007) focused on
the use of NIRS methods to detect and/or quantify the adulteration of olive oil.
The potential of using MIR spectroscopy to discriminate
and authenticate animal fats has been compared with other
analytical techniques (i.e., GC, immune-assay and DNA-based
techniques) (Bellorini et al., 2005; von Holst et al., 2007). The
authors concluded that FT-IR and GC–MS differentiate pure
fat samples fairly well, but show limited ability in identifying
the animal species or even the animal fat classes. The MIR
results showed that it is possible to classify mixtures of tallow and lard, but the LOD of adulteration seemed to be about
10%. The assessment of the discrimination of animal fats using
MIR and Raman spectroscopy techniques has been investigated (Gasperini et al., 2007; Abbas et al., 2009). Mathematical
models allowed animal fats to be discriminated from other categories used in animal feed, with a sensitivity and specificity
of 0.96 and 0.91, respectively, for Raman data. Similar results
were obtained for MIR data. The differentiation of lard from
other edible fats and oils using MIR was studied by Che Man
et al. (2011).
The potential of molecular vibrational spectroscopy techniques for monitoring fat transformation and online analysis has
been demonstrated (Bansal et al., 2009; Guzmán et al., 2011;
Allendorf et al., 2012; Mihalache et al., 2012; Richard et al.,
2013; Yang et al., 2013). Using MIR to monitor trans fatty acid in
deep frying oils was investigated by Bansal et al. (2009). Other
parameters involved, such as peroxide value, were successfully
determined using NIR (Yu et al., 2012) and MIR (Yang et al.,
2013). The use of low-resolution Raman spectroscopy to analyze oxidized olive oil (Guzmán et al., 2011) and MIR hand-held
instruments to monitor oil stability (Allendorf et al., 2012) has
been investigated. Killner et al. (2011) and Richard et al. (2013)
monitored biodiesel production online and in the reactor using
NIR. The potential of IR spectroscopy for the analysis of biodiesel was reviewed by Zhang (2012).
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32.6 Conclusion
This chapter has sought to gather theoretical and practical information to help companies and science professionals derive as
much benefit as possible from vibrational spectroscopy. It highlighted the strengths and weaknesses of this technology and gave
guidelines on the use of NIR, MIR, and Raman techniques in
the right place to answer the right questions. It focused attention on the relevance of the technique for solving problems, the
parameters to be assessed, the accuracy required, the interpretation of results and the actions to be taken. It also highlighted the
importance of sampling, sample variability in the parameters to
be studied, the reliability of reference values, sample presentation issues, factors affecting the performance of the instruments
and ISO specifications to be followed. Several examples, analytical solutions and references were presented on the rapid, nondestructive and environmentally-friendly testing of agricultural
products, products undergoing processing and end-products for
food and non-food use.
Molecular vibrational spectroscopy methods enable the quality
of products for the user and consumer to be enhanced by providing adapted solutions for laboratory control and for process
monitoring in order to optimize production and maximize profits.
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since v = c/λ

33.1 Introduction
In food materials, major and trace elements are found. It is significant to analyze trace elements in the food industry. Currently,
a lot of research is being carried out in the field of trace elements.
Atomic absorption spectroscopy (AAS) and inductively-coupled
plasma mass spectrometry (ICP-MS) are widely used for this purpose. The main advantage of ICP-MS over AAS is its multielement
capability, which enables analysis of many elements in varied samples with a high throughput, with lower detection limits.
In this chapter, the general principles and instrumentation of
AAS and ICP-MS are explained briefly. In addition, recent applications of these techniques for analyzing several elements in
food materials are summarized (publications from 2011 to 2014).

33.2 Atomic Absorption Spectroscopy
Spectroscopy is the study of the interaction between radiant
energy (light) and matter. Quantum mechanics explains that
energy is really just a form of matter, and that all matter exhibits
the properties of both waves and particles. On the other hand,
matter composed of molecules, atoms, or ions, which exist as
solid, liquid or gas, exhibits primarily the properties of particles.
Thus, spectroscopy examines the interaction of light with matter defined as materials composed of molecules, atoms or ions
(Robinson et al. 2005).
An atom consists of a nucleus. The nucleus is surrounded by
electrons. Every element has a unique number of electrons and
that corresponds to its atomic number for a neutral atom of that
element. The electrons are located in atomic orbitals of various
types and energies and the electronic energy states of atoms are
quantified. The ground state of an element has the most stable
electron configuration. Energy can be absorbed and an outer electron promoted from the ground-state orbital to a higher-energy
orbital when energy of the right magnitude is provided to an atom.
In this case, the atom is in a higher energy, less stable and excited
state. The electron will return to the ground state because the
excited state is less stable than the ground state. In this process,
the atom will emit energy; this energy will be equivalent in magnitude to the difference in energy levels between the ground and
excited states. Additionally, it is equivalent to the energy absorbed
initially (Robinson et al. 2005). Briefly, atomic absorption spectra are occurring when ground-state atoms absorb energy from a
radiation source. The energy change associated with a transition
between two energy levels is directly related to the frequency of
the absorbed radiation (Miller and Rutzke 2003):
Ee − Eg = hv

(33.1)

Ee − E g
h

(33.2)

or
v=

where
Ee = energy in excited state
Eg = energy in ground state
h = Planck’s constant
v = frequency of the radiation

λ=

hc
Ee − E g

(33.3)

where
c = speed of light
λ = wavelength of the absorbed or emitted light
AAS has been used in food analysis for many years because
of its simplicity and low operational cost (Arduini and Palleschi,
2013). The basis of AAS is the absorption of discrete wavelengths of light by ground-state, gas-phase free atoms. An
“atomizer” provides the formation of free atoms in the gas phase
from the sample at high temperature (Robinson et al. 2005). The
use of AAS for the analysis of metallic elements was introduced
by Walsh and Alkemade-Milatz in 1955 and it has continued to
develop till the present (Hisil 2008).
The AAS instrument consists of several components: a radiation source (hollow cathode lamp, HCL), an atomization cell
(flame or graphite furnace), a method of wavelength selection
(monochromator), and detection (photomultiplier tube [PMT]).
The HCL generates a narrow line emission of a selected metal.
The sample is introduced into the hot environment of a flame
or graphite furnace (generally) where metal atoms are liberated.
This hot environment leads to a broadening of the metal’s absorption line. The monochromator only has to isolate the line of interest from other lines emitted by the radiation source by utilizing
the narrowness of the emission line from the HCL, together with
the broad absorption-line generated in the flame (or graphite furnace). This property provides a high degree of selectivity to AAS
and the process is usually referred to as the ‘’lock and key’’ effect
(Dean and Ma 2009).

33.2.1 Absorption of Radiation
The atomic absorption occurs as a result of light absorption (by
ground-state electrons) of correct wavelength (energy). Then the
electrons are promoted to a higher, excited state. The intensity of
the light leaving the analytes is therefore decreased. The amount
by which it is decreased is proportional to the number of atoms
that were absorbing it (Ebdon et al. 1998). The transmittance,
T, of the atom cell is defined as that fraction of the light that is
allowed to pass through unaffected while the absorbance, A, is
defined as log (1 = T). In addition, the absorption of radiation
follows the Beer–Lambert law so that the absorbance can be
expressed as follows (Dean and Ma 2009):
A = −log10T = −log10 I/I0 = abc

(33.4)

where
a is the absorptivity (a constant)
b the path length of the atom cell
c is the concentration of atoms in the atom cell

33.2.2 Light Sources
Sources of continuous emissions were used when the development of the technique was starting (in the 1950s). So light in
the visible and adjacent ultraviolet ranges was used. First
experiments showed the need for a spectrometer with 0.002 nm
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resolution to use this source. It means that it was impossible with
the equipment available at that time. By changing the emission
sources of discrete lines, the problem has been solved. After all,
the first sealed HCL was manufactured, being a high-intensity
atomic-emission light source essential for developing the technique. Now it is widely used (Filho et al. 2011). Hollow cathode
lamps and electrodeless discharge lamps are the main types of
lamps employed (Ivanova 2005). Emerging alternative sources,
(e.g., the diode laser) or the combination of a high-intensity
source emitting a continuum (a xenon short-arc lamp) with a
high-resolution spectrometer and a multichannel detector, are
also of interest (Sanz-Medel et al. 2013).

33.2.2.1 Hollow-Cathode Lamps
The hollow cathode lamp (HCL) is used as a radiation source in
AAS. The cathode of the lamp is frequently a hollowed-out cylinder of the metal whose spectrum is to be produced (or in some
cases, an alloy or carefully selected mixture of metals that does
not spectrally interfere). The anode and cathode are sealed in a
glass cylinder. This cylinder is generally filled with either neon
or argon at low pressure. At the end of the glass cylinder is a window transparent to the emitted radiation (Beaty and Kerber 1993).
Neon provides a greater intensity of emitted element lines while
argon is used only when a neon emission line lies in close proximity to a resonance line of the cathode element. An anode wire
is positioned alongside the cylindrical cathode. Around the outside of the cathode, a protective shield of mica prevents spurious
discharges (Patnaik 2004). The HCL is filled with either argon
or neon gases under vacuum at 1–5 torr (100–200 Pa). A voltage
is applied across the cathode and anode at 100–400 V. This is
equal to a current of between 2 and 30 mA. This passage of electric current causes ionization of the fill gas (Dean and Ma 2009).
The positively-charged ions collide with the negatively-charged
cathode and dislodge individual metal atoms in a process known
as sputtering. These gaseous metal atoms are excited through
impact with fill-gas ions, and light of the specific wavelengths for
that element is emitted when the atom decays from the excited
atomic state back to a less excited state or the ground electronic
state (Patnaik 2004). The width of the emission lines is narrower
than the corresponding absorption band. The monochromator
enables the elimination of a large part of the stray light because
of the fill-gas, and the selection of the most intense spectral line
for obtaining a better sensitivity, except for cases of interference
caused by other elements (Rouessac and Rouessac 2007).
Hollow cathode lamps have a finite lifetime. The main reason
of that is the adsorption of fill-gas atoms onto the inner surfaces
of the lamp. As fill-gas pressure decreases, the efficiency of sputtering and the excitation of sputtered metal atoms also decrease,
reducing the intensity of the lamp emission. Some manufacturers
produce lamps with larger internal volumes to prolong the life of
the HCL, so that a greater supply of fill-gas at optimum pressure
is available (Beaty and Kerber 1993).

33.2.2.2 Electrodeless Discharge Lamps
The other type of light source is electrodeless discharge lamps
(EDLs) that consist of the element or a salt of the element sealed
in a quartz bulb containing an inert gas. Ceramic cylinder is used
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to cover the capsule with a metallic wire coin. A radio-frequency
power source distributes energy. This energy passes through a
conducting coil creating an oscillating electric field which ionizes the gas inside the bulb. The ions are accelerated when the
electric field is oscillating. Thus, they all have enough kinetic
energy to excite the metal atoms inside the bulb when colliding with them. When they return to the ground state, the excited
atoms release absorbed energy by emitting light with characteristic element spectrum (Filho et al. 2011).
EDLs and mounts can be used instead of the HCL. There are
some differences between both features. Firstly, EDLs are typically much brighter and, in some cases, provide better sensitivity
than comparable HCLs. In addition, they offer better precision
and lower detection limits and are preferred for analyses that are
noisy due to weak hollow-cathode emission. These lamps are
used generally for the detection of these elements: As, Bi, Cd,
Cs, Ge, Hg, K, P, Pb, Rb, Sb, Se, Sn, Te, Ti, Tl, and Zn (Patnaik
2004). Finally, EDLs are particularly advantageous for volatile
elements and for elements emitting in the far ultraviolet (UV)
range (Ivanova 2005).

33.2.3 Atomizers and Atomization Process
The atomization cell is needed to produce ground state atoms.
The most popular atomization cell is flame. On the other hand, a
graphite furnace can be used in some cases, especially if sensitivity is a matter. Additionally, for elements that form hydrides,
the technique of hydride-generation can be used, while, for mercury, a cold-vapor technique is available (Dean and Ma 2009).

33.2.3.1 Flames
Several flames are used in flame AAS (FAAS) applications but
two flames are commonly encountered in FAAS, i.e., the air–
acetylene flame and the nitrous oxide–acetylene flame. In each
case, the flame is located in a slot-burner positioned in the light
path of the HCL (Dean and Ma 2009). The flames are classified in three main categories—as stoichiometric, oxidizing and
reducing flames. The stoichiometric flame is produced from
stoichiometric amounts of oxidant and fuel; therefore, the fuel
is completely burned and the oxidant is completely consumed.
Oxidizing fuel is produced from a fuel-lean mixture; and, finally,
the reducing flame is produced from a fuel-rich mixture (Miller
and Rutzke 2003).
The flame is selected generally according to temperature and
slot-length. The air–acetylene flame is preferable at slot-length
conditions of 100 mm and 2500 K, while the nitrous oxide–acetylene flame requires 50 mm of slot-length and 3150 K. The latter is used for the more refractory elements, such as Al. On the
other hand, it is possible to alter the temperatures of the flame by
changing the flame composition between the fuel-rich stoichiometric and a fuel-lean flame. The stoichiometric flame usually
provides the highest temperature (Dean and Ma 2009). Upper
temperature limits for some gas mixtures are given in Table 33.1.
(Rouessac and Rouessac 2007).
The atomic aerosol for the instrument is provided with the
combination of a nebulizer and a burner. When the sample
solution passes through the nebulizer, an aerosol is formed in
different sizes of droplets (Robinson et al. 2005; Rouessac and
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Table 33.1
Upper Temperature Limits for Some Gas Mixtures
The Gas Mixtures

Temperature (K)

Reference

Acetylene/air
Butane/air
Acetylene/nitrous
oxide
Acetylene/oxygen

2500
2200
3150

Ivanova (2005)
Rouessac and Rouessac (2007)
Dean and Ma (2009)

3400

Rouessac and Rouessac (2007)

Rouessac 2007). The sample in an aqueous solution is sucked
up by the Venturi effect. The sample solution is drawn into the
burner as a fine mist when pressurized air is passed through a
tube and then it is mixed with a combustible gaseous mixture
to produce a flame. This process can be employed only if the
sample is in solution form (Rouessac and Rouessac 2007).
Because of the necessity of samples in solution form, most
samples are prepared by acid digestion, fusion, ashing, or other
forms of sample-preparation to give an aqueous, acidic solution,
or a solution in a combustible organic solvent. Enrichment of the
analytical solution by chelation-solvent extraction may be necessary to measure low levels of some elements in foods (Robinson
et al. 2005; Capar and Szefer 2012). Metals are present in aqueous acidic solutions as dissolved ions such as Cu2+, Fe3+, or Hg2+.
Gas-phase free atoms can be reduced by converting analyte from
dissolved ions in aqueous solution with the aim of measuring an
atomic absorption signal. The desired property in this process
is to absorb the incident radiation by free atoms. The free atoms
can be rapidly oxidized in the hostile chemical environment of
the hot flame. Besides, they can be excited or ionized. So they
can’t absorb the resonance lines from the lamp. The flame conditions, flow rates, and chemistry must be controlled to maximize
production of free atoms and minimize oxide formation, ionization, and other unwanted reactions. If the absorbance signal of an
atom is measured with respect to the height of the signal above
the burner, we arrive at a relationship called a flame profile. The
absorbance is plotted vs. the height above the burner (Robinson
et al. 2005).

33.2.3.2 Graphite Furnace
In recent years, electrothermal atomic absorption spectrometry,
especially with graphite furnaces, has developed to become an
unrivaled method for ultra-trace analyses at an affordable price
(Bings et al. 2010). Graphite furnace atomization is carried out
by Joule heating. The usual commercial atomizers are resistively
heated tubular furnace devices placed in the sample beam of
the atomic absorption unit. The temperature increases swiftly
up to 1000°C/s. Then, an absorption peak of a brief duration is
obtained. Quantitation is provided by measuring the height or
area. The furnace is swept by a very pure inert gas. The lifetime of the furnace is limited to about 100 measurements. These
kinds of analyzers provide high sensitivity for small volumes of
samples (0.5–10 μL) (Siouffi 2004).
The measurement principle of graphite-furnace atomic
absorption spectrometry (GFAAS) is the same as with flame
AAS. The difference between these two techniques is the way
the sample is introduced into the instrument. In GFAAS analysis,

an electrothermal graphite furnace is used and the sample is
heated step-wise to dry. The advantage of the graphite furnace
is that the detection limit is about two orders of magnitude better than in AAS (Garcia and Baez 2011). Additionally, GFAAS
is not a continuous process and the atomization step produces a
transient signal that must be measured in less than 1 s (Robinson
et al. 2005).
The implementation procedure is similar to FAAS as described
above. The solutions are prepared by either wet-digestion or dryashing. Also, microwave wet-digestion is becoming widely used.
Moreover, this technique is used to analyze foods directly, e.g.,
by using a slurry of the food (Capar and Szefer 2012). A definite volume of a liquid sample is introduced into the graphite
tube. This tube is subsequently heated gradually and step-wise
to increasing temperatures according to a preselected program,
normally including the following steps—drying, pyrolysis,
atomization, clean-out, and cooling (Ivanova 2005).
The graphite furnace has some advantages over a flame furnace: first, its efficiency is higher; second, it can directly accept
very small absolute quantities of samples; and, third, it provides
a reducing environment for easily oxidized elements. Samples
are placed directly in the graphite furnace, and the furnace is
electrically heated in several steps to dry the sample, ash organic
matter, and vaporize the analyte atoms. Moreover, it accommodates smaller samples but it is a difficult operation, since the
high energy that is provided to atomize the sample particles into
ground-state atoms might also excite the atomized particles into
a higher energy level. So it might cause lower precision (Garcia
and Baez 2011).

33.2.3.3 Cold-Vapor-Generation
In higher oxidation states, it is difficult to reduce some elements
to atoms in a flame, mainly arsenic (As), bismuth (Bi), tin (Sn)
and selenium (Se), among this type of elements. The sample is
reacting with a reducing agent constituted by sodium borohydride
or tin chloride in an acidic medium, just prior to analysis of these
elements. A volatile hydride of the element is formed, which is
swept up by a make-up gas into a quartz cell placed in the flame
of the burner (Rouessac and Rouessac 2007). Atoms, for most
atomic absorption elements, cannot exist in the free, ground state
at room temperature. For this reason, heat is applied to the sample
to break the bonds combining atoms into molecules. However,
there is an exception to this—mercury. Free mercury atoms
can exist at room temperature. Therefore, mercury can be measured by atomic absorption without a heated sample cell. In the
cold-vapor technique, mercury is chemically reduced to the free
atomic state by reacting the sample with a strong reducing agent
like stannous chloride or sodium borohydride in a closed reaction
system (Beaty and Kerber 1993). Then, atomic aqueous mercury
can be drawn into the gaseous phase by continuously supplied air
that also carries the analyte into an absorption cell where a peakshaped absorbance signal is formed (Aras and Ataman 2006).
When the mercury atoms pass into the sampling cell, measured
absorbance rises because the concentration of mercury atoms
increases in the light path. Some systems allow the mercury
vapor to pass from the absorption tube to waste, in which case
the absorbance peaks and then falls as the mercury is depleted. In
this case, the analytical signal is the highest absorbance observed
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during the measurement. In other systems, the mercury vapor is
rerouted back through the solution and the sample cell in a closed
loop. The absorbance will rise until an equilibrium concentration
of mercury is attained in the system. The absorbance will then
level off, and the equilibrium absorbance is used for quantitation
(Beaty and Kerber 1993). The advantage of this technique is that
sensibility can be increased by simple increase of the amount of
the sample. The detection limit for mercury by this technique is
approximately 0.02 μg L −1 (Filho et al. 2011).

33.2.3.4 Hydride-Generation
Some elements that are not volatile in the elemental form (e.g.,
antimony, arsenic, bismuth, germanium, tin, selenium, tellurium
and lead) can have volatile hydrides. Sodium borohydride is generally used as reducing agents to produce these hydrides. Wet
oxidation to destroy organic material is a common prerequisite
for the production of the hydrides. After formation, the hydrides
are entrained in argon and swept into the light path where they
are decomposed to produce an elemental vapor. The decomposition is achieved either by direct injection into a “cool” hydrogen
flame or in a long-path silica cell with external heating (Fifield
and Kealey 2000). Gaseous reaction products are not free analyte
atoms as in the mercury technique but volatile hydrides. These
molecular species are not capable of causing atomic absorption.
The sample cell must be heated to dissociate the hydride gas into
free atoms (Beaty and Kerber 1993).
Cold-vapor-generation and hydride-generation methods are
mostly free of interferences. Analyte elements in the atomic form
(Hg) or in hydride from are separated from the sample solution
and matrix is not present in the absorption cell (Akman et al.
2007).

33.2.4 Monochromator and Detection
The monochromator consists of two major components that are
the slits and the dispersion element. The source radiation falls
on the entrance slit and is directed to the dispersion element
that is based on either reflection or refraction (Ivanova 2005).
The monochromator is positioned in the optical path between
the flame or furnace and detector. It helps to isolate the resonance line of interest from the rest of the radiation coming from
atomizers and the lamp. Thus, only radiation of the desired
wavelength reaches the detector (Miller and Rutzke 2003). The
Czerny-Turner configuration is used to the optical arrangement
of the spectrometer in AAS. This configuration monochromator
for AAS has a focal length of 0.25–0.5 m, a diffraction grating
containing only 600 lines/mm and a resolution of 0.2–0.02 nm.
Light from the HCL is split by a mirrored chopper that allows
half the light to pass through the atomizer in a double-beam
instrument. Then the two beams are recombined by a half-silvered mirror prior to the light passing to the monochromator
(Dean and Ma 2009).
The photomultiplier tube is commonly used as a detector for
AAS. The radiation falling on a photocathode causes the emission of primary electrons. As a result of the applied voltage
between the electrodes (dynodes), the primary electron is accelerated. Thus, when it strikes a dynode, several secondary electrons are emitted, leading to a cascade effect (Ivanova 2005).
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33.2.5 Interferences in AAS
Interferences are physical or chemical processes that cause the
signal from the analyte in the sample to be higher or lower than
the signal from an equivalent standard. Therefore, interferences
can cause positive or negative errors in quantitative analysis
(Robinson et al. 2005).
Interferences in atomic absorption measurements can arise
from spectral, chemical, ionization and physical sources (Dean
and Ma 2009). Spectral interference resulting from the overlap of
absorption lines is not common by reason of the simplicity of the
absorption spectrum and the sharpness of the lines. On the other
hand, significant background interference can occur because of
broadband absorption by molecular species. Correction for this
may be made by matrix matching of samples and standards, or
by use of a standard addition method (Fifield and Kealey 2000).
Chemical interferences are formed when the metal to be
determined forms a thermally stable compound with molecular or ionic species present in the sample solution. If the sample
solution involves phosphate, silicate, or aluminate, it can lead to
suppression of the alkaline earth metal absorption signal in the
air–acetylene flame. Signal depression occurrs with the increasing amount of phosphate in the Ca absorption signal at 422.7 nm.
The reason for this signal depression is due to the formation of a
thermally-stable compound in the flame, such as calcium pyrophosphate (Dean and Ma 2009).
Ionization interferences are vapor–phase interferences, which
occur in the flame. In hot flames, alkali or earth alkaline elements ionize in a significant fraction. This causes lowered sensitivity and a non-linear response in calibration plots. Another
element with a lower ionization potential than that of the analyte
may be added to the solution. An ionization buffer is added in a
sufficiently large concentration, such as 100 mg L −1 (Aras and
Ataman 2006).
Physical interferences arise depending on the transport of
the sample solution to the flame. This happens due to the formation of solid solutions of one element within another, such as
chromium in iron. The effect of this is to modify the volatilization profile of the analyte, and to make it dependent upon the
matrix-composition. In this situation, a releasing agent can be
used to overcome this problem, but these interelement effects
have proved to be much more intractable for flameless methods.
Matrix-matching of samples and standards must be done carefully to reduce the interference. Additionally, measurement of
peak areas, rather than peak heights, can improve reproducibility
(Fifield and Kealey 2000).

33.2.6 Background Correction Methods
Background absorption takes place as molecular absorption and
as light scattered by particulate matter. When it is compared with
a monochromator band pass and line-source emission widths,
the absorption is usually broader in nature. The analyte signal
could be on a sloping or level background. Background correction is often required for elements with resonance lines in the
far-ultraviolet region. Also it is essential to achieve high accuracy in determining low levels of elements in complex matrices.
Electrothermal atomization methods invariably require correction, and the background may change with time (Patnaik 2004).
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33.2.6.1 Continuum Source

33.2.6.3 Zeeman Effect Method

Continuum source is a form of background correction. This
approach was suggested by Koirtyohann and Pickett (Aras
and Ataman 2006). Deuterium lamp (180–350 nm range) and
tungsten–halide lamp (350–800 nm) are used in this correction method. This source is aligned in the optical path of the
spectrometer. Therefore, light from a continuum source and
light from a primary lamp source are transmitted alternately
through the flame or axis of the electrothermal analyzer tube
(Patnaik 2004). If an HCL source is used in this method, the
absorption measured is the total of the atomic and background
absorptions. If a deuterium lamp or tungsten–halide lamp is
used, only the background absorption is measured, because the
bandwidth range is hundreds of times larger than the absorption line chosen (Robinson et al. 2005; Rouessac and Rouessac
2007).
When compared to line-source atomic absorption spectrometry, there are two clear differences in the measurement of background in high-resolution continuum-source atomic absorption
spectrometry. First, the spectral distribution of the background
becomes visible because of the wavelength-resolved detection of
the absorbance. Thus, this situation makes it orders of magnitude
easier to find the appropriate action for its correction. Second,
measurement of atomic and background absorption is strictly
simultaneous, so that no artefacts or “bracketing” effects are
observed (Welz et al. 2005).
Scatter or spectral interference problems cannot be corrected
by using this method. Highly-structured molecular absorbance
leads to incorrect results. It is difficult to match the reference and
sample beams exactly because different geometries and optical
paths exist between the two beams. Most systems only correct up
to 0.5 AU (absorbance unit) (Patnaik 2004).

The Zeeman effect method can be used alternatively as background correction. When a free atom is exposed to a strong
magnetic field, like 10 kG, there is a disturbance of its electron
energy states. This is known as the “Zeeman effect” and modifies the corresponding emission or absorption spectrum of the
element. On the other hand, all elements do not respond in the
same way. In general, each absorption line is split into three new
polarized lines. One of these lines, the component π, retains in
the initial position, while the other two, named component σ,
are symmetrically shifted on both sides of the component (a few
picometers in a 1-tesla field). The directions of polarization of
the π and σ lines are perpendicular. If a polarizer is installed on
the optical path, and oriented in the direction parallel to the field,
only component π will absorb the light from the source. Contrary
to the atoms of the element, particles and smoke in suspension
during the measurement are not affected by the Zeeman effect
(Rouessac and Rouessac 2007).
There are several types of Zeeman background corrections,
depending on the instrument designs. The magnetic field can
be applied to the source of radiation; in this case, emissionline profile undergoes Zeeman splitting. This configuration is
known as “direct Zeeman” (direct Zeeman atomic absorption,
ZAA). However, the magnet can be placed around the atomizer and the absorption line profile splits. This configuration
is called “inverse Zeeman” (inverse ZAA) (Aras and Ataman
2006). The magnet placement around the light source in the
direct ZAA imposes no restrictions on the atomizer. Also, it
is compatible with any atomization technique. However, it is
generally inferior to inverse ZAA in baseline drift and dynamic
range, because it requires HCLs that are designed to operate in
a magnetic field. Baseline drift can be greater than if the magnet is placed around the atomizer, as in the inverse ZAA. The
magnetic system must be compatible with the atomizer in the
latter configuration and will be bulkier. Accuracy is affiliated
with background absorbance being unaffected by the magnetic
field strength and polarization of the source. The polarizer contributes to the light-loss. On the other hand, the same wavelength is used for the signal and the reference beam, which
minimizes spectral interference. Spectral interferences can be
overcome if lines are 0.02 nm or more apart. Analytical calibration curves can be double-valued because two widely different concentrations may give the same absorbance. It could
be said that this is the most expensive method as compared to
others (Patnaik 2004).

33.2.6.2 Smith–Hieftje Method
The other background correction method is Smith–Hieftje. A
single HCL is used in this technique, which is capable of operating at high and low currents. When operating an HCL at a high
current, self-reversal is induced in the emission profile of the
radiation source. The HCL operating at a normal (or low) current
absorbs radiation from both the atomic and molecular species.
Atomic species is generally required to absorb but molecular
species do not want to absorb. If the current in the HCL is then
increased, self-reversal occurs effectively, splitting the profile
into two. If self-reversal is not complete in the HCL, it causes
incomplete resolution of the atomic-line profile from molecular interferences. As the atomic species will no longer occur
at exactly the same wavelength, it is not observed, whereas the
broadband molecular absorption is observed. Thus, subtracting
the two signals allows a corrected atomic absorption signal to be
monitored (Dean and Ma 2009).
The Smith–Hieftje technique can be used in single-beam
optics and it is not necessary to align the beam-measuring background absorption and atomic absorption. Besides, the electronics are much simpler than that used in a Zeeman background
correction system. Apart from these advantages, the major disadvantage of the technique is that it shortens the life of the HCL
(Robinson et al. 2005).

33.3 Inductively-Coupled Plasma
Mass Spectrometry
The Inductively-Coupled Plasma Mass Spectrometry (ICPMS)
method of analysis has been used for the last 20 years. In 1981,
Houk et al. showed suprathermal ionization in an ICP Ar plasma
(Soltanpour et al. 1998). In 1983, the first commercial ICPMS
system was introduced by the company Sciex; subsequently,
other companies launched their own ICP mass spectrometers.
Then, in a short time, the technique established itself as the
favorite tool for element-determination at trace and ultra-trace
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levels in all types of matrices, including food (Woodhouse and
Abrams 2001; Cubadda 2007).
The ICPMS technique has many important features that make
it uniquely suited for the solution of chemical analysis problems
in many applications. The most important features of ICPMS,
compared to other elemental analysis techniques, are extreme
sensitivity, selectivity, and simultaneous multielement capability. However, hydrogen, helium, neon, argon, and fluorine cannot
be directly measured by this technique (Cajka et al. 2009). The
technique also has the powerful ability to measure individual
isotopes of the analyte elements, providing a capability that has
many useful applications, ranging from isotope dilution quantitation to stable-isotope-tracer studies. In addition, one other
important feature is the ability to detect and measure concentrations of analyte elements at very low levels. Analytes can be
measured quantitatively down to 1–10 ng of analyte element per
liter, in solution. This direct high measurement sensitivity across
the periodic table exceeds the capability of most other modern
instrumental methods of analysis (Taylor 2001). ICPMS is used
successively for the elemental analysis of food. Especially, this
method is being increasingly used for quality control and compliance with food regulations by major food industries or independent analytical laboratories (Cubadda 2007).
All ICPMS instruments consist of several components, including the ICP, a sample introduction system, a mass spectrometer
with ion detector, and a data acquisition/readout system.

33.3.1 ICP as an Ion Source
Plasma is a gas, where atoms and molecules are partially dissociated into positive (ions) and negative charges (electrons).
In addition to this, also neutral and freely-moving electricallycharged particles are present. Excitation of these plasmas occurs
by transfer of electric energy. The presence of a sufficient number of electrons is necessary for the maintenance of plasma. The
electrons transfer their kinetic energy by movement in the electric field and collisions with other particles (molecules, atoms).
By this process, high temperatures can be achieved, which is
needed for atomization and ionization. Argon is mostly used as
plasma gas. ICP is an electrodeless discharge, which is currently
the most popular excitation source for spectral analyses (Stefan
and Vujicic 2012).
An atmospheric ICP is formed when an inert gas (usually
argon) is introduced into a quartz torch. The torch consists of
three tubes of varying diameter. The inner tube carries the sample aerosol in a flow of argon, and the intermediate and outer
tubes carry gas-flows, which both form the plasma and cool
the torch. On entering the torch, the argon is seeded with electrons by initial excitation with a tesla coil. Then, the electrons
are accelerated in the magnetic field, induced by the application
of radio-frequency (rf) energy to a copper coil surrounding the
torch, collide with neutral argon atoms and ionise them. The ions
and electrons continuously collide, and as long as the rf field is
maintained, the plasma is sustained (O’Connor and Evans 2007).
When the sample aerosol (see below) is introduced into an ICP,
the droplets are desolvated, molecules are broken down into the
constituting atoms and these are ionized via electron impact and
Penning ionization. Penning is an ionization method caused by
energy transfer from an excited Ar atom. Although ICP is not

in thermal equilibrium, its ionization efficiency can be decently
estimated on the basis of the Saha equation (Vanhaecke 2012):
K ion =
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where
Kion = ionization equilibrium constant
ni, ne, na = the densities (number of particles per unit of volume)
of ions, electrons, and atoms, respectively
me = the mass of the electron
k = Boltzmann constant (6.626 × 10−34 J s)
Tion = ionization temperature within the ICP
h = Planck’s constant (1.381 × 10−23 J K−1)
Zi, Z a = the partition functions for the ionic and atomic state,
respectively
IE = the ionization energy of the element
The results obtained upon executing this calculation, taking
into account a typical ionization temperature of 7500 K and an
electron density of 1015 cm−3, demonstrate the high ionizationefficiency of the ion source (Vanhaecke 2012).

33.3.2 Sample Introduction
The sample or a representative part of it has to be converted
into a form that can be transported with a gas to permit sample
introduction into the ICP (Vanhaecke 2012). Sample introduction
systems are available for gas, liquid, and solid samples. Some
preliminary form of sample-preparation is required to modify
the sample prior to introduction. The processes of dissolution,
digestion, filtration, grinding, fusion, polishing, or other forms
of sample-modification can be applied as preliminary steps for
ionization prior to measurement (Taylor 2001).
A significant difference between ICP–AES and ICPMS is
the sampling interface. The role of the sampling interface is to
extract analyte ions from the ICP and present them to the mass
spectrometer side of the instrument where mass analysis takes
place (Hill et al 2005). In ICP–AES, the sampling interface is
a lens or mirror, so does not need to be in direct physical contact with the plasma. However, in ICPMS, ions are physically
extracted from the plasma into a mass spectrometer, which is
required to be at extremely low pressure. Thus, the sampling
interface must be in direct contact with the plasma (Ebdon et al.
1998). The gas is sampled and transported from an area of high
pressure to an area of lower pressure through a series of small
orifices. The gas expands adiabatically while passing through
these orifices. This situation causes a decrease in gas density and
kinetic temperature; the enthalpy of the source gas is converted
into directional flow and the gas temperature drops. The gasflow speed increases and exceeds the local speed of sound and
a supersonic, free jet is formed. The free-jet structure is like a
conical shape with its apex originating at the sampler orifice. The
base of the cone is called the “Mach disc.” This disc is the region
where the sampled gas collides with the background gas, causing
the gas-flow to become subsonic and the gas kinetic temperature
to rise again. The area between the sampler orifice and the Mach
disc is known as the “zone of silence.” In the zone of silence, the
sampled gas is representative of the plasma gas; it is called the
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“skimmer”. Once skimmed, the ions are extracted and focused,
using a series of electrostatic lenses (O’Connor and Evans 2007).

33.3.2.1 Gaseous Samples
Vapor-based samples utilize the most straightforward introduction approach. In ICP systems, an approximately 1 L/min Ar gasflow is injected into the base of the plasma to create its toroidal
shape. The addition of the sample to this gas stream provides an
ideal mode of sample introduction. Simple gas-plumbing systems
are used to combine samples in the vapor state with the injector
gas-flow (Taylor 2001).
The scope of analysis is often limited to a single element or,
at best, to a small group of elements with similar physical and
chemical properties. Volatile chemical species of the analyte are
generated by chemical reactions as part of the sample introduction process. The process of chemically generating the volatile
species offers the opportunity for substantial preconcentration
of the analyte. Also, potentially interfering components can be
removed from the sample matrix by this system. Additionally, it
is convenient to separate the solvent vapor (originating from the
original sample) from the gas stream that is transporting the analyte to the plasma, which can significantly reduce the presence of
potentially interfering oxide molecular species (when H2O is the
solvent) in the resulting mass spectrum (Taylor 2001).
Vapor-generation methods (hydride-generation, osmium
tetroxide vapor, cold vapor–mercury) or chromatographic techniques can be used in the introduction of gaseous samples.

33.3.2.2 Liquid Samples
Direct liquid-sample analysis with ICPMS involves the generation of an aerosol followed by further filtering of the coarsest
droplets, so preventing them from being introduced into the
plasma. The design and efficiency of the sample-introduction
system is a key point that imposes the quality of the analytical
results because of the characteristics and requirements of the
ICPMS spectrometer (Todoli and Vanhaecke 2005).
It is well-known that the main function of the sample-introduction system is to generate a fine aerosol of the sample and
it achieves this with a nebulizer and a spray chamber (Thomas
2008). Pneumatic nebulization is the conventional method
of sample-introduction into a plasma. The sample solution is
pumped into the ICP via a peristaltic pump, to maintain a constant flow-rate, despite differences of viscosity and density in the
sample. Devices of various design are used to obtained a fine
aerosol (Patriarca et al. 2002). There are various types of pneumatic nebulizers but three types are most commonly used. These
are the traditional concentric nebulizer, typically operating at a
sample uptake rate of approximately 1 mL min−1, a microconcentric nebulizer, allowing stable sample-introduction at considerably lower sample uptake rates (from <10 to several hundred
μL min−1), and the Burgener nebulizer (covering the entire range
of sample uptake rates mentioned) (Vanhaecke 2012). As mentioned above, the sample is normally pumped into the nebulizer
by using a peristaltic pump. A peristaltic pump is a small pump
with lots of minirollers that all rotate at the same speed. The
sample is fed with the constant motion and pressure of the rollers
into the pump tubing. The peristaltic pump ensures a constant
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flow of liquid, irrespective of differences in viscosity between
samples, standards, and blanks. Once the sample enters the
nebulizer, the liquid is then broken up into a fine aerosol by the
pneumatic action of a flow of gas (~1 L/min) “smashing” the liquid into tiny droplets. Although pumping the sample is the most
common approach to introduce the sample, some pneumatic
designs such as concentric nebulizers do not require a pump
because they rely on the natural “venturi effect” of the positive
pressure of the nebulizer gas to suck the sample through the tubing (Thomas 2008).
Two types of spray chambers are typically used, the Scott-type
double-pass and the cyclonic spray chamber. Their main purpose
is the removal of larger droplets by impaction and gravitational
settling. This is required to assure a stable plasma and guarantee efficient desolvation, atomization, and ionization in the ICP.
However, it can cause a 10–100-fold reduction in analyte introduction efficiency. Although the cyclonic spray chamber offers a
somewhat higher analyte-introduction-efficiency, a combination
of both provides the best signal stability (Vanhaecke 2012).

33.3.2.3 Solid Samples
The liquid sample introduction has traditionally been used for
ICPMS methods due to general ease of operation. However, the
requirement for direct analysis of solid samples has recently
grown in popularity. Thus, some techniques have been developed
for solid-sample analysis. The advantage of the minimal handling of samples—maintaining the integrity of the sample traceelement composition—makes the direct analysis of solids highly
desirable (Taylor 2001). Also, when ordinary solution nebulization is used for sample introduction, an excess solvent causes
interference problems in ICPMS. Thus, if such a novel approach
is used, the spectral interferences can be reduced because of the
absence of a solvent (Lajunen and Peramaki 2004). Coupled with
the ability to perform specialized analysis techniques (e.g., surface analysis, depth profiling, spatial discrimination), the ability to determine highly exotic and refractory elements that are
difficult to dissolve, and speciation of analytes that would be
destroyed by chemical dissolution, the general ease of minimal
sample-preparation steps has driven the research and development in this area of mass spectrometric analysis (Taylor 2001).
Direct sample-insertion, laser ablation (LA), electrothermal
vaporization (ETV) are some of the available techniques for the
introduction of solids into a plasma (Cubadda 2007). Ablation
involves a progressive and superficial destruction of a material by
melting, fusion, sublimation, erosion, explosion, etc. and energy
deposition is needed for this process. It can be performed by using
electrical discharges like arc and spark with electrically conducting materials or by using laser material interaction. Laser ablation results in the formation of a microplasma at the surface of
the target and in the production of fine particles and gaseous species (Günther and Mermet 2000). LA and ETV have been used
for food analysis by some authors. In laser ablation, inductivelycoupled plasma mass spectrometry (LA-ICPMS), the accuracy
attainable strongly depends upon the calibration strategy. In food
analysis, if external calibrations are used with a solid standard,
roughly semiquantitative results are obtained, depending on the
nature of the matrix and the resemblance between sample and
standard. In electrothermal vaporization inductively-coupled
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plasma mass spectrometry (ETV-ICPMS), accurate calibration is
more straightforward and the benefits mentioned above for chemical vaporization (high transport efficiency, matrix separation) are
warranted. Besides, slurry analysis can be performed by means of
an ultrasonic probe to mix the slurry prior to sampling by the autosampler. Moreover, ETV-ICPMS represents an alternative for introduction of liquid samples and emulsions. The potential for matrix
clean-up is of interest for many applications (Cubadda 2007).
LA and ETV are discrete sample introduction techniques that
give origin to transient signals of short duration, such that the
number of nuclides that can be monitored is limited. If a time-offlight (TOF) mass spectrometer is used, multielement capabilities can be fully exploited, since over 20,000 full mass spectra
can be obtained per second (Cubadda 2007).

33.3.3 Mass Spectrometers
A mass spectrometer is used for measuring ions that are produced by the ICP. The mass spectrometer is essentially a mass
filter designed to isolate a specific mass-to-charge ratio (m/z) ion
from the multi-ion beam. After separation, the individual ion
beams are sequentially or simultaneously directed to a detector devised to measure their individual ion currents. The magnitude of these ion currents is proportional to the population of
the analyte ion species in the multicomponent ion beam sampled
from the ICP. In consequence, the measurement of the m/z of the
ion allows qualitative identification of the isotope or molecule
being measured. Also, the magnitude of the ion current is used to
provide quantitation of the amount of the analyte in the original
sample (Taylor 2001).
Several different types of mass spectrometers are used for ion
isolation and detection. The main types of mass analyzers, which
are known as quadrupoles, magnetic sector field, time-of-flight
and ion-trap principles are discussed in this section.

33.3.3.1 Quadrupole Mass Spectrometers
The origins of mass spectrometry can be traced back to instruments that were designed and built during the second decade of
the 20th century. They shared the characteristic that mass separation was achieved by passing ions through a steady magnetic
field. However, the rate of change of the field was very slow
compared to the transit time of the ions. The same principle is
still used today. An alternative approach is to use time-varying
electric fields to separate the masses and the quadrupole mass
filter (QMF) is probably the most familiar example of that (Batey
et al. 2005).
A quadrupole comprises four parallel cylindrical or hyperbolic rods, manufactured from or coated with conducting material. It acts as a filter, transmitting ions with a mass-to-charge
ratio within a narrow window. These ions show a relatively stable
trajectory through the quadrupole assembly, whereas those with
a mass-to-charge ratio outside the window show unstable trajectories, resulting in their removal from the ion beam. The diametrically opposed rods of the quadrupole assembly are electrically
connected, so forming two electrode pairs (Vanhaecke 2012).
The operation of this quadrupole spectrometer involves the
application of both a direct current (dc) potential (H) and a radiofrequency (rf) alternating current potential to pairs of the rods.
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A combined electrical potential is applied to two oppositely
positioned rods, while, simultaneously, an applied combined

potential is applied to the other two opposing rods such that they
oscillate 180° out of phase (Taylor 2001). The electric field between
the rods can allow ions in a narrow m/z range to pass according
to the rf/dc ratio. For this reason, by changing the rf/dc ratio in a
controlled manner, the quadrupole can be scanned through the
range, allowing ions of consecutively higher m/z to pass through,
with the other ions striking the quadrupole rods. Quadrupoles are
generally operated in the mass range of 2 to 260 m/z by scanning
through the mass range sequentially (Evans 2005). In addition, as
an alternative way, the rf/c voltage can be adjusted to allow ions
of any chosen m/z to pass, rather than performing a sequential
scan, thereby allowing so-called “peak hopping” between widely
separated m/z. The quadrupole mass analyzer has some advantages, mainly that it is cheap, reliable and compact, with single
mass resolution, which is sufficient for most applications. Hence,
it can be said that it is the most commonly used mass analyzer. On
the other hand, if an extremely high degree of resolution or true
simultaneous mass analysis is required, then a magnetic sector
must be used (Ebdon et al. 1998).

33.3.3.2 Magnetic Sector Mass Analysis
Magnetic sector mass analyzer uses a permanent electromagnet
to cause the ion beam to travel a circular path. The species are
spatially separated, depending on their m/z values. Species with
a selected m/z value are directed through an exit slit to the detector. Therefore, this type of mass analyzer operates in a similar
way to a monochromator, which disperses the light into its wavelength components on a focal plane. The magnetic field is also
varied and species with different m/z values can be scanned on
the exit slit by varying the current in the electromagnet (Aras and
Ataman 2006).
The magnetic-sector mass spectrometry allows operation at
high resolution. A resolving power in excess of 10,000 can be
achieved routinely, thereby enhancing the ability to perform
interference-free determinations. Besides, detection limits in the
femtogram per milliliter range (in low-resolution mode) can be
made due to high measurement sensitivity and low background
signals (Taylor 2001).
Magnetic sectors have also the disadvantage that ion energies
vary depending on their point of formation in the ion source.
The difference in ion energy is accentuated by the accelerating
voltage, which causes peak broadening and low resolution in the
single-focus mass analyzer (O’Connor and Evans 2007). A typical double-focusing instrument combines both an electric and a
magnetic sector in normal geometry. The electric sector can be
placed either before or after the magnetic sector with the former
termed “normal” and the latter “reverse” geometry, indicating
the chronological order in which the two techniques were developed (Ebdon et al. 1998).
The double-focusing analyzers have the advantage of vastly
superior resolution compared with quadrupole instruments. It is
an important feature because polyatomic ion interferences can
be resolved from analyte isotopes of interest. Another advantage
is that ions of different mass are spatially separated on exiting
the analyzer. An array of detectors is placed downstream of the
analyzer, allowing up to 10 ions to be detected simultaneously

www.ebook777.com

Free ebooks ==> www.ebook777.com
632
in a low-resolution mode. This provides reduced imprecision
caused by temporal fluctuations in the ion beam, thus improving the precision of isotope ratio measurements (O’Connor and
Evans 2007).

33.3.3.3 Time-of-Flight Mass Spectrometer
Time-of-flight (TOF) technology is the most recent commercial
mass separation device. The first TOF mass spectrometer was first
described in the literature in the late 1940s but it has taken over 50
years to adapt it for use with a commercial ICP mass spectrometer.
TOF ICPMS has unique ability to sample all ions generated in the
plasma at exactly the same time, which is ideally suited for multielement determinations of rapid transient signals, high-precision
ratio analysis, and rapid data acquisition (Thomas 2008).
In quadrupole and sector field mass analyzers, the ion signal
is a continuous beam but in TOF-MS the ion beam is pulsed. As
a result of this, the ions are either formed or introduced into the
analyzer in “packets”. These ion packets are introduced into the
field-free region of a flight tube 30–100 cm long (Evans 2005). In
a TOF mass spectrometer, ions are electrostatically accelerated to
a uniform kinetic energy and travel at different velocities in the
flight tube, depending on their m/z. The lightest ions arrive first
at the detector, and the heavier ones arrive later. The heaviest
ions typically take less than 50 μs to reach the detector by using
flight tubes. This translates into 20,000 to 30,000 mass spectra
per second, approximately 2–3 orders of magnitude faster than the
sequential scanning mode of a quadrupole system (Cubadda 2007).
Measurements of the intensity and flight times of ions arriving at
the detector produce a mass spectrum directly (Batey et al. 2005).
The TOF system enables the capture of a full mass spectrum,
approximately three orders of magnitude faster than a quadrupole. It provides some major benefits that, multielement determinations in a fast transient peak, improved precision, especially
for isotope ratioing techniques, and rapid data acquisition for carrying out qualitative or semiquantitative scans (Thomas 2008).
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with an ion-trap analyzer. In this case, the quadrupole acts as
a linear focusing lens and not as a mass filter. The background
spectra for such an instrument showed low background levels for
argon and polyatomic ions normally found in the background
spectra of an atmospheric ICP. Further investigations performed
on an instrument without the quadrupole also yielded similar
background spectra that lacked the polyatomic interferences.
The advantage of using the ion trap to selectively store ions of
a narrow mass range while ejecting all other ions is a matter of
speculation. This feature enables the concentration of low levels
of ions in the analyzer allowing further in-trap experiments to be
performed (e.g., the dissociation of polyatomic ions, laser optical
studies of the concentrated ions) (O’Connor and Evans 2007).

33.3.4 Ion Detection
An ion signal must be detected and amplified after mass analysis for determining its intensity. The detector converts the ions
into electrical pulses, which are then counted using its integrated
measurement circuitry (Thomas 2008). The ICPMS generally
consists of either Faraday Cup detectors, or electron multiplier
detectors. The sensitivity of the Faraday Cup is limited by the
capability of the electronics. For this reason, relatively large
ion signals are required. Where there is sufficient signal to use
Faraday cups, they offer high accuracy and long-term stability
suitable for applications. The high amplification of an electron
multiplier is necessary for detection of extremely small signals.
Electron multipliers can detect minute ion currents, or even single ions, emerging from the mass filter. These types of detectors
have been used for ion detection in mass spectrometry for around
50 years due to their ability to reliably and quantitatively measure these small streams of ions. Commercial electron multipliers at the present time have sufficient gain to detect single ions
and are capable of detecting ion currents ranging up to millions
of ions per second with high signal-to-noise ratio and excellent
linearity (Hunter and Stresau 2005).

33.3.3.4 Ion-Trap Mass Spectrometer

33.3.4.1 Faraday Cup Collector

The operating characteristics of the ion-trap mass spectrometer
(IT-MS) are similar to the quadrupole system. However, the main
difference is that the ion trap employs a doughnut-shaped ring
electrode and two end-cap electrodes, while the quadrupole has
symmetrically positioned cylindrical rods (Taylor 2001). The
electrodes are contained in a chamber at a pressure of 10−3 torr
with a helium bath gas (O’Connor and Evans 2007). An rf signal
is applied to the ring electrode that oscillates at a frequency sufficient to cause ions that are introduced into the trap to be stabilized
and retained, with the exception of an ion with a specific m/z,
which is allowed to leave the trap. This ion (m/z) is directed to
the detector to measure ion current. This method of operation is
known as mass selective instability mode. This approach can be
modified by applying specific synchronized rf voltages to the endcaps. Thus, better performance of the ion trap and the capability
to concentrate the specific ions can be obtained (Taylor 2001).
In ion-traps analyzer, space charge that is caused by the abundance of argon ions in the ion beam, would lead to in-trap collisions and scattering of the ions. On the other hand, advantages
can be obtained by replacing the detector of a quadrupole ICPMS

The Faraday Cup consists of a collector electrode that is surrounded by a cage. The electrode is positioned at an angle with
respect to the ion beam. Thus the ions exiting the analyzer strike
the electrode but secondary emissions are reflected away from the
detector entrance. The cage is used to prevent detected ions and
secondary electrons escaping from the detector. The electrode is
connected to ground via a resistor. The ion current striking the
electrode is neutralized by electron flow from ground through
the resistor. This causes a potential drop, which is amplified to
create a signal. Currents as low as 10−15A have been successfully
measured in this way (Evans 2005).

33.3.4.2 Electron Multiplier
An electron multiplier is necessary for detection of currents
which are less than 10−15 A. When the ion beam exits the analyser, it strikes a conversion plate, which converts ions into electrons. The ions are drawn toward the plate by a strong voltage
applied to the conversion plate. On striking the conversion plate
the ions stimulate the ejection of electrons, which are accelerated
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by the voltage applied to the plate. The electrons are multiplied
in one of two ways depending on the type of electron multiplier
used (O’Connor and Evans 2007).

33.3.4.2.1 Continuous Dynode Electron Multiplier
The continuous dynode electron multiplier is used to convert ions
into a measurable electrical current. This conversion is ended by
the ion beam impacting a low-work-function metal oxide-coated
surface of the detector. For each ion collision with the surface of the
detector, one or more secondary electrons are ejected, which are
then multiplied by collisions as the ejected electrons are accelerated
down the curved tube of the device, resulting in collisions with the
opposite wall of the detector. Each accelerated electron ejects multiple secondary electrons when it collides with the surface of the
detector, resulting in a multiplication process (Taylor 2001).
The multiplier can be operated in two different modes. First,
the most sensitive mode of operation is the pulse-counting mode.
In this mode, a high voltage of between −2600 and −3500 V is
applied to the multiplier, which attracts ions into the funnel opening. The collision results in the ejection of one or more secondary
electrons from the surface, if a positive ion strikes the inner coating. These electrons are accelerated down the tube by the potential gradient and collide with the wall. Further electron ejection
occurs at this time. Therefore, an exponential cascade of electrons
rapidly builds up along the length of the tube, eventually reaching
saturation towards the end of the tube. As a result of this, a large
electron pulse and a consequent gain of 107–108 over the original
ion collision occurs. Continuous dynode multipliers consist of a
leaded glass tube. This tube contains a series of metal oxides; it
is curved and electrons are drawn down the tube by the potential gradient established by the resistivity of the glass. A 105–107
increase in signal is expected but the major constricting factor is
the background noise of the system (O’Connor and Evans 2007).
The second mode of operation of the electron multiplier is the
analog mode. In this mode, a lower potential is applied to the
detector and an electrical current is produced at the collector that
is proportional to the number of ions striking the entrance of
the detector. This current is amplified and digitized by an analog-to-digital (A–D) converter and is subsequently related to the
analyte ion concentration. Dead time corrections are not significant because the detector is not operated in the saturated mode
(Taylor 2001).

33.3.4.2.2 Discrete Dynode Electron Multiplier
Approximately 15–18 dynodes are involved in an array of discrete dynode multipliers. Also, they are coated with a metal oxide
that has high secondary electron emission properties. The dynodes are placed in one of the two configurations, either Venetian
blind or box and grid fashion. Secondary electrons emitted by
the metal oxide are forced to follow a circular path by a magnetic
field. Thus, they strike successive dynodes, multiplying the signal (O’Connor and Evans 2007).

33.3.5 Interferences
Potential interferences that could affect the measurement of ion
currents must be eliminated for obtaining the most accurate
quantitative analysis. Two basic categories of interference are
encountered: spectroscopic and non-spectroscopic.
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33.3.5.1 Spectroscopic Interferences
Spectral interferences take place due to the overlap of two
elemental isotopes having the same nominal mass (isobaric interference), or due to overlap of analyte isotope with polyatomic
ions formed in the ionization source (Lajunen and Peramaki
2004). Because of the low mass resolution characteristic of the
quadrupole filter, the occurrence of spectroscopic interferences
is the most common disadvantage of ICPMS. Spectral overlap
takes place when two or more ions show the same nominal massto-charge ratio. Most of all, the occurrence of polyatomic ions,
consisting of elements from the plasma gas, solvent, matrix,
and/or entrained air, is the main source of spectral interferences
(Vanhaecke 2012). Polyatomic ions are formed already when
pure water is nebulized. They mainly originate from Ar, O, H,
and N atoms present in the plasma, entrained air, or the solvent.
The use of acids further complicates the background spectrum
because samples usually are not dissolved in pure water but in an
acid solution. For instance, nitrogen concentration in the plasma
increases if nitric acid is used. Nitrogen is always present in the
plasma and yields relatively small peaks in the blank spectrum
because of its high Eion that is approximately 14.53 eV. Hence,
HNO3 is the ideal acid for ICPMS, and the resulting interferences can be simply corrected by blank subtraction (Cubadda
2007). To avoid spectral overlap, appropriate sample digestion,
element–matrix separation techniques, aerosol desolvation, and
use of an alternative sample introduction system can be used
according to circumstance (Vanhaecke 2012).
Although a sacrifice in sensitivity may result, several interferences can be overcome by choosing an alternative isotope of the
analyte, which is free from interference. It is known that a magnetic sector instrument is capable of resolving many problematic
polyatomic ion interferences from the nominal analyte m/z. On
the other hand, the increased cost associated with this type of
instrumentation precludes its adoption in most routine laboratories. For this reason, alternative methods of interference-reduction have been sought. Many studies have been conducted on
the use of chemical extraction and chromatography to separate
the analyte from the matrix prior to analysis. Such hyphenated
methods require additional expertise and sample preparation
steps. Hence, the development of instrumental methods of interference reduction, which require no, or minimal, extra sample
preparation has been a major development aim for instrument
manufacturers. As a result of this, three principal methods have
emerged—cool plasma operation, multipole reaction cells and
kinetic energy discrimination (O’Connor and Evans 2007).

33.3.5.1.1 Cool Plasma Operation
Cold-plasma conditions, reported in the literature in the late
1980s, use a low-temperature plasma to minimize the formation of certain argon-based polyatomic species. Under normal
plasma conditions, corresponding to typically 1000–1400 W
rf power and 0.8–1.0 L/min of nebulizer gas-flow, argon ions
combine with matrix and solvent components to generate problematic spectral interferences (e.g., 38ArH+, 40Ar+, and 40Ar16O+).
This impacts the detection limits of a small number of elements
including K, Ca, and Fe. The ionization conditions in the plasma
are changed by using cool plasma conditions (500–800 W RF
power and 1.5–1.8 L/min nebulizer gas flow). Thus, many of these
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interferences are reduced and detection limits for this group of
elements, are significantly enhanced (Thomas 2008). However, it
must be considered that when the plasma temperature is very low,
the easily ionized matrix elements cause suppression of analyte
element ionization, resulting in reduced sensitivity. Thus, careful
matrix matching of standards is essential or, preferably, “clean”
samples should be analyzed (Lajunen and Peramaki 2004).

33.3.5.1.2 Multipole Collision/Reaction Cell
A recent approach has been the use of collision cells to remove
argon and argide monatomic and polyatomic interference ions
from the mass spectrum. This technology has been used with
both quadrupole and magnetic sector instruments. Also, it is very
useful for increasing the accuracy and precision of measurement
of certain elements and isotopes (Mellon et al. 2000). A multipole
collision/reaction cell consists of a multipole in an enclosed cell
that can be pressurized with a gas. This cell is located between
the interface and the mass analyzer (Vanhaecke 2012). The sample ion beam that is collimated by the ion lens, is directed into
the cell through an aperture. The beam that is composed of analyte ions, matrix component ions, and polyatomic molecules, is
transmitted through the cell by the action of a quadrupole (reaction cell) or hexapole (collision cell) transmission optic element.
An externally supplied fill-gas in the cell selectively reacts with
the polyatomic molecular ions in the ion beam. These reactions
effectively remove the molecular ions from the beam prior to its
entrance into the mass analyzer for ion-separation. It has been
indicated by instrument manufacturers that the magnitude of
the polyatomic molecules can be reduced by as much as a factor of 106 by this process. The charge transfer, proton transfer,
and hydrogen ion transfer are the three main types of ion–molecule reactions. Typical reaction cell gases include ammonia and
helium. A common reaction using ammonia as the cell-gas is the
removal of the 38ArH+ ion, which interferes with the analysis of
39K+ (Taylor 2001).

33.3.5.1.3 Kinetic Energy Discrimination
Polyatomic ions, with their larger collision cross-sections, suffer
more collisions than monoatomic analyte ions. This results in the
former having lower kinetic energies. It means that they can be
discriminated against based on their different kinetic energy. For
instance, the 35Cl16O+ ion, which overlaps with 51V+, has a lower
kinetic energy. In practice, an inert gas is used as a collision gas
to thermalize the ions, and a pole bias between the collision cell
and quadrupole results in an effective retarding potential of ~2 V.
Thus, it prevents the lower energy polyatomic ions from reaching
the mass analyzer (O’Connor and Evans 2007).
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effect can be either a signal-enhancement or -suppression. Their
severity depends on the analyte, the sample physical properties,
the matrix composition, the instrumental set-up and operating
conditions. Regarding the instrument set-up, both the sample
introduction system and the interface/lens configuration and settings are important in determining the extent to which specific
matrix effects are likely to occur. Signal-suppression in result
of high concentrations of matrix elements in the sample is most
frequently observed in the analysis of foods. On the other hand,
matrix effects are generally dependent on the absolute amount
of matrix elements rather than on the molar ratio of matrix element to analyte. Thus, they can be reduced by sample dilution.
Some methods such as internal standardization, standard addition calibration, matrix-matching, and matrix-separation can be
used to eliminate or reduce matrix interferences in food analysis.
Internal standardization is routinely used in almost all ICPMS
applications because it is not only a remedy for matrix effects but
it also compensates for instrumental drifts. However, if effective correction for matrix effects is desired, judicious choice of
the internal standard has to be made (Cubadda 2007). With this
method of correction, a small group of elements are spiked into
the samples, calibration standards, and blank solution to correct
for any variations in the response of the elements caused by the
matrix. As the intensities of the internal standards change, the
element responses are updated every time a sample is analyzed
(Thomas 2008).
According to many researchers, the magnitude of signal-
suppression in ICPMS increases with decreasing atomic mass
of the analyte ion. It has been suggested recently that the major
cause of this kind of suppression is the result of poor transmission of ions through the ion optics due to matrix-induced
space-charge effects (Thomas 2008). When non-spectroscopic
interferences are due to space-charge effects, the effectiveness
of the internal standard would be dependent on the similarity in
mass between the internal standard and analyte. If ionizationsuppression or -enhancement is the dominant effect, the similarity in first Eion is crucial. The prevalence of one mechanism or
another depends on the instrument used and a variety of other
factors. Therefore, different internal standards should be applied
to make sure that matrix-induced variations of the analyte signal are correctly compensated (Cubadda 2007). Besides, the
most common approach used to alleviate or at least reduce space
charge effects is to apply voltages to individual lens components
of the ion optics. There are several ways to achieve this, but irrespective of the design of the ion-focusing system, its main function is to reduce matrix-based suppression effects by steering as
many of the analyte ions through the mass analyzer while rejecting the maximum number of matrix ions (Thomas 2008).

33.3.5.2 Non-Spectroscopic Interferences
Non-spectroscopic interferences can also occur in ICPMS applications. Most of these kinds of interferences take place during
sample transport and introduction into plasma or by variations
in plasma conditions (Aras and Ataman 2006). These types of
interferences are also known as matrix effects. The non-spectroscopic interferences can lead to some problems like variations
in the analytical signal due to matrix-induced changes in sample transport efficiency, ionization in the plasma, or extraction
and transfer of ions in the mass analyzer region. Their ultimate

33.4 Applications in Food Analysis
In food analyses, AAS and ICPMS are mainly used for detection
of trace elements which are especially toxic metals. Flame AAS
was the common type of AAS used, because of its simplicity and
low operational cost. However, it is characterized by a low sensitivity of 0.01 mg/L. It has a very short residence time for analysis
in the absorption volume (Arduini and Palleschi 2013). Foods
and beverages are analyzed for metal content in the context of

Free ebooks ==> www.ebook777.com
Atomic Absorption Spectroscopy and Inductively Coupled Plasma Mass Spectrometry
nutrition or food safety. Also, categorization and authentication
are the other reasons to analyze elements by AAS or ICPMS.
The latter is generally achieved in conjunction with statistical
evaluation, i.e., multivariate analysis with pattern recognition.
Sample preparation steps are commonly required, which vary
from simple dilution, total digestion or preconcentration for various types of foodstuffs (Dean and Ma 2009).
Several methods are reported in the literature to preconcentrate the elements prior to introducing the sample to the flame.
One of them is the beam injection flame furnace AAS. The
system was coupled with ultrasound solid–liquid extraction for
sample treatment consisting of leaching metals from powdered
materials in a slurry containing diluted acid solution. Another
way to increase the sensitivity of flame AAS is Donnan dialysis.
This involves the migration of the sample across a membrane
barrier into a receiver volume which, in order to have a preconcentration factor, is smaller (Arduini and Palleschi 2013).
In the next sections, analysis of several groups of food materials using AAS and ICPMS are explained briefly, based on recent
publications.

33.4.1 Beverages
Melucci et al. (2013) analyzed mercury(II), copper(II), lead(II),
cadmium(II) and zinc(II) in tea samples by square wave anodic
stripping voltammetry (SWASV). Concentrated HCl–HNO3–
H2SO4 acidic attack mixture was used for the digestion of each
matrix and 0.01 mol −1 EDTA Na2 + 0.15 mol L −1 NaCl + 0.5 mol
L −1 HCl was employed as the supporting electrolyte. The voltammetric measurements were carried out using a conventional
three-electrode cell, employing, as working electrodes, a gold
electrode (GE) and a stationary hanging mercury drop electrode
(HMDE).
Speciation analysis of black, green and herbal teas was undertaken by Mandiwana et al. (2011). For this purpose, the samples
were treated with 0.1 M Na2CO3 to determine total Cr(VI) and
acid digestion (of tea samples in a microwave) was applied to
determine the total chromium concentrations by graphite-furnace
atomic absorption spectrometry (GFAAS). The Cr(VI) content
that could be consumed per unit cup of tea was determined by
soaking the leaf or tea bag (or infusion) in 200 mL boiled water
and the solution was filtered through a PDVF 0.45 µm hydrophilic filter prior analysis by GFAAS. The results showed that
concentration of total Cr(VI) in black teas varied between 0.03
and 3.15 μg g−1 (with an average of 1.07 ± 1.14 μg g−1), in green
tea ranged between 0.03 and 0.14 μg g−1 (with an average of
0.09 ± 0.034 μg g−1) and that in herbal tea was below the limit of
detection (LOD). In addition, it was found that total Cr content of
black teas (0.28–14.0 μg g−1 with an average of 4.38 ± 4.23 μg g−1)
was higher than green (0.22–0.95 μg g−1 with an average of
0.70 ± 0.29 µg g−1) and herbal teas (0.68–1.24 μg g−1 with an
average of 0.95 ± 0.27 μg g−1).
The concentrations of 59 elements in coffee samples was
determined by using solution-based inductively-coupled plasma
mass spectrometry (ICP-MS) and inductively-coupled plasma
emission spectroscopy (ICP-AES) to establish the provenance
of coffee samples from 15 countries. In the result of the study
it is stated that up to 100% correct classification of coffee samples into their countries, and plantations of origin was achieved
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successfully. This research demonstrates the potential of using
elemental composition, in combination with statistical classification methods, for accurate provenance establishment of coffee
(Valentin and Watling 2013).
Heavy metal or trace elements in Turkish wines are determined by Alkis et al. (2014). In this study, 43 wines (37 red and
6 white wines) from four different regions of Turkey are analyzed by using atomic absorption spectrometer equipped (AAS)
with electrothermal atomization unit (ET) to determine Cr, Mn,
Fe, Co, Ni, Cu, Zn, Cd, and Pb contents. The average results
for red and white wines are given respectively as Cr, 38.6 and
29.4 μg/L; Mn, 697 and 101 μg/L; Fe, 1.7 and 0.7 μg/L; Co, 6.3
and 0.5 μg/L; Ni, 134 and 573 μg/L; Cu, 131 and 158 μg/L; Zn,
389 and 2099 μg/L; Cd, 2.8; Pb, 6.3. Also, it is stated in this
study that Cd and Pb values are given just for red wines but not
for white wines because white-wine results are found under limit
of detection. These results were interpreted for grape types and
regions. For instance, Mn amounts (for red wines) of Central
Anatolian wines and Eastern Anatolian wines are relatively high
which is also related with the type of wines. Comparison with
literature shows all heavy metal concentrations in the analyzed
Turkish wines to be below the limits designated by World Health
Organization (WHO).
Trace elemental analysis is useful to differentiate wines based
on their regional origins. For this purpose, wines and their provenance soils from two major wine producing areas in southeast
Romania (“Valea Calugareasca” and “Murfatlar”), and also wine
from the region of Moldova (Eastern Romania) were analyzed
by Geana et al. (2013). To differentiate these wines according to
grape type and geographical origin, inductively-coupled plasma
mass spectrometry (ICP-MS), and statistical data of elemental
composition was used in the study. The results showed that the
differentiation of Romanian wines according to their provenance
is based on the following main elements: Ni, Ag, Cr, Sr, Zn,
and Cu for Valea Calugareasca, Rb, Zn, and Mn for Murfatlar,
and Pb, Co, and V for Moldova (Geana et al. 2013). Similarly,
in another study, inductively-coupled plasma mass spectrometry
and optical emission were used to determine the multielement
composition of 272 bottled Slovenian wines. The principal component analysis (PCA) and counter-propagation artificial neural
networks (CPANN) have been used to make geographical classification of the wines by their elemental composition. Finally,
from the level maps of the CPANN model, some of the most
important elements for classification were identified (Selih et al.
2014).

33.4.2 Cereals and Cereal Products
Hernández-Martínez and Navarro-Blasco (2013) have determined the total mercury and arsenic content in 91 different
infant cereals from ten different manufacturers in Spain by flowinjection adapted to cold vapor and hydride-generation atomic
absorption spectrometry, respectively. Cereals were notified as
the predominating cereal in the formulation, the added ingredients, and whether the cereal was organically or conventionally
obtained. As a result of this study, it was reported that the content
of toxic elements (median (Q1; Q3)) found in infant cereals based
on conventionally obtained raw materials (n = 74, Hg: 2.11 (0.42;
4.58), As: 21.0 (9.4; 50.9) mg Kg−1) was lower than in cereals
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produced by organic methods (n = 17, Hg: 5.48 (4.54; 7.64), As:
96.3 (87.5; 152.3) μg kg−1). In addition, mercury content in infant
cereals showed that the values were higher in those formulations
with ingredients susceptible to particulate contamination. On
the other hand, the highest arsenic content appeared in the ricebased cereals. Organic infant cereals based on cocoa showed
the highest risk intakes of mercury, very close to exceeding the
intake reference. Similar to this study, Carbonell–Barrachina
et al. (2012) analyzed Spanish gluten-free rice, cereals with gluten, and pureed baby foods to determine total (t-As) and inorganic arsenic (i-As). However, differently from the previously
mentioned study, ICPMS and HPLC–ICP–MS were used in this
study. Also pure infant rice from China, USA, UK, and Spain
were analyzed. The results showed that the i-As contents were
significantly higher in gluten-free rice than in cereals mixtures
with gluten, placing infants with celiac disease at high risk. All
rice-based products displayed a high i-As content, with values
being above 60% of the t-As content and the remainder being
dimethylarsinic acid (DMA). Approximately 77% of the Chinese
pure infant-rice samples showed contents below 150 mg kg−1.
Finally, it is indicated in the study that t-As was higher in all
infants aged 8–12 months than drinking water maximum exposures predicted for adults (assuming 1 L consumption per day
for a 10 μg L −1 standard), when daily intake of i-As by infants
(4–12 months) was estimated and expressed on a bodyweight
basis (μg d−1 kg−1).
ICP-MS is also used for discrimination of geographical origin, so to prevent mislabeling and adulteration problems. For this
purpose, a study of the capability of the high-resolution inductively-coupled plasma mass spectrometry (HR-ICP-MS) methodology for multielement fingerprinting of rice has been carried
out by Cheajesadagul et al. (2013). In the study, a total of 31 Thai
jasmine rice and five different (France, India, Italy, Japan and
Pakistan) rice samples were analyzed by high-resolution ICPMS
after acid digestion. The classification of rice samples was carried out based on elemental composition by a radar plot and multivariate data analysis, including principal component analysis
(PCA) and discriminant analysis (DA). Thai jasmine rice can be
differentiated from foreign rice samples by radar plots and multivariate data analysis. Moreover, the DA can differentiate Thai
jasmine rice samples according to each region of origin (northern, northeastern or central regions of Thailand). In summary,
multi-element fingerprinting combined with the use of multivariate statistical techniques can be considered as a powerful tool for
rice authentication.

33.4.3 Dairy Products
Khan et al. (2014) analyzed the minor and trace elements in milk
and yogurts by using inductively-coupled plasma mass spectrometry (ICPMS), after digestion using heating block. Minor and
trace elements were found mostly similar in all varieties of milk
and yogurts studied. Copper and manganese were comparatively
high in fruit-mixed yogurts. Also selenium was high in milk
samples. Zn showed the highest concentration, followed by Rb,
Se, Sr, and Cr. The level of toxic trace elements, including As,
Cd, and Pb was very low.
Concentrations of six non-toxic and six potentially toxic elements in donkey milk, forage and feed samples from three Italian
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farms were determined by ICPMS. It was found that Zn (mean
value range: 1.403–4.567 mg kg−1) and Fe (0.733–2.220 mg kg−1)
concentrations were the highest in all analyzed milk samples, followed by Cu (0.125–0.199 mg kg−1), Mn (0.024–0.046 mg kg−1)
and Se (0.030–0.040 mg kg−1). In addition, the majority of samples did not reveal residues dangerous for human health. Hg
(0.96–1.22 mg kg−1) and As (42.84–78.05 mg kg−1) are within
the prescribed range, while Cd (3.96–11.19 mg kg−1) and Pb
(9.77–18.11 mg kg−1) were, at times and only for children, above
the respective benchmark. In 11% of total milk samples, Pb
levels exceeded the European limit (0.02 mg kg−1), while Sb

(28.77–38.04 mg kg−1) and Ni (30.00–36.00 mg kg−1) levels could
not be compared due to the lack of available parameters (Potorti
et al. 2013).

33.4.4 Bee Products
Direct determination of Cr, Pb and Cd in honey (from Parana,
Brazil) without sample pretreatment was performed by using
slurry sampling electrothermal atomic absorption spectrometry
(Kulek de Andrade et al., 2014). The honey slurries were prepared
in aqueous solution containing hydrogen peroxide and nitric acid
and the slurries were directly introduced in the pyrolytic graphite
tubes. The quantification limits for Cd, Pb and Cr were given as
2.0, 5.4 and 9.4 ng g−1, respectively and the concentrations of Pb,
Cd and Cr ranged from 141 to 228 ng g−1, <2.0 to 8 ng g−1 and 83
to 94 ng g−1, respectively.
One another study about determination of trace elements in
honey was carried out by Bilandzic et al. (2014). Different honey
types were collected in Croatia during 2010 and 2011: 7 multifloral orchard honeys, 7 multifloral meadow honeys, 19 black locust,
nine chestnut, 11 lime and six sage honeys. As, Cu, Cd, Pb, Se
elements were measured, using by graphite atomic-absorption
spectrometer and Ca, Fe, K, Mg, Na, Zn elements were measured
by flame atomic-absorption spectrometer. The concentrations of
chestnut honey were as K 2824.4, Ca 486.7, Mg 59.1 (mg kg−1)
and Hg 2.52, As 24.1 and Cd 2.52 (μg kg−1). Lime honey showed
the highest content of Cu (20.6 mg kg−1), Zn (6.78 mg kg−1),
Cd (2.14 mg kg−1), and Pb (810.3 mg kg−1). The elements were
determined in black locust honey as Fe 2.77, K 304.7, Mg 8.02
(mg kg−1), and Hg 0.82 μg kg−1. Sage honey had the lowest Ca and
Na content (173.9 and 31.8 mg kg −1). Among the multifloral honeys, the following was determined (Fe, Na, Cu: mg kg −1; As, Pb:
mg kg −1): orchard honey—highest of Fe 5.17 and As 276.1, lowest
Pb 301; meadow honey—highest Na 36.1, lowest Cu 4.38.
Grembecka and Szefer (2013) determined fourteen elements
(Ca, Mg, K, Na, P, Co, Mn, Fe, Cr, Ni, Zn, Cu, Cd, and Pb) in
66 honeys and bee products from different places of Poland and
Europe and various botanical origins to estimate the quality
of honeys and bee products in view of their mineral composition using multivariate techniques. It is stated in the study that
after wet-digestion with nitric acid in an automatic microwave
digestion system the total metal contents were analyzed by flame
atomic absorption spectrometry using deuterium background
correction. Phosphorus was determined in the form of phosphomolybdate by a spectrophotometric method. Significant influence of the botanical and geographical provenance as well as
technological processing on the elemental composition of honeys
was notified.
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The elemental composition of honey samples can also be
determined by ICPMS. Chua et al. (2012) determined the elemental profiles of six honey samples from Malaysia. The scientists stated that they used ICP-AES and ICPMS to determine
element contents. It was defined that potassium and sodium were
the mineral markers to distinguish the origin of the honey.

33.4.5 Fruit and Vegetable Products
Hua et al. (2014) investigated the level of 18 trace elements of two
freeze-dried samples from Blueberry (Vaccinium corymbosum)
and Strawberry (Fragaria × Ananassa). The trace elements in
each dried-fruit sample were determined by ICPMS with microwave digestion. The linearity range of the standard curves was
0–1250.0 μg L −1 (Mg, P, K, Ca), while in all cases, except for B,
Na, Al, Cr, Mn, Fe, Ni, Cu, Zn, Se, Cd, Pb, Ge, and As, which
was 125.0l μg mL −1, all related coefficients were above 0.9999.
Recovery was in the range of 79.0%–106.8%. Also, minor concentrations of nutritional elements were found in each freezedried berry.
The concentrations of 15 elements (Al, Ba, Cd, Co, Cr, Cu,
Fe, Hg, Mn, Ni, Se, Sn, Sr, V, and Zn) were determined in three
tomato species (Khaki, Cherry, and Italy) by Bressy et al. (2013).
For determination of these elements, ICP–OES (inductively coupled plasma-optical emission spectrometry) and ICP-MS were
used following microwave-assisted acid digestion. The species
of tomato, the form of cultivation and the stage of maturation of
the fruit influenced the concentrations of the trace elements that
are found in the tomato samples. In addition, most of the elements were involved in the final stage of maturation of tomatoes.
Regarding the type of cultivation, organic tomatoes contained
higher levels of micronutrients and less contaminants when compared with conventionally grown tomatoes.
In another study, cadmium, copper, iron, lead, tin, and zinc
were determined in tomato-paste samples using high-resolution
ICP-MS. The bottom-up approach was applied to measure uncertainties of all elements and the calculated percentage relative
uncertainties for the elements were between 8.2% and 16.4%. It
is stated in the study that the major contributions to the uncertainty budget came from the calibration curves, repeatability and
recovery (Yenisoy-Karakas 2012).

33.4.6 Edible Oils
The zinc content of various edible oils (canola oil, corn oil,
hazelnut oil, olive oil, and sunflower oil) was determined by
Bakircioglu et al. (2014). For this purpose, single line-flow injection (FI) flame atomic-absorption spectrometry (FAAS) was
used and the extraction induced by emulsion breaking (EIEB)
procedure has been developed for extraction/preconcentration of zinc. The limits of detection of 1.1 and 1.0 l g L −1 were
observed for zinc when aqueous standard and oil-based standards were added to the emulsions for calibration, respectively.
Consequently, the proposed procedure of combining EIEB and
single-line FI-FAAS was evaluated as a new procedure for the
determination of zinc in edible oil samples.
Cadmium and lead in edible oils are determined by electrothermal atomic absorption spectrometry after reverse dispersive liquid–liquid microextraction. The dispersive liquid–liquid
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microextraction was used to separate cadmium and lead of edible
oils into the aqueous phase. Then, the metals were determined
by electrothermal atomization atomic absorption spectrometry
using a palladium salt for chemical modification in the heating
cycle. Using a 10 g oil sample, the enrichment factor was 140,
which permits detection limits of 0.6 and 10 ng kg−1 for cadmium
and lead, respectively (Lopez-Garcia et al. 2014).
Olive oils are valuable food material and are very open to adulteration. Additionally, geographical characterization is an important survey for olive oils. An example of such study is carried out
by Cabrera-Vique et al. (2012) in Spain. Two different Spanish
provinces, Granada and Jaén, were analyzed by using ETA-AAS.
Cu, Cr, Fe, Mn, and Ni are the trace elements that are determined with corresponding values 14.28 ± 11.16, 27.31 ± 20.91,
91.70 ± 64.48, 34.60 ± 15.08, and 19.49 ± 10.08 μg/kg. According
to these results, significant differences between Cu, Cr, Fe, and
Ni content were found according to the geographical origin of
the oils but not for Mn content.
Inductively-coupled plasma-mass spectrometry can also be
used for determination of trace elements in edible oils. In a
study, the content of trace elements (Ag, As, Ba, Be, Cd, Co,
Cr, Cu, Fe, Hg, Mn, Mo, Ni, Pb, Sb, Ti, Tl, and V) in edible
oils (virgin olive, olive, pomace-olive, sunflower, soybean, and
corn) was determined, using ICPMS after microwave digestion
(Llorent-Martinez et al. 2011). Besides, in another study, ICPMS
was used as an ion chromatographic (IC) detector for the speciation analysis of arsenic in edible oil. The results showed that the
limits of detection were in the range of 0.008–0.024 ng mL −1
for various arsenic species based on peak height, which corresponded to 0.08–0.24 ng g−1 in the original oil sample (Chu
and Jiang 2011).

33.4.7 Seafood
The mercury content of fish, shellfish and saliva was analyzed
by using cold vapour atomic absorption spectrometry. Hg (II) ions
were sorbed on a minicolumn packed with Amberlite XAD-4
sorbent functionalized with 2-(20-benzothiazolylazo)-p-cresol
(BTAC) and a reducing solution was used for desorption and the
transport of the analyte for subsequent detection. The assay presented a limit of detection of 0.011 μg L −1 (0.011 μg g−1, for solid
samples), a limit of quantification of 0.038 μg L −1 (0.038 μg g−1,
for solid samples), a precision of 0.50% (1.000 μg L −1 Hg solution) and an enrichment factor of 46. The proposed method
was applied to the determination of mercury in human saliva
(0.055–0.200 μg L −1). The following seafood collected in Todos
os Santos Bay, Brazil was also analyzed: the results for bass, mullet, shrimp and mussel were respectively: 0.169–0.195 μg L −1,
0.043–0.361 μg g−1, 0.075–0.374 μg g−1, and 0.206–0.397 μg g−1
(Lemos and Santos 2014).
The concentrations of cadmium, copper, mercury and
lead in fish from the Neretva River have been investigated by
Djedjibegovic et al. (2012). These toxic elements were determined by using ICP-MS after microwave-assisted acid mineralisation. The average content of metals in fish muscle samples
was 0.013–0.055, 0.068–16.059, 0.050–0.401 and 0.055–
0.703 mg/kg for Cd, Cu, Hg, and Pb, respectively. Mercury
occurrence in Italian seafood was also determined in another
study carried out by Brambilla et al. (2013). In this study, total
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mercury determination was performed using different analytical techniques, including Inductively-Coupled Plasma Mass
Spectrometry (ICPMS), Atomic Absorption Spectrophotometry
(AAS) and Direct Automatic Analyzer based on Thermal
Decomposition Amalgamation coupled with Atomic Absorption
Spectrophotometry (TDA/AAS). Fish, molluscs, and crustaceans of commercial size of 69 different species were sampled
and analyzed for total mercury (HgTOT) from georeferenced
areas and evaluated for their compliance with the European
Union Maximum Residue Limits of 0.5 and 1.0 mg/kg wet
weight (ww).
Chen et al. (2013) determined mercurial species in fish by
inductively-coupled plasma mass spectrometry with anion
exchange chromatographic separation. The detection limits for
Hg2+, MeHg, EtHg, and PhHg were 0.008, 0.024, 0.029, and
0.034 μg L −1, respectively. The relative standard deviations of
peak height and peak area (5.0 μg L −1 for each Hg species) were
all below 3%. It is stated in the study that the determined contents
of Hg2+, MeHg, and total Hg in a certified reference material of
fish tissue by the proposed method were in good accordance with
the certified values with satisfactory recoveries. After the pretreated procedure, mercury speciations in 11 fish samples were
analyzed. In conclusion, the mercury contents in all fish samples
analyzed were found compliant with the criteria of the National
Standards of China.
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34.1 Introduction
Considerable analytical progress in food-stuffs contamination
assessment and analysis has been made over the past decade, when
hyphenated techniques involving highly efficient separation and
sensitive detection have become the techniques of choice. Among
them, mass spectrometry (MS) has gained tremendous popularity due to its unparalleled sensitivity and specificity, high resolution, and a wide dynamic range. The combination with advanced,
high-throughput separation techniques, such as gas chromatography–MS (GC–MS), liquid chromatography–MS (LC–MS),
and more recently, capillary electrophoresis–MS (CE–MS), have
widened the applications of MS technology, offering enormous
opportunities for detection and confirmation. Hence, methods
based on separation with MS detection are acknowledged as the
major useful and authoritative methods for the determination of
harmful or dangerous compounds in food.
This chapter introduces fundamental principles and applications of differentionization methods and types of mass detectors and highlights the novel advances of recent-developed MS
methods, in food analysis. We discuss the advantages and the
limitations of the different MS techniques, address instrumental
aspects, and outline conclusions and perspectives for the future.
The analysis of food safety and quality is a very broad field that

covers almost all food disciplines. A comprehensive review on
such a broad topic is not feasible in this chapter due to limitations
on space. Therefore, from a practical point of view, only some
types of contaminants that are widely detected in different food
commodities (e.g., pesticides, mycotoxins, drug residues, plasticizers, persistent pollutants, etc.) and analytes that can cause
trouble (e.g., antimicrobial chemicals, allergens and adulterants, etc.) should be discussed here, as examples to outline their
MS analytical methods. Given the explosive growth in LC–MS
research in food safety and quality, over the last decade, LC–MS
techniques and studies will be overviewed in greater detail than
GC–MS techniques. Also note that sample-preparation procedures that are also crucial for food analysis are not discussed
here since they have already been described in the previous chapters of the book.

34.2 Overview of MS-Based Methods
A survey of the current literature shows an explosive growth in
progress in food-stuffs contamination assessment and analysis
by MS over the last decade (Figure 34.1). More than 1500 articles
were published on food quality and safety from 2006 to 2014,
and approximately, 70–250 articles were published every year on
641
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Figure 34.1 Number of published studies on food analysis with MS during the last decade (from 2006 to April 2014). (From Advanced search in
Scopus; date: 04.28.2014; subject: TITLE-ABS-KEY; mass spectrometry;
food; quality; safety; pesticides; drug residues; mycotoxins; plasticizers;
antimicrobial agents; allergens; and adulterants.)

the same topic from 2006 to the present. The number of pesticide
studies published in the last 8 years is around 950. A similar
trend was observed regarding drug residue analysis by MS (~850
articles), whereas for other contaminants such as antimicrobial
agents and mycotoxins, more than 400 studies have been published on the use of MS. Allergens, plasticizers, and adulterants are also analytes of interest and research on food products
steadily increases in the last few years.

34.3 Basic Components of a Mass Spectrometer
Fundamentally, “mass spectrometry” generates ions from compounds by any suitable method, to separate these ions by their

mass (m) to charge (z) ratios (m/z) and to detect them qualitatively and quantitatively by their respective m/z and abundance.
A mass spectrum is the two-dimensional representation of signal
intensity (ordinate) versus m/z (abscissa). The intensity of a peak,
as signals are usually called, directly reflects the abundance of
ionic species of that respective m/z ratio that have been created
from the analyte within the ion source. Hence, the appearance
of a mass spectrum, both in terms of which ionic species are
observed, as well as their abundances, serves as the basis for
compound identification. The spectrum is presented in terms of
daltons (Da) per unit charge.
Despite the apparent simplicity of the technique—create ions,
separate (measure) ions according to m/z ratio, and d etections—
there is no one best way to accomplish these operations. A variety of components and configurations have been (and continue
to be) developed for this purpose. Each of them lends itself to
the investigation of certain problems or phenomena, and brings
with it certain limitations. A typical mass spectrometer may
be divided into the following discrete components: an interface
or sample introduction/handling system, an ion source, one or
more analyzer(s), an ion collection/detection system, and a data
system used for instrument control and operation in addition
to data collection, manipulation, and display (Figure 34.2). A
closer look at the front end of such a device might separate
the steps of sample introduction, evaporation and successive
ionization, or desorption/ionization, respectively, but it is not
always trivial to identify each of these steps clearly separated
from the others. The other elements include the fundamental
process of mass separation or filtering with subsequent recording of the ions formed.
The following section will provide a quick overview of many
components and configurations (i.e., differentionization sources
and mass analyzers) of modern mass spectrometers that are most
often used in the analysis of food-relevant samples.
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34.4 Chromatographic Separation
34.4.1 Gas Chromatography
Among the different MS techniques and their combinations
with chromatographic separation, GC–MS is the routine, preferred analytical method for determining a significant number
of food contaminants and especially for volatile and semivolatile
compounds, such as polycyclic aromatic hydrocarbons (PAHs),
pesticides, polychlorinated biphenyls (PCBs), polychlorinated
dibenzo-p-dioxins and furans (PCDD/Fs), phthalates and short
ethoxy alkylphenol ethoxylates, as well as other emerging chemicals such as polybrominated diphenyl ethers (PBDEs) or polychlorinated alkanes.
In the GC–MS, the samples are thermally vaporized in a
GC injection port, separated on a capillary column, and they
are eluted into the MS ion source, resulting in a mass spectrum
for each chromatographic peak. The low flow rates associated
with capillary GC allow the direct introduction of the end of the
fused-silica column into the ion source through a heated transfer
line. The separation of GC-amenable analytes was carried out
with a variety of capillary columns using helium as the carrier
gas. Nonpolar GC-capillary stationary phases such as methyl
polysiloxane or phenyl-methylpolysiloxane (DB-5, HP-5, ZB-5,
RTX-5, HP-5, and SPB-5) were the most frequently used columns (Lambropoulou and Albanis 2007).
For compounds with relatively high polarity, poor chromatographic peak shape or a peak-tailing problem may affect
the separation and ultimately affect the limit of detections
(LODs). To solve this problem and to improve the method sensitivity further, a derivatization procedure is often developed
for GC–MS analysis of polar compounds (Wang et al. 2013).
Chemical reactions such as silylation or polyfluoroacylation
are employed to obtain a volatile material. To silylate analytes,
various derivatization reagents can be employed, for example,
N-methyl-N-trimethylsilyltrifluoroacetamide (MSTFA), N-Obis-(trimethylsilyl)-trifluoroacetamide (BSTFA), and N-(tertbutyldimethylsilyl)-N-methyltrifluoroacetamide (MTBSTFA),
leading to the formation of trimethylsilyl (TMS) and tert-butyldimethylsilyl (TBS) derivatives. For instance, MSTFA was
used for estrogenic compound analysis in animal tissues (Seo
et al. 2005), and in milk and egg only for the androgen fraction (Courant et al. 2007), whereas BSTFA was used in plant
samples (Lu et al. 2012) and in milk and egg only for the estrogen fraction (Su et al. 2012). However, in the context of routine
work, the usual but extensive and time-consuming derivatization step is one of the major drawbacks of GC–MS, especially
when working with complex matrices such as food samples.
Matrix effects are also of great concern, since excesses of
derivatization reagents and derivatized matrix ingredients contribute to suppression of the ionization efficiency. Fortunately,
these phenomena may be substantially minimized by employing simple cleanup procedures. However, the laborious character of the derivatization methods is enhanced under these
conditions. Hence, in addition to other shortcomings (i.e., the
analyte degradation, the reduction of resolving power of the
column and the additional cost, etc.), methods that employ GC–
MS without derivatization are attractive to many researchers

since the instruments are u sually less expensive and easier to
operate compared to LC–MS systems.

34.4.1.1 Two-Dimensional Gas Chromatography
The approach of a comprehensive two-dimensional gas chromatography (GC × GC) combined with MS offers a powerful tool
for the analysis of volatile and semivolatile compounds in highly
complex mixtures as the entire sample is subjected to two distinct analytical separations providing with enhanced separating
capacity.
In general, GC × GC method uses two columns, typically of
very different polarities, installed in series with a differential flow
modulator in between. The second column is much shorter than
the first column to affect a fast separation, and the entire assembly is located inside the GC oven. The flow modulator collects
the effluent from the first column for a fraction of the time equal
to peak width, thereby dividing the peak from the first column
into two or three “cuts.” The material collected from each cut
focuses into a very narrow band and the bands sequentially into
the second column, resulting in additional separation for each
band injected into the second column. This technique provides
a second dimension of information that can increase the peak
resolution and capacity. The chromatogram obtained through
repeated trapping and injection is rendered in two dimensions
using specialized software, with the first and second dimensions
on the respective axes.
Chemometric techniques have been widely used as an essential mathematical tool to obtain information from the wealth
of data generated from GC × GC applications. In particular,
GC × GC–MS applications are capable of generating trilinear
data; namely, columns 1 and 2 retention times and the mass
spectrum. GC × GC is usually coupled to time of flight–mass
spectrometry (TOF–MS) due to its rapid acquisition speed.
Chemometric calibration methods such as trilinear decomposition (TLD) and parallel factor analysis (PARAFAC) were
developed to find relationships in trilinear data. It has been
shown that, by using these techniques, both pure chromatographic profiles and mass spectra can be attained from partially resolved compounds in GC × GC–TOF–MS applications
(Mondello et al. 2008).
A number of studies focusing on GC × GC–TOF–MS application have been published in recent years. Hoh et al. (2007,
2008) explored the possibilities of GC × GC–TOF–MS with
the Rtx-Dioxin 2 × Rtx-PCB for the analysis of 17 target
PCDD/PCDFs. The proposed method allowed the determination of the target analytes without interference by using
deconvolution software. It is worth to point out; however, that
when the method was applied to fish oil samples, the limits of
quantification (LOQ) were too high to fulfill the requirements,
as in the current regulatory levels for congener-specific dioxin
analysis (Hoh et al. 2008). Other recent interesting examples
include the use of GC × GC–TOF–MS for screening pesticide
residues in oil seed (68 compounds) and fish oil (30 organochlorine pesticides [OCPs]), respectively (Harris et al. 2012;
Wang et al. 2012); as well as for the determination of pesticides, dioxin-like PCBs, PAHs, and bisphenol A, in grape and
wine (Dasgupta et al. 2010).
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34.4.2 Liquid Chromatography
Despite the advantages of GC-based method, mentioned previously, for polar, nonvolatile, and thermally unstable interfering compounds, GC is impossible. In this case, to avoid the
derivatization step and to take advantage of the greater versatility
and improvements in LC technology, LC–MS is the technique of
choice, especially when we want to extend the analysis to a large
number of polar analytes. The advantages of LC–MS in food
analysis are numerous, in terms of sample treatment, robustness,
and reproducibility, together with the amount and the quality of
the information that can be achieved. From a theoretical point
of view, the versatility of the systems can be highlighted too,
because different columns and mobile phases can be employed
to obtain the maximum coverage of the compounds contained in
one single sample (Picó 2008).
Among the different LC systems, high-performance liquid
chromatography (HPLC) (in reversed phase—RP), because it is
amenable to high-throughput analysis, is relatively inexpensive,
easy to use, and robust, is widely used for routine analyses, where
target compounds are determined. However, the desire to comprehensively and rapidly screen for as many known and potentially unknown substances in food analysis has given rise to the
development of detection assays utilizing the advantages of ultrahigh-performance liquid chromatography (UHPLC) along with
sub-2-mm particle columns. This technique is quite versatile
and can be used to increase throughput, particularly suitable for
the analysis of food samples. Overall, the significantly reduced
analysis time, the high separation efficiency, and resolution compared to conventional HPLC methods was appreciated in all the
published studies (Capriotti et al. 2013).
Besides HPLC and UHPLC, the utility of hydrophilic interaction liquid chromatography (HILIC) in the context of improved
screening assays for highly polar compounds that normally have
insufficient retention in typical RP-LC such as chlormequat has
been recently demonstrated (Li et al. 2012). HILIC is an alternative to conventional RP-LC or normal-phase LC where analyses of polar, hydrophilic, and ionic analytes require ion-paring
reagents, derivatization, or postcolumn addition of organic solvents for optimal ionization (Jandera et al. 2013).
In relation to the type of column, the most used phase is
the octadecyl carbon chain (C18)-bonded silica with different
dimensions depending on the chromatographic system as well
the type and number of compounds to be analyzed. A column
size between 150 and 250 mm and a particle size from 2.1 to
5 mm are normally employed in typical LC systems for determining a low number of compounds (e.g., < 50 compounds).
Bearing in mind the previous information, the use of UHPLC
seems more appropriate for multiresidue analysis utilizing C18
columns. As regards the mobile phase, mixtures of polar solvents such as acetonitrile or methanol with formic acid are preferably used.
A separation process with high resolution and efficiency is a
challenging topic for further investigations involving miniaturized analytical techniques. Thus, two new separation approaches,
capillary-liquid chromatography (CLC) and nano-LC, have been
recently introduced to the market with great potential in the food
analytical field. CLC and nano-LC separations are carried out in
capillaries of a narrow internal diameter (10–320 μm) containing
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selected stationary phases. These two techniques achieve good
separations with a high efficiency in a short analysis time. Their
main features are increased detection sensitivity and ease of coupling to the MS detector. In addition, since the volumes of mobile
phases employed are limited, they are cheaper than conventional
LC techniques and they also limit dispersion of organic solvents
in the environment (Fanali et al. 2013).

34.5 Ionization Methods
34.5.1 GC–MS Systems
In GC–MS systems, the analytes may be ionized in a number of
ways but, most often, electron ionization (EI) is used especially
for automated screening analysis. The molecules are bombarded
by high-energy (70-eV) electrons, resulting in high-energy positively charged molecular ions M˙+ that lose excess energy via
fragmentation. In an ideal case, an abundant molecular ion (also
called the parention) is observed and the mass spectrum identifies the target analyte. However, the molecular ion species of
many compounds are too transient to be observed in the mass
spectrum and in such cases, the molecular mass cannot be reliably determined from the EI spectra. The good reproducibility
of EI data on a given mass spectrometer and between different mass spectrometers is an advantage for the identification of
unknowns comparing the spectrum obtained with library spectra. EI yields, in the first instance, a molecular ion that is a radical cation with an unpaired electron. In principle, any remaining
energy will then be dissipated by bond cleavages that result
in the formation of the most stable ion with a paired electron
(even-electron ion). These even-electron ions may be formed
by homolytic or heterolytic cleavages. This whole process happens very rapidly and is the reason for the close similarity of EI
spectra produced across all different instruments (Hocart 2010).
An extensive coverage of EI incorporating a thorough introduction to a variety of the types of fragmentation and fragmentation
pathways in different classes of compounds is given by Watson
and Sparkman (2007).
One problem with library similarity search is that different
compounds yield similar mass spectra; thus, computer search
results are better to be considered only as possibilities rather than
positive identification. Another problem is when the compound is
not present in the library and homologs, isomers or related structures will be indicated as the most likely structure.
Chemical ionization (CI) is an alternative ionization method
that is very useful to detect the molecular mass, when the M ion
is absent from the EI spectrum. It is considered as a softionization method that employs a CI reagent gas, usually methane, but
it can be ammonia or isobutene at a pressure of 0.3–1 torr with
the optimum pressure depending on the reagent gas used. In CI,
most often, the protonated molecular ion, (MH+ or [M + H]+)
is observed. The formation of adducts is also common such
as (M + C2H5)+ with methane reagent gas or (M + NH4)+ with
ammonia. CI usually gives fragmentions of low abundance and
while this is advantageous when trace-level compounds are analyzed, it reduces the structural information obtained (Stan 2005).
Negative chemical ionization (NCI or CI−) usually produces
negatively charged M−, (M–H)−, or (M + halogen)− ions with
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little fragmentation. For some compounds (e.g., aromatic hydrocarbons, polyhalogenated compounds, nitroderivatives, etc.),
NCI increases sensitivity by several orders of magnitude that is
very useful for the selective detection of trace-level compounds
in mixtures. One of the major problems in NCI–MS is the spectra comparison obtained using different instruments and thus the
lack of commercial spectra libraries. The variability in the sensitivity of different instruments was attributed to the so-called
“effective electron temperature,” caused by the different focusing
and extraction fields of each instrument (Barcelo and Hennion
2003).
As regards the applications, GC coupled to a single- quadrupole
(Q) MS with an EI source is the most commonly used method for
the identification and quantification of analytes extracted from
complex food matrices at lower trace levels. In general, analysis
was performed by acquiring data in full-scan and/or selectedion monitoring (SIM) modes for identification and quantitation
purposes, respectively. SIM mode with the selected characteristicions of the analytes provides improved sensitivity (by decreasing the background noise) and response linearity compared to
the full-scan mode. A number of GC–SIM–MS methods were
successfully developed for screening and identification of different contaminants in different food matrices (Lambropoulou
and Albanis 2007). For example, GC–EI–MS under SIM mode
was used for the identification and quantification of 405 pesticides in rice (Pang et al. 2006). GC–Q–MS–SIM was applied
for the determination of acrylamide in roasted almonds and
hazelnuts (Amrein et al. 2005). Finally, a method of headspace
trap coupled with GC–Q–MS was developed for the detection of
essential oil in hops (Aberl et al. 2012). The Q–MS responses can
be enhanced with the use of analyte protectants that act for the
elimination of matrix effects. Using this method, the determination of 195 pesticide residues in Chinese herbs was successfully
performed, achieving LOQs in the range of 2.5 and 100 μg kg−1
(Wang et al. 2011).

34.5.2 LC–MS Systems
The great advantage of an LC–MS system is that atmospheric
pressure ionization (API) gives ‘’soft’’ ionization with high efficiency, thus providing excellent sensitivity and usually molecular weight information for the compounds of interest (Figure
34.2). Under optimized conditions, both electrospray ionization
(ESI) and atmospheric pressure chemical ionization (APCI)
interfaces, operating in negative ion (NI) or in positive ion (PI)
ionization modes worked well providing high sensitivity and
were found complementary to one another in regard to polarity,
molecular mass of analytes, and chromatography conditions for
the determination of different groups of contaminants in food
matrices. The selection of the ionization mode highly depends
on the analytes structure and especially on acidity or proton
affinity of the functional groups present. Generally speaking,
acidic groups are more compatible with NI while the presence
of amine groups provides better performance in PI. However,
this behavior is hardly predictable when multiple groups are
present and both modes have to be used if wide-scope methods
are designed. The polarity-switching mode, available in modern
instruments, which allows the simultaneous use of positive and
negative ionization during the same run, can be a good choice

to get the maximum sensitivity for a higher number of analytes
(Agüera López et al. 2014).
The major drawback working with LC–MS with API sources
is the matrix effect, that is, the ion suppression or, more rarely,
the enhancement of the target analyte response, due to coeluted
matrix components altering ionization efficiency. Generally
speaking, ESI is more prone to the ion suppression phenomenon
than the other API sources (mainly APCI), and this observation
should always be taken into consideration. Nonetheless, so far,
ESI is most widely used as compared with APCI, which is preferred in a few applications as in the case of less polar and thermally inert compounds (Figure 34.2).
To overcome the suppression problems encountered in APCI
and ESI sources, another interface called atmospheric pressure
photoionization (APPI) has been proposed for complex sample
analysis (Marchi et al. 2009). APPI proved to be an attractive
ionization method for a wide panel of compounds. However, ionization can only occur for molecules that possess low ionization
efficiency values, while for the other compounds, the use of a
dopant (i.e., acetone or toluene) is mandatory. Regarding APPI
applications, this ionization technique was found to be particularly useful in the analysis of pesticides, mycotoxins, endogenous compounds, lipids, and natural compounds. For example,
Capriotti et al. (2010) presented an LC/APPI–MS/MS method
for detecting mycotoxins (nine compounds) in wheat and maize
samples in accordance with European Union (EU) regulation.
DON, ZEA, AFTs, OTA, T-2, and HT-2 were pretreated in a
one-step solvent extraction without cleanup. The authors conclude that the use of APPI enhances the sensitivity, especially
for AFTs. Given its rapidness, accuracy, and selectivity, the proposed method fits well with maximum residue levels (MRLs)
from the EU as stated in Commission Regulation (EC) No.
1881/2006 and its subsequent amendments (Li et al. 2013). In
a more recent report, Kruve et al. (2011) have demonstrated the
feasibility of CLC with a microfabricated heated nebulizer chip
for APPI and tandem MS (μAPPI–MS/MS), for the analysis of
selected carbamate pesticides in a tomato matrix. APPI and ESI
are relatively orthogonal ionization sources with regard to the
range of tested compounds. Therefore, depending on the analytes and the separation conditions, APPI and ESI can either be
complementary or one can be more appropriate than the other.
For example, APPI was more efficient for aflatoxin M1 in milk
(Cavaliere et al. 2006) as well as for olive oil identification in ionizing mono- and diacylglycerols whereas ESI was better for triacylglycerols (TAGs) (Gomez-Ariza et al. 2006). Comparing the
APPI and APCI sources, a similar or even better performance in
terms of S/N ratio, selectivity, and matrix effect has been demonstrated for the former source in many cases (Marchi et al. 2009;
Li et al. 2013).
Furthermore, matrix-assisted laser desorption ionization
(MALDI), is also employed in MS for food analysis due to its
fast speed and simple operation. Unlike ESI, in which analyte
ions are produced continuously, ions in MALDI are produced by
pulsed-laser irradiation of a sample. In this mode, the sample is
cocrystallized with a matrix onto a stainless-steel target or a target with a hydrophilic spot surrounded by a hydrophobic surface
designed to concentrate the sample into a small area. The dried
sample is then illuminated with a pulse of laser light (usually
ultraviolet [UV] and also infrared [IR]) that is absorbed by the
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matrix chromophore. The photon energy is then transferred from
the matrix to the embedded analyte that in turn is ionized and
desorbed from the target (Wang et al. 2013). MALDI is capable
of ionizing and launching very large molecules (e.g., polysaccharides, synthetic polymers, peptides, and proteins) into the
gas phase. Therefore, it is mainly used as an analytical tool for
high-throughput proteomic studies. However, it has been demonstrated that this same process can be successfully carried out at
atmospheric pressure and the generated ions are then transferred
into the vacuum system for mass analysis in a manner similar
to ESI-derived ions (Laiko et al. 2000). Despite its clear utility, though, MALDI does have some shortcomings. For example,
only certain mass spectrometers are easily coupled with MALDI
(e.g., TOF). In addition, samples with low molecular weights are
usually difficult to analyze by this mode since the presence of
a matrix, which facilitates ionization, causes a large degree of
chemical noise to be observed at m/z ratios below 500 Da.
Other ion sources, such as thermospray, ionspray, field desorption, and fast-atom bombardment, are rarely utilized in food
analysis.
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et al. (2009) described a DESI–MS for the detection of multiclass
pesticides, including malathion and isofenphos-methyl in fruit
and vegetable peels. Another ambientionization technique, the
so-called atmospheric pressure glow discharge mass spectrometry (APGD-MS) method, was also proposed for the screening of
pesticides on fruit skins and in fruit juices (Jecklin et al. 2008).
Direct analysis of market samples without any further treatment
was demonstrated in both techniques. Finally, in a very recent
application, the potential of direct analysis in DART ambientionization technique coupled with high-resolution mass spectrometry (HRMS) in the authentication of milk and dairy products was
critically assessed (Hrbek et al. 2014). The authors demonstrated
that the proposed DART–HRMS-based examination of the nonpolar fraction obtained by a simple extraction procedure enabled
rapid and straightforward profiling of neutral lipids represented
by TAGs in milk and dairy products.
The emergence of AMS has provided fresh impetus to the
entire field of food safety and quality. No doubt their applicability to high-throughput analysis, accurate mass measurement and
other aspects of structural characterization of food contaminants
and residues will be demonstrated in the near future.

34.5.3 Ambient MS
As an alternative to GC or LC-based methods with selective and/
or MS detection, a new family of mass spectrometric techniques
has emerged that allows ions to be created from condensedphase samples under ambient conditions and are then collected
and analyzed by MS. This innovation in MS, the so-called ambientionization mass spectrometry (AMS) (Cooks et al. 2006;
Venter et al. 2008; Li et al. 2013) allows rapid and direct analysis
of a wide range of analytes and samples in open air with little
sample preparation. During the past decade, various ambientionization techniques have been developed and applied in highthroughput screening, including DESI (desorption electrospray
ionization), DART (direct analysis in real time), EESI (extractive electrospray ionization), and so on. In DESI experiments, a
spray of charged solvent droplets hits the surface of the sample
and ionizes the sample molecules (small molecules and large
biomolecules). In DART experiments, the plasma of excitedstate atoms and ions from nitrogen/helium desorb/ionize small
molecules from the surface of the sample (Picó 2008). In EESI,
aerosol particles composed of soluble organic compounds were
extracted into and ionized by a solvent electrospray, producing
molecular ions from the aerosol with minimal fragmentation (Li
et al. 2013). The attractive features of ambientionization techniques that include high sample throughput and ease of use made
them a challenging tool in the analysis of food, particularly for
rapid characterization of its composition and authenticity control
based on fingerprinting/profiling (Hajslova et al. 2011). The reliability and capability of these “ambientionization approaches”
have been proved with the direct analysis of different contaminants such as pesticides, steroids, drugs, dyes, and so on (Li
et al. 2013). Some encouraging results on the analysis of food
with ambient MS have recently been reported in the literature.
Cooks’ group has developed many methods for the direct analysis of complex mixtures, such as foodstuffs (Zhang et al. 2012).
A high-throughput mass spectrometric method is presented by
Taverna et al. (2013) for the simultaneous detection of Sudan I,
II, III, IV, and Para-Red azo-dyes in foodstuff. García-Reyes

34.6 Analyzers
With respect to mass spectrometers, various designs, performance, and functions have been used including Q, triple quadrupole (QqQ), quadrupole ion trap (QIT), quadrupole linear
ion trap (QqLIT), time of flight (TOF), and quadrupole time of
flight (QqTOF). In practice, parameters in terms of sensitivity,
dynamic range, scan speed, mass resolution, and mass accuracy
are often considered when choosing the kind of instrumentation
configuration for food studies. Nevertheless, the selection of one
or another depends on the objective of the analysis (Figures 34.3
and 34.4). Thus, hybrid MS systems, such as QqQ–MS/MS and
QqLIT–MS/MS have enhanced the quantitative and qualitative performance of target analyses in complex environmental
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Figure 34.3 Approximate ranges of analyte polarity and size that may
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matrices, providing high selectivity and very low detection limits. On the other hand, exact mass seems more and more required
in food laboratories. Hence, the development of HRMS has been
a landmark in the identification of unknown compounds, being
TOF, QqTOF, and Orbitrap mass spectrometers in increased use
(Agüera López et al. 2014).
On the basis of the number of chromatographic–MS applications being published in the field of food analysis (Table 34.1),
it is apparent that the applicability of a Q for the detection and
quantification has been less favored. In the Q mass analyzer,
both analyte and matrix ions generated in the source undergo
fragmentation, which results in complex, ambiguous spectral
data and hence in nonselectivity. This first limitation can be
overcome by using ‘’in-source collision-induced dissociation
(CID),’’ resulting in efficient fragmentation in most compounds.
This process can secure higher sensitivity in some cases, but it
was found to give poorer results than MS2 (much less selectivity), since coeluting analytes and matrix components are also
fragmented and thus, a mixed mass spectrum of the analyte and
interfering compounds can arise (Calza and Fabbri 2014). This
nonselectivity is passed over by tandem mass (MS/MS) analyzers that, due to their high specificity, can minimize the chemical
noise linked to the complex sample composition and the unresolved chromatographic peaks. Given this benefit, tandem MS
is dominated in food analysis as it provides reliable results at
sub-nanogram per liter or per-gram levels. The major trends are
the use of UPLC and the development of multiresidue analytical methods. In most cases, among the analyzers capable of MS/
MS, a QqQ mass spectrometer is the most widely used and is
the most sensitive for quantification and confirmation, because
of its outstanding merits for quantification with respect to the
dynamic range, repeatability, and sensitivity. In general, when
using a QqQ instrument, two different operational modes are

used in a complementary way: the single-reaction monitoring
(SRM) or multiple-reaction monitoring (MRM) mode is used for
the quantification of the parent compounds, or for the quantification of compounds when authentic standards are available,
whereas for structure elucidation, product-ion scans (PISs) or
neutral-loss scans (NLSs) may be employed (Paola and Fabbri
2014). For the analysis via MRM, the precursor ion is filtered
in the first quadrupole (Q1). “Low-energy” CID yielding fragmentions occurs in the second quadrupole with collision energies
typically between −15 and −35 eV. In the third quadrupole (Q3),
one preferably abundant and specific fragmention (Q3) is filtered.
MRM is able to reduce chemical noise and to detect multiple
transitions (Q1/Q3 pairs), thus largely improving selectivity and
also sensitivity of the analysis. Although the complete resolution
by chromatography may not be obtained sometimes, MS/MS
detection allows selective analysis for all compounds. Hence, the
MRM mode operated on a QqQ platform is particularly suitable
for the detection of food adulteration and for the verification of
food authenticity to assure food safety and quality.
Methodologies based on GC or LC QqQ–MS have been extensively developed for detection, quantification, and confirmation
of a large number of food contaminants, such as pesticides, mycotoxins, antioxidants, additives, and phenolic compounds (Wang
et al. 2013). For example, pressurized liquid extraction (PLE) and
LC–QqQ–MS was used for the simultaneous determination of
bisphenol A, octylphenol, and nonylphenol in powdered infant
formulas and powdered skimmed milk (Ferrer et al. 2011b).
Harris et al. (2011) applied GC–QqQ–MS/MS to determine 162
OCPs in different medicinal plants, obtaining LODs and LOQs
between 10 and 50 mg kg−1. Mastovska and Wylie (2012) also
applied this technique to determine 100 pesticides (OCPs and
organophosphorus pesticides [OPPs]) from different dietary supplements (ginseng and dandelion). While most GC–QqQ–MS
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Tables 34.1
Selected Examples of GC and LC MS-Based Methods for Different Groups of Contaminants and Other Compounds Detected Widely in
Foodstuffs Samples
Group of Analytes

Food Matrix

Analysis Method

Pesticides
Pesticides (151)

Strawberries

GC–QqQ–MS

Pesticides (33)
Pesticides (148)

Peanut oil
Berries

Pesticides (9)

Fruits, vegetable, cereals, and
animal products
Fruits and vegetables
Chinese herbs
Tea, Chinese cabbage, and
human breast milk
Olive and olive-pomace oils

GC–EI–Q–MS
LC–ESI–QqQ–MS/MS
UHPLC–ESI–Q–TOF–MS
LC–ESI–IT–MS/MS

Sensitivity

References

LODs: 4 mg kg−1
LOQs: 10 mg kg−1
LODs: 0.5–8 μg kg−1
LODs: 0.005–0.5 µg g−1

Plaza-Bolaños et al.
(2007)
Li et al. (2007)
Wang et al. (2010)

LOQs: 0.002–0.01 mg kg−1

Brutti et al. (2010)

GC–EI–QqQ–MS/MS
GC–EI–Q–MS
GPC–GC–EI–MS

LODs: 0.1–50 ng g−1
LOQs: 2.5–100 μg kg−1
LODs: 1–20 ng mL−1

Cervera et al. (2010)
Wang et al. (2011)
Yu et al. (2012)

GC–IT–MS/MS

LOQs: 0.1–2.6 μg kg−1

GC–APCI–QqQ–MS/MS
GC–EI–TOF–MS

LODs: 3 ng g−1
LOQs: 0.01 mg g−1
LODs: 3–21 ppb
LOQs: 9–71 ppb

Pesticides (240)
Pesticides (350)

Fruits and vegetables
Fruits and vegetables
Oilseeds (peanut, soybean,
rapeseed, sesame, and
sunflower seed)
18 different foods
Honey

Ballesteros et al.
(2006)
Portolés et al. (2012)
Cervera et al. (2012)
Wang et al. (2012)

Pesticides (124)

Rice

GC–EI–QqQ–MS/MS

Veterinary Drugs
Sulfonamides (18)

Milk

Nano-LC–IT–MS
LC–ESI–QqQ–MS/MS
UPLC–MS/MS

Pesticides (130)
Pesticides (195)
Pesticides (176)
Pesticides (26)
Pesticides (8)
Pesticides (55)
Pesticides (68)

Sulfonamides (12)

GC × GC–EI–QqQ–MS

LC–ESI–Q–LIT–MS
LC–ESI–Orbitrap–MS

Veterinary drugs (29)

Milk
Beef
Baby food

Mycotoxins
Mycotoxins (3)
Mycotoxins (20) and
fungal metabolites (200)
Mycotoxins (18)

Bread
Fruits and vegetables
Cereals and cereal foods
Baby food

LC–HCD–Orbitrap–MSa
HPLC–ESI–FT–Orbitrap–
MS
LC–ESI–QTRAP–MS/MS
LC–ESI–LIT–Orbitrap–MS

Mycotoxins (11)

Cereals

Mycotoxins (6)

Multicereal baby food (48)

LC-ESI-QqQ-MS/MS
LC-APCI-QqQ-MS/MS
LC–ESI–QqQ–MS/MS

Fish oil

GC × GC–TOF–MS

Fish and sea fish, meat and
meat products, dairy products,
vegetable oil, and butter
Chicken whole blood
Fish
Milk

GC–EI–IT–MS/MS

Persistent Pollutants
PCDDs/PCDFs (17)
PCBs (4)
PCDDs/PCDFs (17)
PCBs (12)
PCBs (10)
PBBs (11)
PCBs (24) and PBDEs (7)

UHPLC–ESI–QqQ–MS/MS

GC–LVI–EI–IT–MS–MS/MS
GC–EI–IT–MS/MS
GC–EI–IT–MS/MS

LODs: 1.2–49 ng g−1
LC–IT–MS: 2–8 ng g−1
LODs: 1–50 ng g−1
LODs: 0.1–7.5 ng g−1
LOQs: 0.4–26.3 ng g−1

Zhang et al. (2012)
Gomez-Perez et al.
(2012)
Hou et al. (2013)

LODs: 2–40 µg g−1
LOQs: 8–96 µg g−1
LODs: 1.8–6.4 μg kg−1
LODs: 1.6–8.0 μg kg−1
LODs:
bCCa: 0.5–16.2 ng g−1
cCCb: 1.2–22.4 ng g−1

D’Orazio et al. (2012)

LODs: 7–17 ng g−1
LODs: 8–160 ng g−1

Monaci et al. (2011)
Lechner et al. (2011)

LOQs:
QTRAP: 0.45–45 ng g−1
LIT–Orbitrap: 7–70 ng g−1
LOD: 0.01-20 ng g-1
LOQ: 0.02-40 ng g-1
LOQ: 1–10 µg g−1

Rubert et al. (2012)

LODs: 0.019–7.8 pg g−1 (TEQ)
LODs: <2.3 pg g −1
LODs: 0.09–0.36 pg injected
LODs: 0.03–0.09 pg injected

Hoh et al. (2008)

LODs: 0.05–0.5 ng g−1
LODs: 0.03–0.16 ng g−1
LODs: 0.02–3.22 pg g−1
LOQs: 0.07–10.72 pg g−1

Haskins et al. (2010)
Malavia et al. (2011)
Roszko et al. (2012)

Zhao et al. (2012)
Aguilera-Luiz et al.
(2012)

Soleimany et al. 2012
Juan et al. (2013)

Malavia et al. (2008)

(Continued)
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Tables 34.1 (Continued)

Selected Examples of GC and LC MS-Based Methods for Different Groups of Contaminants and Other Compounds Detected Widely in
Foodstuffs Samples
Group of Analytes

Food Matrix

Analysis Method

Sensitivity

References
Kalachova et al.
(2011)

GC–EI–QqQ–MS/MS

LOQs: 0.1–0.5 ng g
LOQs: 0.5 ng g−1
LOQs: 0.05–0.25 ng g−1
LODs: 0.006–0.009 ng g−1

Cow milk
Olive and olive-pomace oils

GC–Q–MS
GC–IT–MS/MS

LOQs: 0.31–3.3 ng g−1
LOQs: 0.15–0.2 μg kg−1

Phthalate esters (6)

Olive oil

GC–IT–MS/MS

Acrylamide
Steroid hormones (9)

French fries, potato crisps
Beef

GC–PCI–IT–MS/MS
RRLC–QqQ–MS/MS

Bisphenols, BADGEs,
and related compounds
(13)
Bisphenol-type endocrine
disruptors (4)
Perfluorinated
compounds (8)

Soft drinks

LC–QqQ–MS/MS

LOQs:
EI–MS/MS: 0.2–182 μg kg−1
CI–MS/MS : 0.4–195 μg kg−1
LOD: not reported
LODs: 0.05–0.2 µg g−1
LOQs: 0.2–0.7 µg g−1
LODs: 0.012–0.04 ng mL−1
LOQs: 0.040–0.132 ng mL−1

Feng et al. (2005)
Ballesteros et al.
(2006)
Cavaliere et al. (2008)

Food-contact-recycled paper
materials
Fish and shellfish

GC–EI–IT–MS
UPLC–ESI–Q–TOF–MS
LC–QqQ–MS
LC–IT–MS
LC–Q–LIT–MS

Barley, meadow fescue,
and carrot
Beers

GC–EI–MS–SIM

PCBs (18)
PBDEs (7)
PAHs (32)
PCBs (12)

Fish and shrimps

GC–EI–TOF–MS

Meat and seafood

Other Contaminants
Phthalate esters (6)
PAHs (4)

Galaxolide, tonalide, and
triclosan
Biogenic amines (18)

Allergens and Preservatives
Milk allergens
Cookies
Preservatives (7)
Cheeses
a
b
c

−1

LODs: 0.16–0.65 µg g−1
LODs:
LC–QqQ–MS–SRM:
0.1–0.3 ng g−1
LC–QLIT–MS–SRM:
0.005–0.01 ng g−1
LC–QLIT–MS–EPI:
0.005–0.10 ng g−1
LC–IT–MS: 0.06–5 ng g−1
LC–IT–MS/MS: 2–5 ng g−1
LC–IT–MS3:2–8 ng g−1
LOQs:0.001–0.06 mg g−1

GC–EI–Q–MS–SIM

LODs: 2.9 ng mL−1
LOQs: 0.02–0.03 ng g−1

LC–ESI–Q–TOF–MS
RP–LC–ESI–IT–MS/MS

Not reported
LODs: 0.02–0.26 μg g−1
LOQs: 0.07–0.88 μg g−1

Huo et al. (2012)

Lee et al. (2007)
Han-Wen Sun et al.
(2010)
Gallart-Ayala et al.
(2011)
Perez-Palacios et al.
(2012)
Llorca et al. (2010)

Macherius et al.
(2012)
Almeida et al. (2012)

Monaci et al. (2010)
Fuselli et al. (2012)

High-energy collision–dissociation cell.
Decision limit.
Detection capability.

analysis used EI as the ionization source, Portolés et al. (2012)
studied 142 pyrethroids in fruit and vegetables using a new APCI
source in the SRM mode. In contrast to the extensive fragmentation typically obtained in classical EI, the soft APCI ionization
allowed the selection of highly abundant protonated molecules
([M + H]+) as precursor ions for most compounds. This was
favorable for both sensitivity and selectivity. Compared to EI, little or no fragmentation occurs while compared to PCI/NCI, the
applicability to different classes of compounds was much wider.
Besides the selectivity advantage arising from the ability to use
the quasi-molecular ion as the precursor ion, the sensitivity was
also found to be substantially improved (LODs <20 fg).
Until now, most applications of QqQ–MS have focused on target-compound analysis and quantification. QqQ–MS is limited

for nontarget analysis, compared to some other MS analyzers,
such as TOF–MS and ion trap (IT)–MS, described below. In
addition, another shortfall of the LC–QqQ–MS method is that
the MRM mode limits the total number of transition-ion pairs
detected for each chromatographic run, with typical monitoring
of <50–100 transitions (Wang et al. 2013).
Besides QqQ, IT instruments have also been successfully
performed either for structure elucidation or/and screening and
quantification of contaminants in food samples. The IT mass
analyzer is a tandem-in-time mass spectrometer and unlike the
QqQ, fragmentation within an IT–MS instrument occurs by trapping and exciting the precursor ion as a function of time. By iterating ion trapping and scanning, it allows the generation of CID
spectra of the parent and fragment ions (and their product ions),
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resulting in a hypothetically infinite number of fragmentation
patterns (MSn). MSn is particularly attractive in identifying new
compounds, since it provides fragmentation pathways that, in
many cases, are not as obvious in product-ion spectra obtained
by QqQ or QqTOF (Calza and Fabbri 2014).
Despite its distinct advantages as a diagnostic analytical tool
(i.e., high sensitivity in the scan mode and high ability to provide
a more comprehensive dataset for structure elucidation of suspected or unknown compounds), IT falls short of being able to
quantify analytes at trace level. It provides much less sensitivity
compared to the QqQ instrument since NLSs are not possible
with this technique and consequently, quantification is less reliable than MRM with a QqQ instrument.
However, significant improvements and enhanced sensitivity can be obtained with modern quadrupole/linear ion trap
(QLIT–MS/MS) instruments. These new-generation hybrid mass
spectrometers take an advance of IT technology combining
QqQ-scanning functionalities with sensitive linear ion trap (LIT)
scans. This is possible because of their configuration, which combines the attributes of QqQ and IT operation modes, including
the classical SRM mode. In these systems, the Q3 can be closed
by repulsive direct current (dc) voltages and eventually used as
an LIT with axial ion ejection. Thus, using this configuration, the
same mass analyzer can be run in two different modes, retaining the classical QqQ scan functions, such as MRM, production,
neutral loss, and precursor ion, while providing access to sensitive IT experiments (MSn). Hence, working in the LIT mode, the
QLIT–MS provides improved performance and enhanced sensitivity in the full-scan MS and PIS modes (Agüera López et al.
2014; Calza and Fabbri 2014).
This system has been proved to be a very powerful tool for
rapid identification of contaminants in food analysis. A nice
example in this field is the recent study of Zhang et al. (2012),
where a protocol for LC–ESI–Q–LIT–MS library spectra was
developed for the identification of 240 pesticides in foods, based
on the spectra collected from two laboratories. The approach
included a scheduled MRM survey scan, information-dependent
acquisition-triggered collection of the spectra, and library search,
which was applied to examine the identity of the 240 target pesticides in one single LC–Q–LIT–MS analysis. Another interesting
application of the LC–Q–LIT–MS system is that presented by
Rubert et al. (2012) for the quantification of 18 mycotoxins from
wheat-based baby food. Finally, in a recent comprehensive study
of Llorca et al. (2010), the analytical suitabilities of three different LC–MS/MS instruments (QqQ, IT–MS, and Q–LIT–MS), as
both a qualitative (identification and confirmation capabilities)
and quantitative (sensitivity, precision, and accuracy) tool for the
determination of perfluorinated compounds (PFCs) in fish and
shellfish were compared. The authors conclude that QqQ and
Q–LIT–MS operating in the SRM mode provided better precision and a wider dynamic range than the conventional IT–MS.
Although the three instruments showed similar accuracy, Q–
LIT–MS was found to give the highest sensitivity, whereas IT
was the least sensitive.
The confirmative power of MS/MS is further enhanced with
HRMS instruments that provide high mass accuracy and allow
acquisition of the complete isotopic envelope in the full-scan
mode. Among them, TOF systems have been described as powerful tools for target and nontarget analysis of food contaminants.
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TOF instruments measure the mass-dependent time employed by
ions of different m/z to move from the entrance of the analyzer,
where they are orthogonally accelerated in a pulsed manner to
the detector. The TOF mass analyzer has the advantages of a
wide m/z range, high resolution (that of the modern TOF–MS
usually in the range of 30,000–60,000 full width at half-maximum, FWHM), good mass assignment accuracy, with an error
typically lower than 3 ppm, and high sensitivity and allows rapid
mass scanning in a theoretically limitless scan range (Calza and
Fabbri 2014). The merits of LC–TOF–MS make it extremely convenient for the analysis of large amounts of target compounds
in food samples. One of the main reasons that TOF has become
so popular in the last few years is the fact that accurate mass
measurements are specific and universal for any kind of analyte
and do not depend on the type, brand, or specific instrumentation used. The degree of fragmentation may vary depending on
the instrument used; however, the specific accurate mass value
and/or accurate isotope information will be consistent for a given
analyte, regardless of what type of ionization, collision-induced
dissociation, and MS–MS fragmentation is used. Accurate
mass determination allows obtaining unique information for a
given molecule, plus additional information from isotopic patterns, mass defect, and specific fragmentions. The existence of
accurate mass databases is another important tool that nominates TOF as one of the key methodologies for identification/
confirmation of analytes. An individual scientist can apply these
universal databases to each particular problem and then often
get identification on the target analyte. Thus, combining the
elemental composition with the database searching, a reliable
identification/confirmation of target analytes and unknown or
nontarget contaminants can be obtained in complex matrices or
in the presence of coeluting compounds. Furthermore, it is worth
to point out that for screening purposes, full-scan data can be
evaluated retrospectively for compounds or metabolites that were
not identified in the first instance. Namely, a careful examination
of old raw datasets for ions of novel residues without reanalysis
of samples is feasible, provided a residue has passed the sample
preparation, chromatographic separation, and ionization process
with sufficient yield.
However, even though these instruments show higher sensitivity in full-scan acquisition in comparison to other MS analyzers, they fail in the determination of low amounts of compounds,
being around one order of magnitude less sensitive than a QqQ
instrument in the SRM mode. In addition, TOF instruments suffer from narrow dynamic ranges of a maximum of two orders of
magnitude. Although the use of LC–TOF–MS for quantitation
is still limited due to its dynamic linear range compared to LC–
QqQ–MS, recent advances in LC–TOF–MS make the quantitative analysis of pesticides in foods feasible on a routine basis.
For example, an LC–TOF–MS method was evaluated by Fontana
et al. (2011) for the determination of 15 fungicides in wine after
sorptive microextraction.
The use of hybrid QqTOF instruments has also been employed
to identify and quantify contaminants in food. QqTOF mass
analyzers combine the stability of a quadrupole analyzer with
high efficiency, sensitivity, and accuracy of TOF reflectron mass
analyzer and are typically coupled to ESI sources. The QqTOF,
in which the final resolving mass filter of a QqQ is replaced by
a TOF analyzer, not only allows MS2 operation but also has the
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accuracy and the resolution necessary to perform exact-mass
measurements in a single instrument. It offers significantly higher
sensitivity and accuracy of tandem quadrupole instruments when
acquiring full-fragment mass spectra. While the accurate mass
obtained from TOF permits to establish the elemental composition of a compound, QqTOF reveals the elemental composition of
all productions obtained; this is a crucial feature of this analyzer
in the elucidation of the chemical structure of an unknown compound. The possibility of MS/MS analysis minimizes in part the
limitations of single TOF, enhancing the sensitivity and selectivity. However, the main strength of these instruments still relies
in their great potential for structure identification and confirmation purposes compared with QqQ. Thus, most of the applications of HRMS systems are mainly focused to the investigation
of unknown compounds. A nice example in this field is the work
of Picó et al. (2010) who used a UPLC–Q–TOF–MS strategy for
profiling compounds and their transformation products from the
postharvest treatment of pears and apples, and demonstrated the
ability of Q–TOF–MS in the nontarget analysis of unexpected or
unknown compounds and transformation products.
Taking advantage of the fast speed, high sensitivity, and easy
automation of performance, matrix-assisted laser desorption/
ionization time-of-flight (MALDI-TOF)-based approaches were
also employed to detect contaminants in food samples. As an
example, a novel method based on UPLC–MS/MS was developed for fast (<10 min) determination of quinolones and fluoroquinolones in powdered milks to monitor antibiotic residues in
milk (Herrera-Herrera et al. 2011). The method was successfully
employed to analyze 16 samples of powdered milk for infants
and young children of different types, origin, and composition purchased at Spanish markets. Fortunately, residues of the
selected antibiotics were not detected in the target milk samples and the authors conclude that the proposed method can be
applied regularly for monitoring antibiotic residues in powdered
milk products at markets (Xu et al. 2013). Moreover, in spite of
its restriction owing to rapid analyte degradation due to direct
exposure to laser radiation, MALDI-TOF was also employed to
detect AFB1, B2, G1, and G2. This strategy used a UV-absorbing
ionic liquid (a-cyano-4-hydroxycinnamic acid) matrix to obtain
“matrix-free” mass spectra, which resulted in a lower LOD (50
fmol) than other MS methods (Catharino et al. 2005). NaCl was
added to the MALDI matrix to enhance sensitivity via Na cationization (Li et al. 2013).
Among the most recent innovations in the hybrid instruments
and the field of LC–high-resolution MS/MS instrumentation,
which has great advantages for screening and identification of
unknown compounds, compared to the aforementioned spectrometers, is the hybrid LIT Fourier transformation (FT) Orbitrap
mass spectrometer, employing the FT algorithm. The use of
Orbitrap combines the tandem MS capability of the LIT with the
high resolution and mass accuracy capability of the FT Orbitrap,
allowing high-quality accurate mass MSn spectra to be acquired.
FT of the acquired transient allows wide mass range detection
with high-resolving power, mass accuracy, and dynamic range
(Makarov et al. 2006). Currently, there are five Orbitrap models available from Thermo Scientific. High-accuracy mass measurements are within 2 ppm using an internal standard (IS) and
within 5 ppm with an external calibration. The relative mass
error of the LIT Orbitrap is stable between 1.0 and 3.0 ppm for

masses higher than 150 Da, while for masses below 150 Da, a
mass error of 5.0 ppm is observed.
As a result of its outstanding resolving power, high ion transmission resulting in higher MSn sensitivity, accurate mass measurement, and MSn capabilities, the applicability of the LIT FT
Orbitrap MS has been increased rapidly in the last few years.
As examples, Rubert et al. (2011) demonstrated the application
of an LC/ESI–IT–Orbitrap MS for the detection of 18 mycotoxins (AFTs, OTA, ZEA, ZOL fumonisins, trichothecenes, sterigmatocystin, and beauvericin) in beer, whereas Monaci et al.
(2011) reported a single-stage, HRMS equipped with a highenergy collision–dissociation cell (HCD) for the analyses of
DON, T-2, and HT-2 in a bread model food. In another interesting study, Zachariasova et al. (2010) compared UPLC–TOF–MS
and UPLC Orbitrap–MS with 13C-surrogates as ISs to identify 11
major Fusarium mycotoxins in cereals and fully satisfied regulatory requirements in the EU. The TOF–MS (resolving power up
to 12,000 FWHM) strategy was unable to directly detect these
mycotoxins in crude acetonitrile–water extracts due to significant
matrix coextracts. These resulted in inadequate LODs, even with
quick, easy, cheap, effective, rugged, and safe (QuEChERS)-like
extractions assisted by inorganic salts. The use of Orbitrap analyzer (resolving power up to 100,000 FWHM), lowered LODs
in crude acetonitrile–water extracts. Finally, very recently, the
benefits of the combination of MALDI with Orbitrap systems
have been well demonstrated by Ivanova and Spiteller (2014).
The study focuses on the advantages of the UV–MALDI–
Orbitrap–MS method compared to the traditionally involved
GC alone or hybrid methods such as GC–MS and LC–MS/MS
for the quantification of pesticides of the uracil-substance group
(bromacil, terbacil, lenacil, butafenacil, and flupropacil) in fruitbased soft drinks. The authors conclude that the advantages of
UV–MALDI–Orbitrap–MS method, including the direct imaging and screening of the analyte samples, ultra-high-resolving
power, fast measurement time, and capability for the analysis of
highly complex, homogeneous, and heterogeneous systems make
the method of choice for food stuffs analysis.
In addition to Orbitrap instruments, Fourier transform ion
cyclotron resonance mass spectrometry (FT-ICR-MS) was
recently employed for applications in food safety and quality
(Yeboah et al. 2011). FT-ICR-MS is another type of high-resolution mass analyzer for determining the m/z of ions based on
the cyclotron frequency of the ions in a fixed magnetic field. It
has one of the most sensitive ion detection methods with resolving power of more than 750.000 FWHM and mass accuracy of
<1 ppm. In spite of the demonstrated advantages, however, the
high cost of this technology has restricted its application to some
very specialized research works mainly focused on structure elucidation of different food contaminants.

34.7 Matrix Effect
In chemical analysis, the matrix can have a considerable effect
on the way the analysis is conducted and the quality of the results
obtained (e.g., the ionic strength); in GC or LC analysis, some
analytes can give peaks showing a low response, poor peak
shapes, or show up in the detector, which is a common phenomenon in fruit- or vegetable-based matrices. A complex cleanup
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process, higher blank addition standard, high temperature of the
injector, low transference volume to the column, base material,
and so forth, are factors that affect reproducibility and accuracy,
known as the matrix-induced chromatographic response effect
(matrix effect). Increasing numbers of reports are devoted to
the reduction of matrix effects and improvement of sensitivity.
For example, Ferrer et al. (2011a) verified how the matrix components could affect quantitation. They reported that different
matrix effects could be divided into three classes depending
on the value of their percentage: no matrix effect (−20%–20%),
medium matrix effect (−50%–20% or 20%–50%), and a strong
matrix effect (<−50% or >+50%).

34.8 Quantification
MS-based quantification of food contaminants is typically performed with the use of QqQ or QTRAP instruments and requires
sophisticated internal and external standardization. Internal
standardization circumvents the effects of time-variant instrument response, but does not compensate for differentionization
efficiencies of the analyte and standard. Different methodologies for internal standardization include the use of an IS during sample preparation or prior to sample injection into the
LC–MS, to reduce the matrix effects. In its most widely applied
form, a known concentration and volume of an IS is added to
each standard and sample preparation. The IS can be a stable
isotope-labeled standard (isotopomer) of the target analyte or a
compound exhibiting close similarity in terms of ionization efficiency and retention time that would not interfere with the analysis. If spiked at the beginning of analysis, an IS can compensate
matrix effects during the ionization process in the ion source as
well as losses during sample preparation. For reliable results, the
relative concentration of the analyte and IS should not differ by
more than a factor of about 10. The ratio of the sample response
to the IS response is independent of the sample volume injected
and instrument sensitivity and thus can provide reliable quantification. Many different ISs have been evaluated for a higher sensitive analyte determination, including non-deuterated analogs,
with chemical structures similar to those of the target analytes,
containing the stable isotopes 2H, 13C, or 15N. Such an IS will
behave almost identically to the analyte during sample preparation, chromatographic separation, and MS ionization. Thus, the
ratio of the amount of IS to the analyte will remain constant up to
the point of analysis. The mass spectrometer will then be able to
independently detect the isotopically labeled standard by virtue
of the heavier mass of its parention and fragmentions containing
the labeled moiety. Quantification is then achieved by measuring
the ratio of ions from the analyte and the IS, rather than an absolute value as in the use of an external standard. Then, knowing
the amount of standard added, the amount of the analyte present
in the sample can be calculated from a comparison of the determined ion ratios.
For instance, a rapid method was developed by Campone et al.
(2011) for measuring OTA in wine samples via dispersive liquid–
liquid microextraction combined with MS/MS with a 2H5-OTA
IS. Under optimized extraction conditions, this method provided
high sensitivity, excellent accuracy, and good precision, which
satisfied current regulations. In another interesting study, novel
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stable-isotope-dilution assays (SIDAs) have been developed
for the quantitation of biogenic amines (BAs) in several foods
(salami, cheese, Italian wine, canned tuna, and sauerkraut) by
LC–MS/MS. In this method, isotopically labeled BAs were
added as IS to the food suspensions in trichloroacetic acid to
reduce erroneous results due to extraction and uncertainty in
the degree of derivatization (Mayr and Schieberle 2012). Finally,
a sensitive LC–ESI–TOF–MS (with a Z-spray source) method
with an SIDA using two-dimensional (2D)-AFB2 and 2D-AFG2
was demonstrated by Cervino et al. (2008) to quantitate AFTs
in foods (almonds and wheat flour). It is worth to point out that
in multiresidue methods, where hundreds of analytes are to
be quantified; a number of ISs representing different chemical
classes of analytes are generally used.
For external standardization, a construction of a calibration
curve, that is, from plotting measured intensities versus rising
concentration of the target compound is usually performed.
The preparation of a calibration curve requires repeated measurements that can be very time consuming in case of a slow
chromatographic separation. In addition, drifts in instrument
sensitivity, for example, due to ion source contamination, can
deteriorate the quantitation result. Depending on the instrument’s dynamic range, the range of linear response is in the
order of two to four orders of magnitude. Matrix-matched calibration is the most commonly used technique to counter ion
suppression as well as allowing the measurement of matrix
effects by comparing the calibration set prepared in a pure solvent. Different concentrations of the analyte are spiked into a
blank matrix and linear calibrations are performed for each
analyte (Furey et al. 2013). Matrix-matched calibrations are
often used in combination with an IS to compensate for ion
suppression better. In the case of samples with variable matrices, the standard addition calibration model is usually used.
In this technique, the sample is spiked with known concentrations of a standard and a graph is prepared from the standardenriched sample that is extrapolated back to the x-axis to give
the actual concentration in the sample. The concentration of
the unknown can then be calculated from where the regression
curve of the responses versus the standard additions intercepts
the abscissa (y = 0). The advantage of this method is the elimination of any chemical or physical bias between the standards
and samples, but this is achieved at the cost of a six- or sevenfold increase in the number of determinations required for
each sample.

34.9 Requirements for Mass Spectrometry
Several recent official documents propose various new rules
and strict quality assurance criteria for confirming the presence of residues of contaminants in foodstuff samples taking
into account the latest advances in MS. Among them, the regulations of the U.S. Food and Drug Administration (FDA) and
the EU, are the most widely used. The identification criteria
set by both these regulatory authorities are based on similar
approaches and are quite stringent. The EU takes a slightly
different approach to the FDA in setting the criteria for identification but agrees with the FDA in accepting only GC/MS and
LC/MS methods in their requirement for an analyte standard.
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Table 34.2

Table 34.4

EU Criteria for Mass Spectral Matching (2002/657/EC)

Recommended Maximum (Default) Tolerances for Ion Ratios
Using Different MS Techniques (EC 2013)

MS Scan
Full scan

SIM

Requirements
• A minimum of four diagnosticions (molecular ion, adducts,
fragments, and isotope ions) with an intensity. >10% in the
standard must be observed in the sample.
• The molecular ion must be included if the relative intensity
is 2:10% of the base peak.
• The relative intensities of the sample diagnosticions are
required to match those of the standard, within specified
tolerances (Table 34.4).
• The molecular ion shall be one of the selected
diagnosticions.
• The S/N for each diagnostic ion shall be 2:3:1.
• A minimum of four identity points (Group A, banned
substances) (Table 34.3) must be accumulated and these
must be derived from at least one ion ratio measurement,
meet the specified intensity tolerances (Table 34.4), and not
more than three techniques can be used to achieve the
minimum number of identity points.

The main themes have been summarized in one of the most
comprehensive and exhaustive guidelines on confirmatory
assays, the European Commission Decision 2002/657/EC (EC
2002) concerning residues analysis of regulated veterinary
drugs (with relative analytical standards available) in food.
This guideline has introduced new definitions and criteria
for confirmatory analysis, where chromatographic separation
coupled to MS plays the leading role (Table 34.2). According
to 2002/657/EC, an unambiguous determination is based on
a system of identification points (IPs) to score the MS data,
in which the number of IPs given in MS analyses depends on
the general degree of selectivity of the MS technique used.
This well-defined approach gives a definite answer for decision
makers and in accordance with EU SANCO guidelines (EC
2013), both have grown in popularity. The more selective and

Ion Ratio
(Least/Most
Intense Ion)

Maximum Tolerance
(Relative) for
GC– EI– MS

0.50–1.00
0.20–0.50
0.10–0.20
<0.10

±10
±15
±20
±50

Maximum Tolerance
(Relative) for LC–MSn,
LC–MS, GC–MSn, and
GC–CI–MS
±30
±30
±30
±30

specific the technique, the more information points are readily
accumulated. Table 34.3 precisely indicates how LC–MSn and
HRMS can bring rapidly to this minimum IP accumulation.
For more simple instrumentation, such as Q–LC–MS, a similar approach is also possible, but it requires the accumulation
of information points from more than just one run. According
to the strictest criteria for forbidden substances, four IPs are
necessary to confirm the presence of a target compound, while
for other substances (Group B), a minimum of three IPs is
required. If a certified standard is available, the permitted tolerances of both relative retention times (0.5% for GC and 2.5%
for LC) and intensities of the detected ions have also been set
(Table 34.4).
Last but not the least, in addition to the mass spectral aspects
of these assays, which were outlined previously, extensive
requirements with respect to compliance with good laboratory
practice, assay validation procedures, and laboratory accreditation (e.g., staff training, laboratory equipment, documentation,
quality assurance, and quality control) should also be taken into
account by the analyst.

34.10 Capillary Electrophoresis
Table 34.3
Identification Criteria for Different MS Techniques (EC 2013)
Single-Stage
MS (Unit
Resolution)

Single-Stage MS
(High Resolution/
High Mass Accuracy)

Typical
systems
(examples)

Quadrupole, IT,
and TOF

TOF, Orbitrap,
FTMS, and magnetic
sector

Acquisition
mode

Full scan
Limited m/z
range
Selected ion
monitoring
≥3
diagnosticions,
preferably
including the
(quasi)
molecular ion

Full scan
Limited m/z range
Selected ion
monitoring

MS Mode

Requirements
for
identification

≥ 2 diagnosticions,
preferably including
the (quasi) molecular
ion
Mass accuracy
< 5 ppm; at least one
fragmention
Ion ratio(s): according to Table 34.3

MS/MS
QqQ, IT, and
hybrid MS
(e.g., Q–TOF,
QTRAP)
Selected/MRM
(SRM),
full-scan
production
spectra
≥ 2 productions

Besides LC and GC, capillary electrophoresis (CE) (for polar or
charged metabolites) has also been coupled with MS or MS/MS
in metabolomic studies. This technique became very popular in
food analysis due to its advantages of being simple and highly
efficient, and providing automated separations with the need for
only small sample volumes and low consumption of reagents
and solvents. For instance, capillary zone electrophoresis (CZE)
method coupled to MS/MS detection was developed for the
quantification of citrus flavonoids (naringin, neohesperidin, hesperidin, and narirutin) in the methanolic extract of sweet and bitter orange peel (Sawalha et al. 2009). Despite being successfully
applied in many studies, CE–MS- based methods still have some
unsolved problems. Specifically, reproducibility tends to be one
of the major challenges, due to the small size of the samples and
analytical conditions.
Because it is outside the scope of this chapter to discuss the
principles of CE and MS detection in detail, we refer to several
excellent reviews for more-detailed information on the different
approaches and most-recent applications of CE–MS in monitoring food interactions and food processing (Font et al. 2008;
Castro-Puyana et al. 2012; Hu and Xu 2013; Xu et al. 2014).
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34.11 Conclusions and Future Perspectives
The continual innovations in MS technologies (e.g., new analyzers invented [e.g., Orbitrap]), the old ones improved (e.g.,
TOF), new configurations assembled (e.g., QIT–TOF and LIT–
Orbitrap), and the improvements in chromatography and interface techniques (e.g., UHPLC, comprehensive bidimensional
or multidimensional separation techniques) have enabled new
powerful strategies in food-stuffs contamination assessment and
analysis. In this context, a number of chromatographic MS techniques have demonstrated their impressive analytical potential in
food safety and quality, during the last decade. Different detection systems were evaluated for analyte determination and quantification, including classical and advanced analyzers. Advanced
analyzers such as QqQ–MS/MS, QqTOF, and Q–MS are among
the most widely used, although for a large quantity of compounds, the use of QqQ–MS/MS is recommended because of
the possibility of simultaneous confirmation and quantification
of the target compounds with excellent selectivity and sensitivity. Overall, QqQ and QqTOF obtain lower limits for multiresidue methods and can be suited for routine analysis of multiclass
analytes. Nevertheless, GC or LC coupled to Q, IT, and TOF are
still applied in many food fields. As regards Orbitrap systems,
the use of LIT FT Orbitrap MS is steadily increased. It has made
tremendous contributions to the development of fast screening
and reliable identification/confirmation methods and will inevitably become shortly an essential and exceptional field of focus
in food analysis.
To conclude, forecasting the future is always fraught with difficulties; however, given the enormous evolution of MS technology in recent years, the future of MS looks to be very bright and
next-generation MS instruments (e.g., incorporating aspects of
screening and targeted approaches by combining different MS
techniques [e.g., QqQ and full-scan HRMS]) are anticipated very
shortly. Ultimately, with novel MS technologies (e.g., MALDI,
DESI, DART, etc.) and further efforts in system miniaturization,
MS will undoubtedly facilitate the future advances in food-stuffs
contamination assessment and analysis.
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35.1 Introduction
Nuclear magnetic resonance (NMR) spectroscopy is undoubtedly one of the most powerful analytical techniques available
today for the qualitative and quantitative analysis of organic (and
also inorganic) compounds. During the 1980s, important hardware advances paved the way for the increased use of NMR in
the structural characterization of chemical compounds, while the
availability of sophisticated software meant that the acquisition
and interpretation of NMR spectra was easier, making NMR
accessible to a more general scientific audience, a trend that continues strongly today (Spyros and Dais 2012). Since foods are,
from a chemical point of view, complex mixtures of organic
compounds, NMR is an ideal tool for their analysis, because of
its inherent quantitative character (van Duynhoven et al. 2013).
NMR signals are directly related to the abundance of chemical
compounds in a food matrix; so, it did not take a long time for
food scientists to realize that NMR can be used for the compositional analysis of foods in the early 1980s. Furthermore, the
NMR spectrum of a compound can be considered its fingerprint;
thus, problems such as the identification of illegal or dangerous
chemical compounds (e.g., additives, degradation products, toxic
substances, etc.) in foods that form the core of quality-control
procedures naturally led to the development of suitable NMR
methodologies for addressing them. Food degradation, processing, conservation, and cooking are all procedures that alter the
chemical composition of foods in a small or big manner, and thus
are amenable to analysis by NMR spectroscopy.

One of the most important attributes of NMR spectroscopy is
its versatility. Nowadays, NMR spectrometers are available that
can be used to analyze samples in the liquid, solid, or even the
gas state, matching the incredible variety of the existing food
matrices and analysis problems to be tackled. Table 35.1 presents
an overview of the different magnetic resonance methodologies
that can be applied in food analysis, indicating the most suitable
food type, general applications, and the merits of each technique.
The discussion of each NMR technique’s applicability in foods
will of course be dealt upon frequently throughout this chapter
in more detail.

35.2 Basic Theory
NMR spectroscopy is based on the quantum phenomenon of
nuclear spin. Some atomic nuclei, depending on the number of
protons and neutrons in the nucleus, possess nonzero values of
spin; for example, 1H, 13C, 31P, and 15N all have a spin of 1/2.
Because of the spin, these nuclei also have an associated magnetic moment μ; so, they can be thought of as behaving like small
magnets. This is the classical (and not the quantum-mechanical)
view of the NMR phenomenon (Spyros and Dais 2012), but it
will suffice for our purpose, which is to present a simple picture
of spin 1/2 NMR suitable for the novice user.
Away from strong magnetic fields, the nuclear spin (let us
assume it is a proton with spin 1/2), which for our purposes we
can imagine as a small vector, is “silent,” and it can assume any
659
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Table 35.1
NMR Methodologies and Their Main Application in Food Analysis
Technique
Liquid- state
NMR
HR-MAS
solid-state
NMR
CP-MAS
solid-state
NMR
Low-field
NMR
MRI

Examples of Food Type

Analytical Aspect

Advantages

Liquid foods (wine, oils, and
infusions) or extracts of solid
foods
Semisolid foods (cheese, meat,
and vegetables)

Chemical composition, nutritional
information, and metabolite
fingerprinting
Chemical composition, metabolite
fingerprinting

Solid foods with a crystalline
or highly immobile phase
(seeds, biopolymers)
Liquid and solid foods

Structural characterization, chemical
composition
Water/matrix distribution, phase
transitions, and dynamic phenomena
Defect detection, phase changes, and
component diffusion

Solid and semisolid foods

direction (Figure 35.1a). When an organic sample is positioned
under a strong magnetic field B0 (i.e., inside an NMR magnet),
spin 1/2 nuclei in the sample populate two different energy levels, α and β, as depicted in Figure 35.1b, with level α having a
slightly larger spin population. A radio-frequency pulse (of frequency ν) creates a momentary secondary field B1, which pushes
the spins from energy level α to energy level β, equating the
populations of the two levels (Figure 35.1c). Now, we have a spin
system out of equilibrium. The excess of spins in β will slowly
return to α (Figure 35.1d), via relaxation processes, promptly
called T1 and T2 relaxation. Relaxation is accompanied by emission of energy with a frequency of ν, which is promptly picked
up by a suitable receiver, and constitutes the NMR signal in the
time domain (FID, free induction decay). The FID is Fourier
transformed into the frequency domain to provide the 1H NMR
spectrum, which in our simple example of Figure 35.1 would
consist of a single peak at frequency ν, representing the single
type of spins in our imaginary sample. The familiar appearance
(a)

(b)

ΔE = hv

High sensitivity, 2D
NMR, quantitative

High-cost equipment, cryogens

High sensitivity, 2D
NMR, and no sample
pretreatment
No sample
pretreatment

High-cost equipment, cryogens

Low-cost equipment

High-cost equipment,
cryogens, not quantitative
Minimal compositional
information
No compositional information,
possibly cryogens

Noninvasive

of NMR spectra containing a multitude of signals at different
frequencies is obtained from studying real samples that usually
contain complex organic compounds possessing many different types of spins. The power of NMR spectroscopy stems from
the fact that the electronic and general environment of nuclei in
chemical compounds affects and modifies (a) the resonance frequency ν of their spin, thus producing NMR spectra with many
signals of slightly different frequencies (representing slightly different electronic environments), and (b) the multiplicity of the
signals produced (singlet, doublet, triplet, etc.), by a phenomenon
termed spin–spin scalar coupling (J coupling), which propagates
through bonding. If a spin 1/2 nucleus has N-direct magnetically inequivalent spin neighbors, its multiplicity will be N + 1.
A second coupling interaction exists that depends on the proximity of spins in space, and is called dipolar coupling. Dipolar
coupling is a through space interaction that is mainly relevant
in solid-state NMR spectroscopy, because in the solution, it is
more or less averaged out by fast diffusional motion. However, it
(c)

B0

Disadvantages

(d)

B1

B0

T1, T2

V

6.0 5.8 5.6 5.4 5.2 5.0 4.8 4.6 4.4 4.2

ppm

Figure 35.1 A simplistic view of the NMR phenomenon for a spin 1/2 nucleus, such as a proton. (a) Sample outside the magnet, (b) sample inside the
magnet, (c) sample irradiated by an RF pulse, and (d) spin system returns to equilibrium. Between (c) and (d), the NMR signal is acquired as the FID, which
is subsequently Fourier transformed to provide the NMR spectrum.
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H NMR spectrum of a typical alcoholic beverage, indicating the assignment and multiplicity of the proton signals of ethanol and water.
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is responsible for the nuclear Overhauser effect (NOE), which is
exploited in the solution-state NMR for obtaining distance information between nuclei in NOE experiments.
The effect of the electronic environment of nuclear spins
through spin–spin scalar J coupling on the appearance of NMR
spectra can be easily appreciated in the 1H NMR spectrum of an
alcoholic beverage, depicted in Figure 35.2. The main chemical
components of the beverage are water and ethanol. We expect
one NMR signal for each type of proton in the sample; thus, we
expect three signals for ethanol (methyl, methylene, and hydroxyl
protons) and one signal from water. The 1H NMR spectrum of
the alcoholic beverage shows only three peaks (because water
protons and the hydroxyl protons of ethanol have the same frequency) and their assignment is presented in Figure 35.2. The
methyl protons (a) of ethanol have two equivalent methylene
protons (b) as neighbors (N = 2), and thus, they produce a triplet signal (N + 1 = 3). Methylene protons (b) have three neighbors (N = 3), leading to a quadruplet signal. The signal due to
the hydroxyl proton c is a singlet, because of chemical exchange
effects with water protons. Note that the triplet signal has a peak
ratio of 1:2:1, while the quadruplet is 1:2:2:1; multiplicities are
obtained from a Pascal triangle.
The concepts of chemical shift and multiplicity in spectrum
interpretation are also valid in solid-state NMR, although in
cross-polarization magic angle spinning (CP-MAS), multiplicity
information is usually lost due to broad signals. In time-domain
NMR and magnetic resonance imaging (MRI), the important
parameters are the relaxation times T1 and T2, since chemical
shift information and multiplicity is lost due to low spectral resolution. To summarize, the parameters mostly exploited in any
form of NMR spectroscopy for obtaining information on the
sample studied are: the chemical shift δ (measured in ppm), the
scalar coupling J (Hz), the dipolar coupling (Hz), and the T1 and
T2 relaxation times (s).
A detailed theoretical description of two-dimensional (2D)
NMR spectroscopy is out of the context of this chapter; so, only
some basic points necessary to comprehend the application of
2D NMR in food analysis will be provided (Spyros and Dais
2012). The need for the second dimension stems from the fact

that in one-dimensional (1D) 1H NMR spectra, significant signal
overlap is observed, especially when complex mixtures such as
foods are under study. 2D NMR enhances selectivity by spreading the available information in a second dimension; usually,
that is also a chemical shift, resulting in homonuclear 1H–1H 2D
experiments (correlation spectroscopy [COSY], total correlation
spectroscopy [TOCSY], and nuclear Overhauser effect spectroscopy [NOESY]) or heteronuclear 1H–1X 2D experiments (heteronuclear single-quantum coherence [HSQC], heteronuclear
multiple-bond coherence [HMBC]), where X is usually 13C, 31P,
and 15N. Sometimes, the second dimension can involve the J coupling (JRES), or even the diffusion constant of molecules in the
solution (DOSY). The most useful 2D NMR experiments in food
analysis are presented in Table 35.2.
In low-resolution NMR (also called time-domain NMR), the
magnetic field B0 has a very low frequency, and thus, chemical
shift information is not available. This form of NMR spectroscopy is used to measure the different relaxation times (T1 or T2) of
molecules in the sample, and their diffusion coefficients. A similar condition also holds for MRI experiments, which are actually
volume-selective NMR experiments recording a spatially selective
spectrum of the sample. In MRI also, there is no chemical shift
information (usually, but not exclusively), and the MR image intensity is governed by relaxation and molecular diffusion (Hills 1998).

35.3 Modes of Application
35.3.1 High-Resolution Liquid-State NMR
Spectroscopy
High-resolution liquid-state NMR spectroscopy is the most commonly used NMR technique for the analysis of food samples,
and the predominant nuclei studied are 1H and 13C (which can
be found in all foods), followed by 31P, 15N, and 23Na in foods
containing such nuclei. The wide availability of high-resolution
NMR spectrometers in universities and research institutes, along
with the facile implementation of liquid-state NMR has no doubt
played a crucial role. Of equal importance is the fact that some
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Table 35.2
Useful 2D NMR Spectroscopy Techniques in Food Analysis
Name

Acronym

Correlation spectroscopy

COSY

J-spectroscopy
Total correlation
spectroscopy
Nuclear overhauser
enhancement
spectroscopy
Rotating-frame overhauser
enhancement
spectroscopy
Diffusion-ordered
spectroscopy
Heteronuclear singlequantum coherence

JRES
TOCSY

Heteronuclear multiplebond coherence

HMBC

Multiplicity-edited
heteronuclear singlequantum coherence

E.HSQC

Proton-edited
heteronuclear singlequantum coherence

HSQCTOCSY,
HSQCCOSY

NOESY

Information Obtained
Proton neighbor connectivity
through J couplings
Determination of J couplings
Full proton connectivity within
a scalar-coupled system
Interproton distance information
through dipolar coupling

ROESY

Interproton distance information
through dipolar coupling

DOSY

Spectral editing through
diffusion coefficient differences
Heteronuclear shift correlation
through one-bond X–H
coupling
Heteronuclear shift correlation
through two- and three-bond
X–H coupling
Heteronuclear shift correlation
through one-bond X–H
coupling with X nucleus
multiplicity editing
Heteronuclear shift correlation
through one-bond X–H
coupling and proton
connectivity

HSQC

of the most important foods are liquid in their natural state, for
example, wine, edible oils, beverages, and so on, while others,
such as fats or instant coffee can be easily dissolved in a suitable
organic solvent. In these cases, the food can be analyzed by NMR
spectroscopy directly, without any sample pretreatment, and the
full arsenal of high-resolution 1D and 2D NMR experiments can
be used for compositional analysis, metabolite identification, and
quality assessment of the food sample (Mannina et al. 2012).
Liquid-state high-resolution NMR is also widely applied for
the analysis of food extracts. There are several cases where this
practice is unavoidable, since many foods are complex solid
matrices containing different categories of organic compounds
(lipids, carbohydrates, proteins, organic acids, etc.) that cannot be dissolved in a common solvent, or contain high-molecular-weight polymers (polysaccharides, lignin) that are totally
insoluble. In this case, the food analyst will have to resort to a
sample preparation method, usually liquid–liquid extraction, or
solid-phase extraction that will allow the isolation of the specific category (or categories) of compounds he is interested in,
and proceed with liquid-state NMR analysis. It is also very common to use sample pretreatment and preconcentration methods
to analyze compounds that are found in very low concentrations
in foods, such as vitamins or polyphenols.

35.3.2 Solid-State NMR Spectroscopy
In recent years, solid-state NMR has become an attractive technique for studying solid foods. The definition of “solid” for NMR

is though a bit different compared to the standard meaning of the
word, and this is causing some confusion, not necessarily limited
to food scientists. “Solid” in NMR jargon is used to characterize a
material whose constituents possess very limited motional mobility at the molecular level. A good example of an NMR solid material would be a crystalline synthetic polymer, or to use a more
familiar case, the kernel of certain fruits, which mainly consists
of high-molecular-weight biopolymers such as cellulose and lignin. Because of the lack of molecular motion, dipolar interactions
between protons (and other nuclei) in a solid are not averaged out
(as is conveniently the case in liquids via diffusion and fast motion
in the solution) leading to conventional NMR spectra containing
wide lines, with limited information (if any). To circumvent this,
solid-state NMR spectroscopy requires additional line-narrowing
methodologies to be applied, namely dipolar decoupling (DD),
cross-polarization (CP), and magic angle spinning (MAS), to
produce NMR spectra of crystalline solids that provide chemical and compositional information comparable to that of liquids
(Bertocchi and Paci 2008). It should be mentioned that even with
the use of the above methodologies, 1H NMR spectra of hard
crystalline materials are broad and not very useful; so, solid-state
NMR analysis of foods is mostly performed employing heteronuclear 1D CP-MAS NMR spectroscopy of the 13C and 31P nuclei.
The development of sophisticated 2D NMR methodologies for the
analysis of crystalline solids is a very active field of research that
has not found any applications so far in food analysis.
Most solid foods, for example, meat, cheese, fruits, and so on
would be characterized as semisolid in NMR terms. The high
water content of such foods imparts increased mobility on their
low-molecular-weight chemical constituents, which leads to
a partial averaging of dipolar interactions. The residual dipolar coupling can be averaged out by simply rotating the sample
at the magic angle at relatively low speeds of a few kilohertz,
without the need for CP or DD. Thus, semisolid foods can be
studied by employing a “hybrid” NMR methodology termed high-
resolution-magic angle spinning (HR-MAS) NMR spectroscopy,
which elegantly combines elements of liquid-state NMR (a deuterated solvent is used for locking) and solid-state NMR (MAS)
(Valentini et al. 2011). For most semisolid foods, the NMR spectra obtained using HR-MAS of the food sample “as is” are very
similar, and importantly have a similar resolution to the NMR
spectra of organic extracts from the same food. Furthermore, the
high field stability of HR-MAS NMR due to deuterium locking
allows the acquisition of all the standard 2D NMR experiments
available for liquid-state NMR, thus enabling the use of HR-MAS
for structural and compositional analysis of semisolid foods.

35.3.3 Low-Field (or Time-Domain) NMR
The resolution of NMR spectra generally increases with the
magnetic field strength of the spectrometer magnet. For very low
fields, there is not enough resolution to observe chemical shift
differences for different constituents of a food sample, and thus,
compositional information is lost. The NMR spectrum in this case
contains a single broad peak. However, one can still obtain very
useful information about the sample by measuring the T1 and T2
relaxation times (relaxometry) and the self-diffusion coefficients
D (diffusometry) of the sample constituents (van Duynhoven et al.
2010). These parameters depend on the chemical composition of
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the food (water, lipids, and proteins), the heterogeneity of the food
matrix, and various processing parameters (drying, storage, and
aging). Relaxometry represents one of the first applications of
low-field NMR in food science for the determination of the lipid
and water content of seeds and beans, and is still a very active field
of research (Colnago et al. 2011). Since water and oil have quite
different relaxation times, the T2 relaxation time curve measured
can be analyzed using a biexponential function to determine the
amount of each component directly. Low-field NMR spectrometers are usually very affordable (they utilize permanent electromagnets that do not need cryogens), and thus, NMR relaxometry
and diffusometry represent a potentially important application
field that can be of extreme importance in an industrial food environment for quality assurance and production monitoring (Tellier
and Mariette 1995).
The T1 and T2 relaxation times of proton nuclei also display
a clear magnetic field dependence. It is easier and more informative to measure this relaxation time dispersion as a function
of field frequency at low frequencies, in the range of 1 kHz to
60–80 MHz. Low frequencies are associated with long-range
motion of food constituents and the rheological, dynamical, and
mechanical properties of foods that are important in characterizing food texture, viscosity, and other important macroscopic
attributes of foods (Baroni et al. 2009). The methodology used
for measuring the relaxation dispersion curves of a liquid or
semisolid food is called fast field cycling (FFC) NMR relaxometry, and utilizes specially built NMR spectrometers with a permanent electromagnet in the frequency range between 40 and
80 MHz. The sample is initially magnetized at B0, temporarily
brought to the low field of interest for relaxation to occur, and
then returned to the original B0 field of the FFC spectrometer to
acquire the relaxation data.

35.3.4 Magnetic Resonance Imaging
MRI is a very important diagnostic tool in medicine for the visualization of the soft tissue, and in a similar manner, it can be
used for the visualization of a semisolid food tissue that contains
a high level of water, such as fruits and vegetables (Koizumi
et al. 2006), meat (Collewet et al. 2005), and cheese (Duce et al.
1995; Altan et al. 2011). In essence, during imaging, the sample is
divided into voxels, and the proton NMR spectrum of each voxel
is obtained independently, through the use of pulsed-field gradients that encode the position into the frequency and the phase of
the NMR signal in each voxel. Owing to time and signal amplitude constraints, usually, a slice through the sample is imaged,
leading to 2D images, where signal intensity in each pixel is
assigned a color or grayscale value. This value may depend on
proton density, and T1 or T2 relaxation inside each pixel, thus
leading to different mechanisms of MRI contrast, which can be
related to morphological features and the physicochemical properties of the sample that affect water relaxation.

35.4 Instrumentation
In this section, we will provide some basic information regarding
the different components of instrumentation that can be part of
a modern NMR spectrometer. The type and variety of hardware

defines the range of NMR experiments the spectrometer is
capable of accomplishing, and the type of food samples it can be
used to analyze. This information is of prime importance, especially in the case of planning for the acquisition of a new NMR
spectrometer or upgrading an existing one.
The heart of any NMR spectrometer is a magnet of specific field
strength, and it should be noted that although field strength in the
System International (SI) is measured in tesla, it is very common
in NMR jargon to use instead the Larmor frequency of proton
nuclei positioned inside the magnet (thus a 14.09-T magnet will
power a 600-MHz NMR spectrometer). Magnets for high-resolution liquid-state NMR systems, HR-MAS and CP-MAS solid-state
systems, and larger MRI magnets are almost universally superconducting magnets, in which the field is created by running a
strong electric current through superconducting coils that are kept
at a temperature of 4 K. Superconducting magnets need a constant
supply of cryogens (liquid nitrogen and helium refills) to keep the
required temperature of 4 K in the coils. The recent worldwide
shortage in He, leading to price increases, has made the use of
helium recovery lines an attractive alternative for many-instrument
NMR facilities, and novel technologies using actively refrigerated
cryogen-free magnets are being developed, albeit at a much higher
cost. Low field and FFC NMR spectrometers are based on permanent electromagnets to create a stable (but low intensity) field,
in the range of 20–80 MHz. The NMR Mouse is a mobile NMR
relaxometer that also uses a permanent electromagnet for field creation (Guthausen et al. 2006). An important additional component
of superconducting magnets is the shim stack, which is a system
that optimizes the homogeneity of the magnetic field created by
the superconducting coil (B0) and adjusts it after sample insertion
(which definitely introduces small inhomogeneities).
What really defines the experiments one is able to perform
with a superconducting magnet NMR spectrometer is the probe,
which is a removable component that is housed inside the magnet, contains important electronic equipment, and hosts the
sample during measurements. The probe carries the transmitter
and receiver coils that excite the magnetic nuclear spins of atoms
inside the sample, and then record the NMR spectrum as the
spins relax back to equilibrium. There are several types of NMR
probes available by spectrometer manufacturers, which in modern magnets are exchangeable, provided that the electronics console can support them. Liquid-state probes, solid-state HR-MAS,
and CP-MAS probes are more or less the most used configurations for modern NMR spectrometers, along with specialty
probes such as microprobes (utilizing capillary NMR tubes of
smaller volume) and flow probes (for performing hyphenated
liquid chromatography–nuclear magnetic resonance [LC–NMR]
experiments (Tode et al. 2009)).
Other useful NMR accessories include autosamplers for handling large numbers of samples in an automated NMR spectral
acquisition. Needless to say, modern NMR spectrometers are
computer controlled and incorporate significant elements of
automation in both setting up and running experiments.

35.5 Practical Aspects
This section will deal with some practical aspects that may be
of help when designing and implementing an NMR experiment.
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In liquid-state high-resolution NMR, samples are measured in
special NMR glass tubes, usually needing at least 700 μL of
sample solution for conventional 5-mm probes. The organic solvent used to completely solubilize the sample has to be deuterated
(locking to the deuterium frequency is used for magnetic field
stabilization purposes), with the most common organic solvents
(D2O, MeOD, CDCl3, DMSO-d6, and acetone-d6) being readily
available. In the case of water-soluble samples, a 90% H2O–10%
D2O solvent is often used for economic reasons. Sometimes, the
deuterated solvent contains an internal standard used to calibrate
chemical shifts and/or as a quantification standard (tetramethylsilane, TMS, is used in organic solvents, 3-[trimethylsilyl]2,2′,3,3′-tetradeuteropropionic acid, TSP-d4 is used for D2O). In
samples diluted in water, it may be necessary to keep the pH
stable by adding a suitable buffer, since chemical shifts are sensitive to small pH differences within samples or sample batches.
Running an NMR spectrum is usually pretty straightforward in
conventional modern NMR spectrometers, even for the novice
user, as most experimental setup and acquisition tasks are semiautomated, at least, with common experiments presetup on the
spectrometer.
After spectral acquisition follows NMR spectral analysis, a
procedure where NMR signals have to be identified and assigned
to specific chemical compounds present in the sample. For complex mixtures such as foods, this is rarely an easy task, unless
one is dealing with samples that have been well characterized in
the literature. When unassigned signals are present in the spectrum, it may be necessary to perform further experiments, usually homonuclear and heteronuclear 2D NMR experiments, to
elucidate the structure of the unknown signals and assign them
to hitherto-unknown metabolites. Another route is the use of
public NMR databases that are available on the Internet, such
as the Human Metabolome Database (HMDB, http://www.
hmdb.ca), the Biological Magnetic Resonance Data Bank (http://
www.bmrb.wisc.edu/metabolomics/). Unknown signals can be
matched with signals of known compounds from the database,
and aid the assignment.
When the food sample to be analyzed is solid, one has two
choices. The first, as already mentioned, is to develop an effective separation and extraction protocol to isolate the chemical
compound fraction of interest, and use liquid-state NMR. A second and recently more and more appealing choice is to directly
use solid-state NMR spectroscopy. When the sample is semisolid
(e.g., cheese or meat), most of the times, it may be studied by
HR-MAS solid-state NMR as is, and without any pretreatment,
other than the addition of a small amount of deuterated solvent in
the special sample rotor (10 μL) for locking purposes. The experimental procedure to obtain and analyze the HR-MAS NMR
spectra is more or less similar to that of liquid-state NMR. For
completely solid samples such as seeds, starch, and lignin, which
are insoluble in common solvents, one has to resort to CP-MAS
solid-state NMR spectroscopy (Gidley and Bociek 1988; Kono
et al. 2002). Other than grinding the sample to a fine suspension,
usually, no other sample treatment is needed.
Minimal sample pretreatment is also needed for low-field NMR
(relaxometry) and MRI studies of food samples. Relaxometry
can be performed both in the solution and in the solid state with
equal ease. For MRI applications, one of the main concerns is
suitability of the magnet to accommodate the sample, which can
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be, for example, whole fruits or vegetables. Although relaxometry studies are relatively straightforward to set up and execute,
MRI experiment setup does require some familiarization with
the technique, and assistance from MRI specialists might be initially necessary for the beginner.

35.6 Recent Advances
The single most important advance concerning NMR spectroscopy in food analysis is without doubt the integration of
high-resolution NMR spectroscopy with chemometrics in the
development of the field of food NMR metabolomics (Mannina
et al. 2012). NMR spectra of complex foods contain a very large
amount of quantitative chemical composition data of small and
medium organic molecules (metabolites), making the NMR
spectrum a true fingerprint of the food sample at its current state
of being. Any factor that affects the food sample (e.g., spoilage,
adulteration, processing, storage, and cooking) will modify its
chemical composition, and thus will result in a different NMR fingerprint. The same is true for factors that have possibly affected
the food sample in the past (such as the type, geographical origin,
pedoclimatic conditions, animal or plant specialties, agricultural
practice, etc.), and have left a mark in its chemical composition
as obtained from NMR spectroscopy. Chemometrics is able to
harness the rich compositional information of NMR spectra by
applying multivariate statistical models to analyze huge collections of NMR spectra, identify the factors that are responsible for
their differentiation, and classify the samples according to these
factors. An example of such an analysis is provided in Figure
35.3, where edible oils are differentiated according to their type
with the help of their NMR metabolic profiles (Vigli et al. 2003).
The classification depicted in Figure 35.3 was done by quantifying certain metabolites in the NMR spectra and using these
to build the multivariate statistical model, an approach called
metabolic profiling. In another approach, which is called metabolic fingerprinting, the whole NMR spectrum can be used for
building the statistical model, including signals of unknown origin that contribute to the variance between samples. Multivariate
statistical models for metabolomics are also divided into two categories, supervised (PCA, principal component analysis; HCA,
hierarchical cluster analysis) or nonsupervised (PLS, partial
least squares; DA, discriminant analysis; NN, neural networks)
according to whether the classification system is known to the
model before data analysis. Usually, unsupervised models are
used at first to overview the variance of a data set, followed by
supervised models that offer increased discriminatory power.
Using the metabolomic approach has allowed the increasingly
successful application of NMR spectroscopy in dealing with a
wide variety of problems in food analysis, including authentication, detection of adulteration, geographical origin, pedoclimatic
factors such as harvest time, agricultural and farming practices,
processing, and so on. Several detailed presentations of the field
of food metabolomics have been published recently, to which the
interested reader can look for more elaborate details and practical information (Lamanna 2013; Consonni 2010; Hong 2011;
Mannina et al. 2012).
Other recent NMR advances that may benefit the application of the technique in food analysis come from the hardware
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Figure 35.3 DA plot for 192 samples of 13 types of vegetable oils studied by NMR spectroscopy. (Reprinted with permission from Vigli, G. et al.
2003. Classification of edible oils by employing 31P and 1H NMR spectroscopy in combination with multivariate statistical analysis. A proposal for the
detection of seed oil adulteration in virgin olive oils. Journal of Agricultural and Food Chemistry 51:5715–5722. Copyright 2003. American Chemical
Society.)

point of view. Modern NMR spectrometers run in a completely
automated manner, and have preprogrammed routines for running even advanced 2D NMR experiments with minimal setup,
thus facilitating the use of NMR approaches to users who are
less familiar with NMR spectroscopy. Furthermore, solid-state
probes (and especially HR-MAS probes) have become available,
which open up the field of advanced 1D and 2D NMR characterization to semisolid and solid samples, such as fruits, vegetables,
meat, and cheese, allowing the NMR metabolomics approach to
be further extended in practice. Finally, the availability of multisamplers operating in an automated mode for NMR spectrometers is also beneficial to NMR metabolomics, which traditionally
depends on a large sample space to derive statistical relevance for
building accurate classification models.

35.7 Applications
As already mentioned, the application of NMR spectroscopy
in its various forms in food analysis has seen an explosion during the last 10–20 years, with analytical applications practically
on every type of food being published nowadays more or less
routinely. As full coverage of the field is out of the context of
this chapter, we will restrict ourselves in providing only a few
characteristic examples of applications of various facets of NMR
spectroscopy in food analysis that hopefully can serve as representative examples of the field’s dynamic. A list of secondary literature sources that summarize pertinent work in the field can be
found in Table 35.3. These references can provide a starting point
for food scientists interested in evaluating the possibility and
potential of applying NMR spectroscopy in their line of work,
or looking to find if an answer to a specific analytical problem in
food science can be provided by an NMR approach.

Liquid-state high-resolution 1H NMR spectroscopy has found
increasing application in the analysis of liquid beverages (Kidrič
2008), aided by the minimum (if any) sample preparation needed
to obtain NMR spectra from liquids such as wine, coffee (Wei
et al. 2010, 2011), beer (Lachenmeier et al. 2005; Almeida et al.
2006), tea (Tarachiwin et al. 2007; Ohno et al. 2011), cocoa
(Caligiani et al. 2010), fruit juices (Belton et al. 1998; Cuny et al.
2008), and so on. The problem of removing the huge residual
signals of water and/or ethanol, which are the main chemical
components of such food samples has been dealt with efficiently
using advanced solvent suppression protocols. Figure 35.4 depicts
a characteristic 1H NMR spectrum of wine and the assignment of
several low-molecular-weight components such as alcohols and
organic acids (Godelmann et al. 2013). Quantification of wine
metabolites (Košir and Kidrič 2002) has been used successfully
in metabolomic NMR applications dealing with wine analysis,
authentication of geographical origin (Godelmann et al. 2013),
variety (Anastasiadi et al. 2009), vintage (Ali et al. 2011), blending (Imparato et al. 2011), and so on.
HR-MAS NMR spectroscopy has allowed a similar metabolic characterization approach to be used for the analysis of
solid foods, such as fruits (Gil et al. 2000), vegetables (Sanchez
Perez et al. 2010), meat (Shintu et al. 2007), milk powder (Ishii
et al. 2003), and cheese (Shintu and Caldarelli 2006). Figure 35.5
depicts NMR spectra obtained by the direct analysis of a sample
of fresh meat (Longissimus dorsi muscle from a Friesian Holstein
bull) using a solid-state HR-MAS NMR spectrometer. The 1H
HR-MAS–NMR spectrum of the meat sample (top left, aliphatic region; top right, aromatic region) contains major signals
from lactic acid, creatine, and/or phosphocreatine and several
minor signals originating from fatty acids, amino acids, organic
acids, and nucleosides. The power of 2D NMR spectroscopy in
assigning the chemical shift positions of the meat metabolites

www.ebook777.com

Free ebooks ==> www.ebook777.com
666

Handbook of Food Analysis

Table 35.3
Recent Literature Sources for Magnetic Resonance Applications in Food Science
NMR Techniques
General
General
General

Food Type

Reference

NMR Techniques

Food Type

Reference

General
General
General
instrumentation
General
General
General
General

Spyros and Dais (2012)
Alberti et al. (2002)
Capozzi and Cremonini
(2008)
Mannina et al. (2012)
Lamanna (2013)
van Duynhoven et al. (2013)
Spyros and Dais (2009)

Solid-state HR-MAS
Solid-state HR-MAS
Solid-state CP-MAS

General
Fruits and vegetables
General

MRI
MRI
MRI
MRI

General
Dairy products
Bread and biscuit
Fruits and vegetables

Valentini et al. (2011)
Gil and Duarte (2006c)
Bertocchi and Paci
(2008)
Hills (1998)
Mariette (2006)
Tiphaine et al. (2006)
Butz et al. (2005)

Consonni and Cagliani (2010)

Low field and MRI

Food colloids

Mariette (2009)

HR liquids
HR liquids
HR liquids, 31P

Traditional food
products
Edible oils
Olive oil
Olive oil

Hidalgo and Zamora (2003)
Mannina and Sobolev (2011)
Dais and Spyros (2007)

Low field
Low field
Low field

General
General
General

HR liquids
HR liquids

Lipids
Beverages

Diehl (2001)
Kidrič (2008)

Fruits and vegetables
Cereals

HR liquids

Alcoholic beverages

Gil and Duarte (2006a)

Low field
Low field, MRI, and HR
solid-state CP-MAS
HR liquids, MRI, and
low field

Hills (2006a)
Guthausen et al. (2006)
van Duynhoven et al.
(2010)
Hills (2006b)
Hills et al. (2003)

HR liquids
HR liquids
HR liquids

Wine
Beer
Milk and dairy
products
Fruit juices

Hong (2011)
Rodrigues and Gil (2011)
Belloque and Ramos (1999)

HR liquids
HR liquids
HR liquids, qNMR
HR liquids and
solids, 31P
HR liquids

HR liquids

Meat

Bertram and Ersen
(2004)

Gil and Duarte (2006b)
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Figure 35.4 1H NMR spectrum of wine with suppression of the water and ethanol peaks, identifying several low-molecular-weight metabolites of
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Figure 35.5 NMR spectra obtained from the L. dorsi muscle of a Friesian Holstein bull at zero-aging time by HR-MAS NMR spectroscopy. The top left
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is exemplified by the excellent resolution offered in the 1H–1H
TOCSY 2D NMR spectrum (bottom left) and the 1H–13C heteronuclear multiple-quantum correlation (HMQC) heteronuclear
2D NMR spectrum (bottom right), which are used to unambiguously identify the chemical compounds present in the raw meat
sample (Ritota et al. 2012).
Another example highlighting the breadth of food analysis applications that can be tackled by using solid-state NMR
to study solid foods is a recent study of bread baking and staling. Figure 35.6 presents the CP-MAS 13C NMR spectra of rye
bread freshly baked after 11 days of storage, along with those
of rye flour and starch, amylose, and amylopectin, in an attempt
to understand structural changes of bread polysaccharides during baking and staling (Mihhalevski et al. 2012). Tea (MartinezRicha and Joseph-Nathan 2003; Kajiya et al. 2008) and meat
(Bertram et al. 2003) have also been studied using CP-MAS
solid-state NMR.
Time-domain NMR and relaxometry are techniques that have
found application in the study of water mobility (Venditti et al.
2010), time-dependent phenomena (phase transitions) (Gianferri
et al. 2007), and structural heterogeneities (water or lipid distribution) (Bertram et al. 2005) in foods, as these have a measurable effect on the relaxation properties of nuclei in foods. As a
representative application, Figure 35.7 depicts the distribution of

T2 relaxation times in fermented sausage samples at days 0, 7,
13, 17, and 23 after production, where the progress in the drying
process can be followed as a shift toward faster relaxation times
with fermentation time (Møller et al. 2010).
MRI is an excellent tool for the quality evaluation of meat and
dairy products and the morphological analysis of meat (Bertram
et al. 2004; Collewet et al. 2005), dairy products (Chang et al.
1997), and fruits and vegetables (Pacioni et al. 2010), allowing
the noninvasive identification of defects and disorders (Kim and
Kim 2004; Thybo et al. 2004) and the study of factors such as
freezing (Kotwaliwale et al. 2012), drying (Ruan et al. 1998), and
cooking (Kasai et al. 2005). Figure 35.8 presents MRI images
obtained as a function of time during the thawing of frozen soybeans. By using different experimental parameters, images that
emphasize the distribution of oils in the adaxial epidermis of the
cotyledons could be obtained, providing information useful to
estimate the quality of soybeans (Koizumi et al. 2006).

35.8 Analytical Aspects
Although the sensitivity of NMR spectroscopy is generally percepted as lower than that of other spectroscopic techniques, such
as mass spectrometry, fluorescence, infrared (IR), and Raman, in
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permission from Mihhalevski, A. et al. 2012. Structural changes of starch
during baking and staling of rye bread. Journal of Agricultural and Food
Chemistry 60:8492–8500. Copyright 2012. American Chemical Society.)
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had a fat content of 40%, and each curve is a mean of two measurements.
(From Møller, S. M., A. Gunvig, and H. C. Bertram. 2010. Meat Science
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the last few years, hardware improvements have led to the gradual acceptance of NMR spectroscopy as a quantitative, accurate,
precise, and reproducible analytical tool for the analysis of complex mixtures, such as foods, plant extracts, and pharmaceutical
formulations (van Duynhoven et al. 2013). When NMR spectroscopy is used as a technique for the quantitative determination
of a chemical compound in a food matrix, defining its analytical performance is not as straightforward, since it depends on
many experimental factors such as the magnetic field strength
of the spectrometer magnet, the choice of the nucleus, the NMR
experiment used and the instrument’s parameter setup, operator
efficiency, and so on. So far, proton NMR has the largest sensitivity, and is the nucleus of choice for food analysis, provided that

it is suitable for the analytical problem at hand. Although 13C
NMR has very low sensitivity, it has been used in food analysis
occasionally, because of the larger 13C NMR spectral width that
makes signal overlapping a rarity. 31P NMR is also preferable for
the analysis of phosphorus containing food ingredients such as
phospholipids, and several other minor food components that can
be tagged chemically with phosphorus (Spyros and Dais 2009).
The sensitivity of the NMR quantification of metabolites in a
food matrix can be increased by going to a higher magnetic field
strength, reducing the volume of the solution (using capillary
NMR tubes or microprobes/flow probes), resorting to cryogenically cooled probes (cryoprobes), and by increasing the number
of scans accumulated for obtaining a single NMR spectrum (at
the expense of increased experimental time, however). For conventional probes, the limit of detection of low-molecular-weight
(<400 g/mol) compounds in typical food samples by 1H NMR
spectroscopy is considered to be around 10 μM (Mannina et al.
2012), meaning that 5–30 μg of an analyte can be detected. In
typical quantitative analyses of foods, compounds can be quantified down to a level of quantification (LOQ) of 40 μM with
level of detection (LOD) as low as 10 μM (Savage et al. 2011;
Godelmann et al. 2013). Using capillary tubes and a cryoprobe,
an improvement by approximately a factor of 10 is expected,
while with a very high field (750–900 MHz) brand new NMR
spectrometer, another factor of about 10 is possible; however, the
latter type of advanced equipment is usually not easily available
to food scientists due to the high cost.
Extensive validation studies have shown that NMR has excellent linearity over a wide range of analyte concentrations. For
sample concentrations in the mg/mL range, typical residual standard deviations (RSDs) of 0.1%–0.4% have been reported using
conventional NMR spectrometers (van Duynhoven et al. 2013);
however, many metabolites in foods exist at lower concentrations, in the μg/mL range, and thus, to reach such high precision for quantitative NMR in foods might be more difficult and
require extensive optimization of the experimental parameters.
An extensive discussion of the analytical aspects of quantitative
NMR in food analysis has been published recently (Lamanna
2013; van Duynhoven et al. 2013).

35.9 Future Trends
Although NMR spectroscopy in the last two decades has proven
itself to be an excellent tool for the characterization and the compositional analysis of foods, there is still a lot of development
to come in the following years. It is expected that the field of
food metabolomics will continue to develop, aided by (a) hardware developments in the design of NMR probes and electronics that will allow high throughput and cost-effective analysis
of large collections of food samples; and (b) improvements in
software that will allow the semiautomatic spectral assignment
of NMR spectra to the metabolites of interest, by integration
with metabolite databases. In this respect, the development of
the Food Component Database (http://www.foodb.ca/) and other
integrated food metabolite databases will be of prime importance to the food science community.
Furthermore, the NMR analysis of solid and semisolid foods
has only recently been exploited; so, a lot of development is
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Figure 35.8 Changes in MRI images of frozen soybeans during thawing: (a through d) TR was set to 1 s; (e through h) TR, 0.1 s. Images (a) and (e) were
measured at 4 min, (b) and (f) were measured at 24 min, (c) and (g) were measured at 44 min, and (d) and (h) were measured at 64 min. The regions where
oils were concentrated are emphasized in the images of TR = 0.1 s (g and h). (Reprinted from Thawing of frozen vegetables observed by a small dedicated
MRI for food research, 24, Koizumi, M. et al., Magnetic Resonance Imaging, 1111–1119, Copyright 2006, with permission form Elsevier.)

expected in this field, since the majority of food materials are
solid, and food scientists gain increasing access to solid-state
NMR spectrometers. Low-resolution and time-domain NMR are
also suitable methodologies for addressing the structural characterization and quality control of solid foods. The availability of low-cost permanent-magnet-based NMR spectrometers
and MRI scanners in research, industry, and state facility labs
is expected to increase the interest of the scientific community
toward such applications in food science. Such spectrometers are
also suitable for online process monitoring and food quality control in an industrial environment, which is an important field of
application.
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36.1 Introduction
The first evidence about the propagation of sound in water by
humans was recorded by Leonardo Da Vinci in 1490, listening to
the sound transmitted by a tube inserted into water. This experiment may have been the beginning of sonar research. However, the
first reference to the physics of ultrasound may have happened in
1794 when Lazzaro Spallanzani, an Italian biologist and catholic
priest, discovered the navigation system of bats, concluding that
they used their ears and the sound to navigate at night and capture
insects. This navigation system used by several species was later, in
1938, called echolocation by Donald Griffin and Robert Galambos.
The echolocation system associated with the piezoelectric effect
of crystals, discovered by Jacques and Pierre Curie in 1880, allowed
the production of the first transducers to generate and detect ultrasonic waves. In fact, all ultrasound transducers and probes contain
various arrays of piezoelectric crystals. It is the vibrational properties of these crystals that create and receive sound waves that are
the fundamental principle of ultrasound technology.
The ultrasound technology has been used in many different
fields and several ultrasound devices have been produced and
used in human and veterinary medicine, industrially for imaging
diagnosis, in image analysis, to detect objects, to test products, to
measure distances and areas, in cleaning, to mix and accelerate
chemical processes, etc.

In more recent years, ultrasound has been used as an important tool in food industry as well as in beef and dairy livestock.
Positive effects have been reported for various applications of
ultrasound in food science and technology such as the assistance
of thermal treatments, the improvement of mass transfer processes, food preservation as well as for texture manipulation and
food analysis [1]. In fact, ultrasound is one of the emerging technologies that were developed to minimize processing and maximize quality and ensure the safety of food products [2].
In recent years, ultrasound technology has been used to pasteurize and preserve foods by inactivating many enzymes and
microorganisms, improving food quality and guaranteeing stability and safety of foods. The changes to the physical properties of
ultrasound have also been used in food quality assurance applications [3] as well as to enhance the quality, by reducing chemical
and physical hazards and is environmentally friendly [4].
Specifically in food science, the application of ultrasound
analysis can be divided into two different ways: to know and
to predict food composition; and to improve food preservation
and safety. The following sections will describe briefly the basic
theory of the ultrasound technology in order to introduce the
use of ultrasound analysis and the different applications in food
science and in industry. A particular emphasis will be given to
the use of ultrasound in food analysis as well as the most recent
advances, pros and contras of the method and future trends in
different foods.
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36.2 What is an Ultrasound?
The sound waves are mechanical vibrations transmitted in a sinusoidal plane through a solid, fluid or gas medium with the range of
hearing and generic properties as a frequency, amplitude at determined wavelength. An ultrasound is exactly the same but at a frequency higher than the audible range to humans. So, ultrasound
is physically defined as a cyclic sound wave with a frequency
that trespasses the limits of human ear, approximately 20 kHz or
20,000 cycles per second. The top of the frequency range in gigahertz (upwards of one billion cycles per second) depends on the
ability of a device to generate a signal with this frequency.
The ultrasound devices operate with frequencies from 20 kHz
upto several gigahertzes (Figure 36.1). In the food industry, ultrasonic techniques have been used for analysis and modification
of foods and the application of ultrasound can be low- or highintensity [5]. The low-intensity ultrasound in the kHz range is a
non-destructive technique providing information about physicochemical properties of foods while high-intensity ultrasound in
MHz range is used to modify and alter foods [1]. Basically, the
low-intensity or energy ultrasound is used in non-invasive food
analysis, monitoring materials during processing storage and
ensuring the quality, safety and authenticity of products while
the high-intensity or energy ultrasound is used to induce effects
in physical, chemical properties of foods so as to disrupt the cell,
inhibit enzymes or introduce other sorts of food alterations promoting food safety and preservation.

36.3 Basic Principles of Ultrasound
Sound moves by compression waves and when they pass from
one medium to another may be reflected or refracted. Ultrasound

20 Hz
Infrasound

does not propagate audible sounds in a vacuum and the transmission through the gas is low. Ultrasound equipment uses frequencies from 20 kHz to 10 MHz and their basic components include a
generator, an amplifier, a transducer and a unit of motorization or
oscilloscope (Figure 36.1). Ultrasonic generators transform electrical energy into ultrasound energy via a transducer. There are three
types of transducers in common usage, liquid-driven, magnetostrictive, and piezoelectric transducers [6]. Piezoelectric transducers are the most common devices and utilize ceramics containing
crystals with piezoelectric properties, converting the electrical
energy to acoustic energy in a phenomenon known as piezoelectric
effect. The transmitted acoustic energy is pulsed to allow time for
reflected acoustic energy to travel back to the transducer. The time
elapsed between the sound transmission and reflection depends on
the impedance of the object crossed by ultrasound.
Reflection of sound is produced between substances with different acoustic impedance, defined as the product between the
velocity of the sound and the density of the medium. The same
or another crystal generates ultrasound pulses from a piezoelectric crystal and the reception of echoes. The echoes can produce
an image in the monitor of the scanner, which is related to the
acoustic impedance of the mediums crossed by ultrasound and
the ratio between the depth and the distance of its interfaces.
In the food industry, as in nature, the use of ultrasound is
divided into two categories: low-intensity and high-intensity
ultrasound pulses [5,7]. For the classification of ultrasound applications, the energy amount of the generated sound-field is the
most important criterion and is characterized by sound power,
sound intensity or sound energy [8]. Recent advances in electronics helped to design ultrasound probes and instruments with
high resolution and convenience, which diversified the applications in food science and technology as modifiers (high-power
ultrasound) or sensors (low-power ultrasound) enhancing food
quality [2].
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36.3.1 Low-Power Ultrasound

36.3.2 High-Power Ultrasound

Low-power ultrasound uses intensity that the ultrasonic waves
do not cause alterations in the food physiochemical properties.
The technique is noninvasive and nondestructive and has mainly
been used in medical and veterinary imaging, analyzing, as well
as in some analytical methods as physicochemical properties
analysis of foods, body composition prediction, and the assessment of animal tissue partition.
The three parameters related to the physical properties of
foods that are measured are the ultrasonic velocity, attenuation
coefficient and acoustic impedance [5]. The ultrasonic velocity
can be determined as the wavelength of ultrasound measured
at a known frequency, or more currently as the measure of the
time taken for a wave to travel a known distance. The attenuation coefficient is a measure of the decrease in amplitude of
an ultrasonic wave through a material. Adsorption and scattering are principal causes of attenuation and both are physical
mechanisms. Adsorption is more frequent in fluids, converting
ultrasound energy into heat while scattering occurs more in heterogeneous materials when an ultrasonic wave is incident on a
discontinuity and is scattered in other direction different from
the incidence. Acoustic impedance is also a physical characteristic which depends on the composition and structure of the interface between two different materials with different ultrasound
waves reflected and transmitted.
Most ultrasound devices use pulsed or continuous-wave techniques. Pulsed technique is widely used because is easier to operate, is rapid and noninvasive. Continuous-wave technique is more
accurate to make measurements.
Basically, the pulse-echo technique consists of a pulse-generator,
a transducer and a display or oscilloscope. The pulse-generator
produces an electrical pulse of a determined frequency and amplitude, which is converted into an ultrasound pulse by the transducer.
Ultrasound passes through the sample to be analyzed and sends a
reflected pulse to the transducer when an interface between two
different materials of the sample is crossed. The reflected sound
is then reconverted into an electrical pulse by the transducer that
sends it to an oscilloscope that shows changes in electrical current
as waves in a line on the screen of a cathode ray tube (Figure 36.1).
Continuous-wave techniques utilize two transducers, one called
the transmitter, which continuously converts electrical pulses into
ultrasound waves and another one (a receiver) continuously receives
the reflected sounds.
Another technique is a modification of the continuous-wave
technique called “pitch and catch,” wherein the ultrasound is
generated by transformation of electric energy into ultrasound
pulses of controlled frequency through transducers [2]. The
technique involves the use of two separate probes, one transmitting the ultrasound through the samples and the other
being positioned to receive the reflected ultrasound from a
discontinuity.
In the food industry, the most widespread application of lowpower ultrasound is as an analytical technique for providing
information about the physicochemical properties of foods such
as composition, structure, and physical state [8]; the advantages
over the traditional techniques are that measurements are rapid,
non-destructive, precise, fully automated, and might be performed in a laboratory as well as online [7].

High-power ultrasound uses a frequency higher than 20 kHz [2].
Ultrasound waves, when propagated through a food material,
induce compressions and decompressions causing a mechanical
effect modifying the physicochemical properties and enhancing
the quality during processing [6]. At high intensities, an ultrasonic wave generates intense pressure, shear, and temperature
gradients, which can disrupt the food structure or promote certain chemical reactions.
The major effect of ultrasound in a liquid medium is the phenomena of cavitation that create, enlarge, and implode microbubbles of gases [5]. During the sonication process (applying
ultrasound energy to agitate particles in a sample) longitudinal
waves are created when a sonic wave meets a liquid medium,
creating regions of alternating compression and expansion [7].
In these regions, the pressure change causes the phenomena of
cavitation, and bubbles of gas are formed. The bubbles that have
a large surface area during the expansion increase the diffusion
of gas. Besides the parameters intrinsically related to the ultrasonic device (frequency, wavelength, and amplitude) the ultrasonic power and the intensity have also an effect on the process
[9]. Increasing the external pressure, the cavitation threshold—
and thus the number of gas bubbles—is reduced [10]. A point is
reached where the ultrasonic energy provided is not sufficient to
retain the vapor phase in the bubble, a rapid condensation occurs
and the condensed molecules collide violently, creating shockwaves and a very high temperature and pressure, upto 5500°C
[7]. Temperature affects the vapor pressure and the viscosity of
the liquid medium and, consequently, the number of the cavitation bubbles [10].
High-power applications tend to use frequencies at the low end
of the spectrum (from 20 kHz to 100 kHz) and have the ability
to cause cavitation, which has its uses in food processing to inactive microbes [11] and enzymes [12] whereas the high frequency
tends to be used in measuring applications once the short wavelength offers great accuracy. This has found several applications
in the food industry, in processing, extraction, drying, emulsification, extrusion, cooking, and freezing or defrosting, among
many others [4].

36.4 Applications of Ultrasound in the
Food Industry
Depending upon the intensity of the ultrasound power, its application in the food industry can be used in several fields: processing, preservation, extraction, and food analysis. The high-power
ultrasound has only become efficient in food processing about
eight to 10 years ago. The most recent advances in equipment and
devices using high-power ultrasonic waves make the technology
more efficient and applicable to the industry. Ultrasound applications are based on three different methods: direct application
to the product, coupling with a device and submergence in an
ultrasonic bath [4].
Ultrasonic food processing is an efficient way to cut, slice,
form, divert align or transfer a variety of food products, increase
productivity by reducing downtime, and improve the quality and
sanitation of food products (Figure 36.2).
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Figure 36.2 Ultrasonic food processing by Dukane. (From http//www.
dukane.com/us. With permission.)

Ultrasonic devices are used for laboratory samples, pilotscale processing or full-scale production. This includes ultrasonic devices for the ultrasonication of any liquid volume.
Ultrasonic liquid processing at industrial level requires industrial ultrasonic equipment, because the power requirement rises
with the volume or flow to be processed. (Figure 36.3).
The method coupling with a device is used in micro-encapsulation systems to maintain flavor or to incorporate food ingredients (Figure 36.4).
The ultrasound bath method is commonly used in the laboratory as a cleaning bath for solid dispersion into a solvent, enhancing its solubility, for degassing solutions or for cleaning some
material by immersion (Figure 36.5).
In industry, devices with different capacities from 150 to
1000 L are available (Figure 36.6).

Figure 36.4 Microencapsulation and Controlled Release using a coupling with a device method by Ronald T. Dodge Co. (From http://www.
rtdodge.com. With permission.)

Ultrasonic food processing uses high-frequency sound vibrations to process food products faster and eliminate the wasted
time and cost of maintenance of equipment caused in the conventional methods.
Low-power ultrasound has been used in food quality assurance as a tool for monitoring food processes, evaluating the product in several phases of food processing until the final product,
and ensuring quality and safety for consumption.

36.4.1 Application of Ultrasound in Food Processing
The usage of ultrasound in food processing has been a subject of
research with growing interest and development in industries that

Figure 36.3 Industrial ultrasonic device for ultrasonic liquid processing at industrial level by Hielsscher-Ultrasound method. (From copyright
© www.hielscher.com. With permission.)

Figure 36.5

Small ultrasound bath in a laboratory.
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Table 36.1
Ultrasound Applications in Food Processing
Applications

Figure 36.6 Industrial ultrasound bath in a laboratory. (From Ultrasonic
Power Corporation. With permission.)

can be increasingly equipped with practical, reliable, modern,
and accurate technology. Particularly with high-intensity ultrasound technology, there is a great number of applications in food
processing replacing old and conventional methods such as filtration, freezing, brining, or mechanical and thermal treatments.
Most of them are based in uniform heat transfer, vibrations, compression or cavitation phenomenon with the advantages of less
time needed during processing, improving the product stability,
sanitation, and organoleptic quality.
There is a great number of applications in food processing
(Table 36.1).
Globally, all ultrasound applications in food processing have
clear advantages in relation to conventional methods, increasing
the efficiency, reducing the treatment time, improving the safety
of operators, reducing the use of solvents and energy, and contributing to the environmental preservation. Thermal technologies as frequency radio or microwave heating, vacuum cooling,
high pressure and pulsed electric field are the most useful technologies, but with a great disadvantage to its industrial implementation related with the cost of investment.

36.4.2 Applications of Ultrasound
in Food Preservation
Food preservation technology has become increasingly more
important as a combination of concepts to safe-food production
and consumption with great impact in human lives. Consequently,
industry is increasingly concerned with aspects related to hygiene
of food manufacture to produce safe products and to achieve the
best food preservation. Heat treatment as pasteurization and sterilization have the ability to destroy microorganisms and enzymes
responsible for food spoilage, but also, at the same time, for the
appearance of undesirable flavors, change of colors, or even the
deterioration of organoleptic and chemical food components.
Moreover, the use of preservatives is limited or even forbidden
by the food industry legislation in several countries.
The use of ultrasound, particularly the high-intensity ultrasonic
waves, has the capacity to rupture cells and denature enzymes,
while low-intensity ultrasound is able to modify the cell metabolism [4]. Therefore, the use of ultrasound in food preservation

Product

Cooking

Meat and
vegetables

Drying

Milk,
vegetables,
and fruits

Cutting

Cakes,
pastry,
cheeses

Freezing/
Meat, fruits,
crystallization vegetables,
milk, honey,
and
chocolate
Defrosting
Meat and fish

Sterilization/
Dairy
pasteurization products
and fruit
juices
Emulsification

Demoulding

Filtration

Milk, fruit
juices, and
sauces
Cooked
products
Liquids, fruit
extracts,
and juices

Advantages

References

Less time, less
Pohlman et al. [13];
cooking losses and
McClements [5]
improved quality
Less time, improved Fernandes and
organoleptic
Rodrigues [14];
quality
Jambrak et al [15];
Sabarez et al. [16];
Soria and Villamiel
[17]; Mothibe et al.
[18]
Reduced product
Arnold et al. [19];
waste, uniform
Schneider et al.
cuts, improved
[20]; Petrauskas
hygiene
[21]
Less time, small
Sun and Li [22];
crystals, reduced
Zheng and Sun
cellular damages
[23]; Martini et al.
[24]; and Deora
et al. [25]
Less time, reduced
Miles et al. [26]; Li
drip losses and
and Sun [27]
improved quality
Improved
Cameron et al. [28];
preservation, less
O’Donnell et al.
time and
[29]
minimized flavor
losses
Stabilized emulsion, Wu et al. [30].; Lad
less time, reduced
et al. [31]
particle size
Less time and
Knorr et al. [8]
improved
sanitation
Reduced losses,
Mason et al. [32];
time and increased
Grossner et al.
filter life
[33]

has been an interesting research topic and has become even more
important in the food industry.
The treatments using the process of sonication combined
with heat or pressure, thermosonication and manosonication,
respectively, or even combinations of the three effects (manothermosonication) are the most used in food industry. The most
efficient treatment in terms of inactivation of vegetative cells,
spores and enzymes is ultrasound associated with heat and pressure [4]. The combination of ultrasound with other treatments is
often more effective to increase the microbiological and enzyme
inactivation [34].
There is a great number of these treatments of ultrasound
in food preservation (Table 36.2) and ultrasound could also be
combined with organic acids to inactivate microorganisms or to
reduce microbiological contamination [35,36].
The thermosonication process is considered to reduce the
process-temperature and processing time for pasteurization or
sterilization in relation to the conventional methods [3] improving food quality [11]. Recently, thermosonication has been combined with other technologies as pulsed electrical fields for food
pasteurization [52] and effects improving microbial inactivation

www.ebook777.com

Free ebooks ==> www.ebook777.com
678

Handbook of Food Analysis

36.4.3.1 Fruits and Vegetables

Table 36.2
Some Applications of Ultrasounds in Food Preservation
Applications

Product

Microorganism
inactivation

Milk, juice
fruits, fresh
fruits, liquid
egg, meat

Yeast lysis, viral,
protozoan
inactivation,
coliforms disinfection
Enzyme activity and
enzyme denaturation

Wine, water

Fruits and
vegetables
(apple, garlic,
mushroom)

References
Lee et al. [37]; Lee et al. [38];
Cameron et al. [28];
Bermúdez-Aguirre et al. [39];
Bermúdez-Aguirre and
Barbosa-Cánovas [40,41];
Walking-Ribeiro et al. [42];
Sagong et al. [36]; Ortuño
et al. [43]; Arroyo et al. [44]
Cacciola et al. [45]; Olvera et al.
[46]; Mahvi et al. [47]

Yu et al. [48]; Jang and Moon
[49]; Wang et al. [50]; Terefe
et al. [51]

and promoting benefits on food quality have been reported
[42,52–55].
Manosonication treatments, the simultaneous application of
ultrasound under pressure, enable cavitation to be maintained
at temperatures above boiling point, increasing the efficiency of
microbiological inactivation by ultrasound [3].
The manothermosonication process is a simultaneous combination of ultrasound with pressure and temperature and has been
proved to be an efficient way to inactivate microorganisms and
enzymes, especially the thermo-resistant ones [3,4,34]; also, in
enzyme-inactivation [56], it should not be forgotten that in food processing the effect of ultrasound is in both the inactivation and activation of enzymes. Manothermosonication could also be a potential
alternative to heat treatment in processing milk and other beverages
of neutral pH and liquid eggs [3,44]. The main limitation could be its
impact on nutritional and physicochemical properties of food.

Several surveys on the use of ultrasound measurement methods
for measuring physicochemical changes and quality indices of
different fruits and vegetables (avocado, apple, mango tomato,
potato, melon, plum) during the maturation, harvest, storage,
shelf-life, and consumptions were discussed. The conclusion
was that the technique is feasible although many studies indicate
some difficulties and limitations in applying the technique for
commercial use [57]. However, the use of ultrasound has been
investigated in different situations in recent years: The maturity
and sugar content determined by ultrasound attenuation in fruit
tissues was correlated with the firmness of plums [58] and tomatoes [59]; the mealiness level in apples was assessed by ultrasonic
measurements with good results comparing with other destructive measurements [60]. The ultrasonic-assisted extraction was
combined with a matrix solid-phase dispersion for the determination of pesticides in samples of apples, pears, and apricots [61].
Ultrasonic measurements to analyze the firmness of apples and
estimation models for firmness were developed and validated
by Kim et al. [62]. Cao et al. [63] evaluated the potentiality of
ultrasound treatment after harvest in the extension of shelf-life,
quality, and decay of strawberries. Aday et al. [64] studied the
effect of different power ultrasound for extending the shelf-life
of strawberries. Ultrasound treatments caused partial de-esterification of tomato pectins altering the microstructure of tomato
pulp with greater gel-like properties but in contrast it resulted
in a decrease in the bio-accessibility of lycopene [65]. A similar
effect was previously found by Rawson et al. [66] in the retention
of carotenoids and polyacetylenes in dried carrots subjected to an
ultrasound pretreatment.
One of the weaknesses of the use of ultrasound in fruits and
vegetables is the difficulty in interpreting the resulting echoes
of sound-scattering in voids and pores. More research will be
needed to make the use of ultrasound analysis in fruits and vegetables more versatile in commercial terms, but the increasing
demand for better quality and safety control will increase the
importance of ultrasound as a non-invasive technology.

36.4.3 Application of Ultrasound in Food Analysis
The increase in consumer awareness and the demand for better
quality and food safety has been leading to the use of rapid and
accuracy methods in food analysis. Ultrasound as a non-invasive
technology for its effectiveness and usefulness as a non-invasive
technology has become very important in food analysis.
The analysis of food during processing, storing and monitoring materials are essential to ensure high quality and safety of
products. Low-power or low-intensity ultrasound using frequencies higher than 100 kHz at intensities below 1 W ⋅ cm2 by its noninvasive characteristic is increasingly more an important tool in
food analysis.
Ultrasound is today a technique used in food analysis in various situations and products, as for example: for evaluating the
composition of raw meat or cured meat products; to control the
production and harvest of fruits, fresh vegetables, cereals; to
monitor the properties of milk and milk products, cooking oils,
pastry products, frozen foods during processing; to know their
basic composition and nutritional value; or to detect food adulterations and extraneous materials or elements in foods.

36.4.3.2 Meat and Meat Products
The first application of technology was (as it occurred in humans)
for medical reasons before one recognized the potential of ultrasounds to predict live body and carcass compositions in animals.
As a consequence of recent technological advances, a range of
equipment has been developed and tested by researchers after
being commercialized by industry. Real-time ultrasound has
been used in live animal evaluation because it uses a non-invasive technology. Carcass quality or composition can be assessed
without damage to the carcass and the corresponding reduction
of the commercial value (Figure 36.7).
Basically, ultrasound is used to assess body and carcass composition [67], scanning live animals or carcasses at slaughterhouses, assessing the following:
1. Back-fat determination on subcutaneous fat thickness
2. Loin eye muscle area or the longissimus dorsi area
3. Percentage of lean
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Figure 36.7

Examples of the use of ultrasound to assess body and carcass measurements.

4. Percentage of carcass fat
5. Intra-muscular fat estimation or muscle quality
(marbling)
Some ultrasound probes—such as UltraFOM by Carometec
Food Technology (named previously SFK Technology), a handheld, noninvasive ultrasound probe—are used to measure fat and
muscle thickness in predefined locations on the carcass (Figure
36.8).
The Auto FOM ultrasound is a completely automatic scanner
system based on ultrasound technology, providing a sophisticated system for evaluation and classification of the pig carcass
with great accuracy, in assessing lean meat distribution and
different fat depots throughout the carcass (Figure 36.9). The
AutoFom is based on ultrasound technology and provides a digitized 3-D scan of the carcass. The ultrasonic image is generated
by 16 transducers embedded in a stainless steel array.
In recent years, ultrasound technology has been used extensively in different animal species with different promising results
(Table 36.3).

Figure 36.8 UltraFOM 300 ultrasound systems by Carometec Food
Technology with permission.

Ultrasound technology has been adequate to estimate body
and carcass composition in pork and is appropriate to commercial carcass systems [68]. In cattle, ultrasound live measurements
of rump fat and body-wall thickness are easy to obtain [80] and
provide great accuracy to predict the lean meat yield [71]. Realtime ultrasound is an accurate tool to measure body composition
in beef feedlot heifers [81] and also in steers [82].
The ability of ultrasound to measure fat and muscle depth and
predict carcass composition and tissue distribution was investigated by Lambe et al. [74] who showed that combining ultrasound and live-weight measurements increases the accuracy of
predictions.
Different ultrasound linear probes with frequencies between
five and 12 MHz, to assess fat-thickness and muscle-depth measurements in different lumbar and dorsal parts were developed to
predict body and carcass composition in different sheep breeds
and several meat animal types as milk-fed lambs, fat lambs or
adult ewes [75–77,83]. In goats, the first studies of the use of ultrasound to predict carcass or body composition were published in
1995 by Delfa et al. [77] and Stanford et al. [84]. Teixeira et al.
[78] used different ultrasound fat-thickness measurements in the
lumbar and breast regions to predict carcass composition and to
study body-fat partition in goats with great accuracy. As a noninvasive method, ultrasound has proved to be appropriate for live
estimation of fat and muscle deposition in goats as well as to
evaluate the composition of goat carcasses [78]. The combination
of ultrasound with multiple artificial neural networks techniques
allowed the simultaneous prediction of seven fat depots [79].
The measurement of intra-muscular fat has a recognized
positive effect in meat quality and is responsible for marbling,
enhancing the taste, tenderness and palatability of meat. In several countries, carcasses are graded and classified at the slaughterhouse, according to the percentage of intra-muscular fat into
grading carcass systems. Aass et al. [72] conducted a study of the
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AutoFOM ultrasound systems by Carometec Food Technology with permission.

accuracy and precision of intra-muscular fat prediction by ultrasound in live cattle, with promising results, indicating the potential of the technology for this purpose. Later, Aass et al. [73],
in a study conducted in lean cattle, concluded that ultrasound
can predict the intra-muscular fat with acceptably accuracy and
precision and may be a valuable selection tool for meat quality in
such cattle populations.
A determination of the percentage of intramuscular fat can be
made through the use of ultrasound in choosing the correct body
structure, and through the combination of ultrasound with different image analysis techniques(Figure 36.10).
Depending on the image-analysis program or the system used,
different stages of intra-muscular fat depots and the amount can
be identified and quantified. Normally, images are first digitalized, and saved in JPEG format with 24 bits per pixel, before
they are being performed by specific software. At an image segment or area, a threshold for marbling is determined as well as
the quantification of several marbling fat features undertaken, to
predict the total intra-muscular fat content (Figure 36.11).
Ultrasonic techniques, particularly ultrasound velocity measurements, have been used to evaluate the textural properties and
to determine the composition of some raw meat mixtures [85],
meat fermented products [86,87] and dry-cured ham [88].

Table 36.3
Some Applications of Ultrasounds in Animal Science
Animal Specie
Swine

Cattle

Lamb

Goat

Prediction
Live body lean and carcass lean
Fat-free lean weight
Fat-free and lean masses
Lean meat yield
Intra-muscular fat content
Carcass composition and tissue
distribution
Muscle and fat carcass weights
Fat weight and protein
Carcass composition
Carcass composition and
body-fat partition
Body- and carcass-fat depots

References
Gresham et al. [68]
Johnson et al. [69]
Schinckel [70]
Bergen et al. [71]
Aass et al. [72,73]
Lambe et al. [74]
Teixeira et al. [75]
Silva et al. [76]
Delfa et al. [77]
Teixeira et al. [78]
Peres et al. [79]

Not as a method of meat analysis, ultrasound, concretely
the high-intensity ultrasound technology, has also been used
to enhance the meat texture properties, particularly increasing meat-tenderization processing in beef [89] and lamb [90].
Recently, Chang et al. [91], studying the effects of changes of
collagen on beef muscle characteristics suggested that the lowfrequency and high-power sonication had a significant effect on
meat quality and textural properties.

36.4.3.3 Fish and Fishery Products
Low-power ultrasound has also been used to provide information
about physicochemical properties of fish. For a long time, ultrasound techniques have been developed to determine the location of fishery banks, to study the migrations of fish as well as
to detect the presence of parasites or contaminants. Ultrasound
techniques or methods to analyze the composition of fish has
been used in cod fillets by Ghaedian et al. [92]; the relationships
between ultrasonic properties of fish and their composition has
also been studied by Ghaedian et al. [93].
Recently, some research groups have investigated the use of
ultrasonic-assisted extraction for determination of total mercury
in muscle tissues of marine fish species [94,95]. Fernandez-Torres
et al. [96] studied a method based in the application of enzymatic
probe-sonication extraction for determination of selected veterinary antibiotics and their metabolites in fish (hake, anchovy,
sole) and mussels.
In terms of food quality and safety, Melainine et al. [97] studied the use of ultrasonic techniques to detect whether or not frozen fish had suffered a partial or total accident.

36.4.3.4 Milk and Milk Products
The ultrasound features to characterize liquid-food products without any preparation or alteration are well-known. Several ultrasound milk analyzers are very easy to use and provide accurate
multi-parameter results for protein, fat, lactose, total solids, and
many others that can be indirectly assessed (Figure 36.12). Some
of them are portable, lightweight with ergonomic designs, provide
rapid results and have versatile usage in milk farms, laboratories,
and at different levels of industrial milk plants—during milk
reception, processing, quality control, or at the final product stage.

Free ebooks ==> www.ebook777.com
681

Ultrasound Analysis

Figure 36.10
echoes.

Ultrasound image of the 13th thoracic vertebra (a) and equivalent in a lamb carcass (b) with the identification of intra-muscular fat depot

Figure 36.11 Steps of image analysis for the determination of marbling fat features. (a) Original RTU image; (b) image after marbling threshold;
(c) image segmentation for numerical data extract; and (d) quantification of intramuscular fat or marbling.

Figure 36.12 Ultrasound milk analyzers with Agrilac and Calibre permission, respectively.
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In a review about the use of ultrasound for characterization
of dairy products Dukhin et al. [98] answered several questions
related to ultrasound attenuation or sound-speed measurements
as well as the frequency range required to adequately characterize dairy products. Several studies indicate that the accuracy and
precision of ultrasonic analysis of milk composition was comparable with reference methods of measuring fat, protein, density,
and solids.
Ultrasound milk analyzers can be used in many situations: in
dairy farms to adequately correct animal feeding in relation to its
impact on the quality of milk produced and optimizing milk production; in dairy plants for quality assurance and control; in the
laboratory to detect milk adulterations or falsifications; in genetic
selection to improve quality and milk production efficiency; in
milk collection enterprises to have a scheme of payment based on
quality and to ensure a fair payment to milk producers.
In a recent study of the effects of ultraviolet light and ultrasound on microbial quality of milk, Engin and Yuceer [99]
concluded that both treatments are alternatives to heat treatment of milk; though ultraviolet light has a major effect on
total coliforms, ultrasound lacks efficacy in reducing certain
groups of microorganisms. The inactivation of Staphylococcus
aureus and Escherichia coli in milk after ultrasonic treatment,
high-intensity ultrasound is more effective in combination with
temperature [100]; but no reference about milk alterations properties after processing is given. Al-Hilphy et al. [101] showed
that ultrasound treatments with high power had an important
effect on homogenization of buffalo milk with a decreasing
number of bacteria.
In products of processed milk, Telis-Romero et al. [102] proposed to assess composition of cheese using ultrasound velocity
technology during the cooling process as a quality control measure to detect anomalies. In the same way, Leemans and Destain
[103] have used ultrasound to detect internal defects or objects
in cheeses. To monitor milk coagulation during cheese-making,
Budelli et al. [104] have studied the use of ultrasonic systems and
its suitability for application in the dairy industry, concluding
that further research is needed to look for a method sensitive to
changes in the cheese structure caused by coagulation.

36.4.3.5 Cereal Products
Most of the manufacturing processes of cereal products are
automated and the porosity of these food products (bread,
dough, cakes, wafers, crackers, etc.) needs quality monitoring.
Ultrasonic techniques have the advantage of rapidly assessing
on-line measurements for quality, and ultrasonic velocity and
attenuation coefficient can be related to various properties of
foods.
In a study of texture analysis of cereal products Juodeikiene
and Basinskiene [105] concluded that acoustic techniques with a
non-destructive character can be successfully used as an on-line
process-control tool and can be recommended for both laboratory and industrial applications.
The development of an indirect and precise method for evaluating porous cereal product structures using acoustic echolocation was studied by Juodeikiene et al. [106]. Elmehdi et al.
[107] had already used acoustic waves to monitor the changes
in ultrasonic velocity and attenuation that occur during dough
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fermentation. The cited authors concluded that ultrasound had
the potential to provide novel information on the technological
issues of critical importance to the cereals-processing industry.
Also, Elmehdi et al. [108], using ultrasound to investigate the cellular structure of bread, have shown the sensitivity of ultrasonic
waves to changes in the size and shape of crumb cells, demonstrating the potential of using ultrasound as a tool for characterizing the mechanical and structural properties of bread and,
hence, for measuring some determining factors of bread quality.
Later, Lagrain et al. [109] studied the application of ultrasound
associated to the Biot-Allard model (a model of the elastic wave
propagation in fluid saturated porous media) for characterization
of bread crumbs and confirmed the usefulness of the method in
the determination of different crumb and grain features.
Despite the great variety of cereal products, bread is the most
popular worldwide and the analysis of flour quality is fundamental to the baking industry for controlling the products and
dough characteristics during processing and to achieve the quality required by consumers. As the traditional methods are slow
and do not provide fundamental rheological information, Álava
et al. [110] studied the potential of ultrasound as a rapid and nondestructive technology to predict flour or dough quality by millers and backers. Later, Skaf et al. [111] proposed a model for a
low-frequency acoustic sensor adapted to monitor bread dough
during fermentation and to study the influence of several technological parameters such as temperature and the proportions
of ingredients. According to the cited authors, the use of ultrasound techniques can potentially be used for effective on-line
monitoring and quality control in processes involving complex
viscoelastic media. In a study of wheat-flour properties, GarcíaÁlvarez et al., [112] using ultrasonic techniques, showed that
ultrasound measurements can detect changes in the dough consistency induced by proteins and also by gelatinization of starch,
and can be related to parameters indicative of the proteolytic
degradation or softening of the dough due to protease activity
and that ultrasound could be used to rapidly assess the wheatflour characterization.
On the other hand, results of the study from Álava et al. [110]
have shown that ultrasound measurements were sensitive to
water content in dough and flour characteristics and were able
to separate flour types according specific properties of velocity
and attenuation. Also, with the objective to discriminate breaddough of different types of flour, concretely wheat and rice
flour, Garcia-Álvarez et al. [113] proposed the use of ultrasonic
analysis to obtain the acoustic properties of bread-dough and
its relation with its viscoelastic characteristics to determine the
feasibility of the dough for baking. In the same way, Braunstein
et al. [114] pointed out that ultrasound can potentially help for
a better understanding of dough quality and can discriminate
between doughs of contrasting properties.
As the final crumb-structure of bread is a critical characteristic for consumer acceptance of backed products, [107] the application of ultrasonic methodology for evaluating the porosity of
bread was studied [21] and, since the direct acoustic measurement method is non-destructive, it can be successfully used as an
on-line process-control tool to investigate the textural properties
and quality of bread products.
As a conclusion, ultrasonic analysis of bread-dough in relation to traditional methods has the advantage of being a rapid,
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low-cost, hygienic and safe method that is adaptable to on-line
motorization of the industrial process.
7.

36.5 Future Trends

8.

The use of non-invasive technologies to predict the food composition, to monitor composition and physicochemical food properties during processing, and to detect contaminant material is
increasingly important for a higher performance in food production. Ultrasound technology offers advantages for a great variety
of food production processes and food analysis, to enhance the
quality and to improve consumer-safety. Alone or in combination
with other physical treatments, ultrasound technology is increasingly incorporated in industrial or laboratory equipment, depending on the objective intended. As an emerging technology in some
fields of food science, a better understanding of the mechanisms
and effects of ultrasonic treatments on the food products and on
production processes are needed to achieve the desired targets
of a better quality of food production. Furthermore, undesired
changes in product structure or quality should be minimized
and better controlled, simplifying the design of new processes of
ultrasound applications. So, research should be able to optimize
the use of different ultrasound applications in the areas of food
analysis, control of food processing and quality.
The development of integrated automated systems in food production lines, reducing costs, saving energy and being desirably
environmentally friendly, ensuring the quality and safety of food
products are procedures that should be promoted and encouraged
more and more.
A better disclosure of the ultrasound potentialities is necessary
to reduce the reluctance of the food industry and food professionals to adopt these new technologies, which often arises as a result
of a poor understanding of its goodness. Certainly, ultrasound
technology, as a result of its versatility of applications, will be
continuing one promising research area in analysis, processing,
preservation, and quality control of food.
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